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Abstract

Genomes are arranged in a confined space in the cell, the
nucleoid or nucleus. This arrangement is hierarchical and dy-
namic, and follows DNA/chromatin-based transactions or
environmental conditions. Describing the interplay between
local genome structure and gene activity is a long-standing
quest in biology. Here, we focus on systematic studies corre-
lating bacterial genome folding and function. Parallels on
organizational similarities with eukaryotes are drawn. The
biological relevance of hierarchical units in bacterial genome
folding and the causal relationship between genome folding
and its activity is unclear. We discuss recent quantitative ap-
proaches to tackle these questions. Moreover, we sketch a
perspective of experiments necessary to iteratively and sys-
tematically build, test and improve structure—function models
of bacterial chromatin.
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Introduction

Genomes of all organisms, bacteria, archaea and eu-
karyotes, are arranged in the cell in a confined space, the
nucleoid or nucleus. This arrangement is dynamic
allowing for DNA transactions such as replication,

transcription and repair to occur at appropriate times. A
spectrum of mechanisms is involved in physically
compacting and functionally organizing genomes in
cells. Although at first sight the organization of the ge-
nomes of bacteria and eukaryotes may appear diverse,
common principles are recognized [1]. The proteins
providing structural and functional organization are
generally not conserved at the protein sequence level.
Nevertheless, several types of conserved structural
features are evident [1]. Bacterial H-NS-family pro-
teins, SMC proteins, and eukaryotic insulator proteins
bridge DNA to form loops at different length scales [2—
4]. In bacteria DNA decorated with architectural pro-
teins is folded in looped structures [5], whereas in eu-
karyotes nucleosomal fibres, in which DNA is wrapped
around histone proteins, are arranged into loops [6].
Although in eukaryotes much of genome regulation
occurs at the level of nucleosomes (via histone tail
modifications and nucleosome density) [7,8], at a coarse
grained, structural level such molecular details are
irrelevant. At a larger scale both in bacteria and cu-
karyotes, loops are arranged into structural domains,
defined by genome activity [1,9]. An understanding of
the interplay between structural and functional organi-
zation is emerging. The field is further advanced in
eukaryotic organisms compared to bacteria, yet in both
cases a lot of unanswered questions remain. Here, we
discuss recent advancements in understanding bacterial
genome organization, linking chromatin structure to
function. Our focus is on systematic approaches aimed
at determining characteristics of the dynamic organiza-
tion of bacterial genomes, and lessons learned from
similar studies in eukaryotic model systems.

State of the art

Most bacterial model organisms harbour a single circular
chromosome. The bacterial chromosome has been pri-
marily studied in Bacillus subtilis, Escherichia coli and
Caulobacter crescentus, and unless otherwise indicated the
information summarized here applies to these organ-
isms. Bacteria have a cell cycle with a duration on the
order of tens of minutes. As a consequence, genome
folding and transcription are intimately coupled with
genome replication. Current key question is to under-
stand the structure—function relations within the bac-
terial chromosome, specifically the interplay between
genome structure and gene activity.
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The first systematic studies of bacterial chromosome
structure aimed at defining the positioning of genomic
loci within the cell. Tiwo approaches based on fluores-
cence microscopy were used: 7) fluorescent # situ hy-
bridization (FISH) labelling of endogenous loci in fixed
cells [10] and #) fluorescent repressor-operator systems
(FROS) involving binding of e.g. Lacl-GFP to exoge-
nous /acO operator sites integrated in the genome in
living cells [11,12]. These studies have revealed that
regions proximal to the initiation (077C) and termination
(ter) site of replication are not distributed randomly in
the nucleoid but exhibit specific localization patterns
throughout the cell cycle [12—14]. Visualizing the lo-
cations of up to about 100 defined genomic loci relative
to oriC reveals a linear relationship between genomic
and physical location, indicating a linear ordering [15—
17]. The reproducible positioning of genomic loci at
specific subcellular positions in individual cells and their
linear organization appear as fundamental features of
chromatin organization in bacteria.

In E. coli, oriC and ter are part of two distinct structural
domains, the Ori and Ter macrodomains [18]. In addi-
tion, the K. co/i genome contains two other structural
domains flanking the Ter domain, called the Right and
Left macrodomains, and two non-structured (NS) re-
gions, flanking the Ori domain [19,20] (see Figure 1).
The Ter domain stretches along the length of the cell to
connect the two chromosomal arms, with an estimated
packing density of only 1/10 compared to the rest of the
genome [16]. Genome packing density may correlate
with genome activity. The chromosome is organized as a
dense nucleoid scaffold wherefrom large ‘plectonemic’
loops of negatively supercoiled DNA protrude. Such
loops are probably formed by binding of a group of
proteins called ‘nucleoid-associated proteins’ (INAPs)
[21—23]. But these proteins only provide part of the
answer.

Figure 1

What is the relevance and evolutionary conservation of
the different levels of organization? How are the
different organizational units and their borders defined,
and what are their dynamics upon DNA transactions?
Below we discuss recent advances on quantitative ap-
proaches aiming to find answers to these fundamental
questions.

Chromatin structure: organization in
domains

Since the early 2000’s chromosome conformation cap-
ture (3C), developed by Dekker and colleagues [24],
and derivatives of the method, have promoted large
advances in understanding genome folding and function
[25—28]. These techniques yield maps of relative
interaction frequency between different pairs of
genomic sites averaged over a population of cells. The
technique relies on chemical cross-linking, digestion,
religation of digested fragments, followed by identifi-
cation of the hybrid DNA molecules [24]. A large-scale
variant, Hi-C [29], has been used to produce genome-
wide contact matrices in several organisms. These
matrices, structurally interpreted by modelling ap-
proaches, provide insight in global and local features of
genome structures [28,30].

Among bacterial species, currently, Hi-C contact maps
are available for C. crescentus |31—33), B. subtilis |34—36]
and Mycoplasma pneumoniae |137]. Different genome fea-
tures have been identified in these studies. In the
C. crescentus, B. subtilis, V. cholera and M. pneumoniae
genome-wide contact maps, several tens of chromo-
somal interaction domains (CIDs) have been identified
[31,34,35,37,38] (see Figure 1). CIDs are highly self-
interacting genomic regions. These regions vary in size
from about 20 to 400 kbp, and they are analogous to so-
called topologically associated domains (TADs) identi-
fied in contact maps of eukaryotic genomes [39,40]. An

State of the art
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State of the art. The bacterial genome is organised at different length scales. At the smallest length scales it has been hypothesised that genome folding
is directly affected by environmental signals which are translated into a transcriptional response.
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exception in terms of CID dimensions (15—33 kbp) is
the genome of M. pneumoniae, which is only 800 kbp in
size [37], 5x smaller than the genomes of other bacteria
studied by Hi-C. For E. co/i, a genome wide contact map
was obtained using an other 3C-derivative [41].
Whereas regions of high internal interaction are identi-
fied, the relatively low resolution of these maps does not
permit identification of CIDs. The regions of high
interaction frequency might correspond to the macro-
domains discussed above. Indications of the existence of
domains on average ~ 10 kbp in size (microdomains) in
E. coli, comparable in size to CIDs, come from EM im-
aging of isolated chromosomes, clustered gene activity
[42] and i vivo recombination based assays in the
closely related Salmonella typhimurium [43,44]. Finally, at
a length scale between that of CIDs/microdomains and
macrodomains, another organizational structure is pro-
posed: the high-density chromosomal regions (HDRs),
of which 10 per genome are estimated and sizing around
200 tot 250 kbp [35].

Considering the mechanisms that form CIDs and their
boundaries, mounting evidence is pointing at long
(>1 kbp), highly transcribed genes separating do-
mains [31,32,34,35,38]. Inhibition of transcription
with rifampicin almost completely eliminated these
borders [31,34,36], and insertion of a highly expressed
gene was sufficient to generate a new barrier [31].
Possibly, these highly transcribed genes cluster into
transcription factories [45], imposing an organization
of intervening sequences in looped domains. Borders
not containing highly expressed genes often have low
GC%, indicating the presence of horizontally acquired
elements [31,35]. In that light it is interesting to note
that low GC-content regions are targeted by the
nucleoid-associated proteins H-NS and FIS [46—48].
Inhibition of gyrase reduces the sharpness and posi-
tion of CID borders, which has been interpreted as
supercoiling being important in establishing CIDs
[31,37]. Thus, CIDs have been proposed to be
connected by segments of decompacted chromatin,
forming a higher-order “domains-on-a-string” organi-
zation. The biological relevance of this level of orga-
nisation is not clear.

CIDs and their borders are dynamic and correlate with
changes in gene expression. It has been long known that
bacteria change global gene expression patterns in
response to environmental cues [49]. Indeed, contact
maps acquired from bacterial cultures in different
growth conditions, e.g. starved cells versus exponentially
growing cells, exhibit clear alterations in CID boundary
positioning [32]. Currently, there is not sufficient data
to correlate the changes occurring in global genome
folding (at CID level or higher) and changes in the
expression of specific genes and operons in response to
altered conditions.

Structure—function relations of the bacterial
genome

Correlations, linking genome structure to gene activity,
have been established by combining information from
chromosome conformation capture, chromatin immu-
noprecipitation (ChIP) data of DNA-binding proteins
and gene expression profiles. In eukaryotes insulator
proteins are bound at domain boundaries and have been
shown to be involved in boundary formation
[6,39,50,51]. There is no direct evidence for the
involvement of specific architectural proteins in CID
boundary formation in bacteria, but for microdomains in
E. coli, which might be the same as CIDs, the involve-
ment of nucleoid-associated proteins FIS and H-NS has
been suggested [52,53]. There is very limited informa-
tion on structure—function relations, but more is known
about the effect of DNA-binding of NAPs on gene
expression. Genes bound by H-NS are generally
expressed at low levels or silenced completely
[47,48,54,55]. Such an effect on gene expression is not
seen for binding of FIS, which primarily exerts effects on
transcription indirectly by regulating the expression of
other transcription factors [47,56]. High protein occu-
pancy (including other DNA-binding proteins in addi-
tion to NAPs) along the genome is also associated with
gene silencing [57].

Interplay between DNA-binding of NAPs and gene
expression cannot provide us with an understanding of
genome structure-driven regulation of gene activity (see
Figure 1). To understand how local genome organization
at the level of genes and operons affects functional
biological outcome, e.g. state and level of gene expres-
sion, studies on single cells or pre-sorted small homog-
enous cell populations are needed. For instance,
chromosome conformation capture studies of genome
organization involve ensemble-averaging over the
genomic conformation of all cells in a sample. This is a
particularly important limitation for using this tech-
nique in bacteria with short cell cycles and/or which are
hard to synchronize. The benefit of single-cell methods
is that in contrast to yielding average characteristics of
the population of cells analysed, they reveal intercellular
variance within a population, allowing identification of
differently behaving subpopulations of cells [58]. The
solution to avoid ensemble-averaging in Hi-C is to use
single cells as shown for eukaryotes [58,59].

3C techniques cannot be used to straightforwardly
determine changes in genome conformation occurring at
short time-scales, such as regulatory switches in
response to environmental cues, due to limited time
resolution. To quantify dynamic changes in chromatin
structure at the scale of genes and operons (on the order
of 1—10 kilobases), a different approach is required.
Currently, high-resolution imaging of sets of m vivo
fluorescently tagged loci encompassing the genomic
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region of interest in living cells, e.g. using FROS, is best
suited to answer these questions. Performing time-
course experiments on these single cells and/or mole-
cules allows for characterization of the true dynamics of
genome organization and gene activity regulation. Posi-
tioning of loci relative to each other and cellular land-
marks can be determined in real-time to reveal changes
occurring upon varying growth conditions. Hensel and
co-workers demonstrated the feasibility of such
methods in bacteria: they investigated the formation of
loops of 2.3 kb upon binding of the cl repressor using
two FROS arrays flanking the operator elements that
bind cl [60]. A positive correlation was established be-
tween loop formation due to repressor binding and gene
activity (simultaneous positive autoregulation and
silencing of a major lytic promoter). This approach can
be extended to studies correlating local genome orga-
nization to gene activity.

Additionally, tracking of loci in living cells allows
determination of diffusion constants (i.e. the space
explored per time unit by a locus). These values vary as a
function of growth phase and are subject to metabolic
processes, ATP synthesis and temperature [61]. More-
over, these values differ dependent on subcellular
localization and chromosomal coordinate [62—64]. Loci
in the Ter macrodomain are least mobile; mobility in-
creases along the chromosomal arms towards the Ori
macrodomain [62]. It is not clear whether gene activity
also correlates with its macrodomain-positioning, but
there are indications that active genes in the Ori
macrodomain are higher expressed than those in Ter.
The mechanistic nature of these differences remains
unclear, but cannot be simply attributed to a gene
dosage effect [65]. Gene silencing does not correlate
with macrodomain positioning, but with regions of high
levels of nucleoid-associated protein binding [65,57,66],
which might be more compactly organized compared to
regions with active transcription. Systematic parallel

Figure 2

studies of gene activity and global and local genome
organization are needed to establish firm correlations.

Outlook

FROS and Hi-C have advanced our knowledge of
genome organization 7 vivo. Questions of structure—
function relations can be addressed by either of these
methods, but particularly powerful will be their mutual
combination or combination with other genomic ana-
lyses (e.g. RNA-seq, ChIP-seq). We see three promising
avenues for future research (see Figure 2):

1) application of the programmable and DNA-targeting
platform CRISPR/dCas9, which is replacing FROS in
many recent studies in eukaryotes [67—70], in bac-
teria. Advantage is that this approach obviates
extensive time-consuming genome engineering,

2) establishing Hi-C for low number of cells
permitting analyses of homogenous sub-populations
extracted from intrinsically heterogeneous bacterial
populations,

3) developing parallel imaging platforms for single
bacterial cells under controlled variable conditions.
This is essential for obtaining systematic data from
time course studies. Clever microfluidic channel
designs — some of which already utilized now — can
be used to change growth conditions leading to a
physiological response whilst cells are being imaged
[71—73]. Application of microfluidics might be the
key to recover (defined populations of) single cells,
which can be processed for Hi-C or genomic analysis
methods.

Instrumental to all these approaches is the verification
of function i.e. quantification of the level of gene ac-
tivity, which can be measured by (single-cell) mRNA-
seq [74,75] or visualization of real-time kinetics of
transcription 2 wvivo. Transcription # wivo can be

Outlook

TL:

Single-cell (high-resolution)
imaging (e.g. using microfluidics)

change growth
conditions in situ
—_—

Real-time tracking of
changes in genome folding
(e.g. with FROS or dCas9)

Quantify functional
output (e.g. with
mRNA-seq, Hi-C)

Outlook. Development of new technologies and application of existing — but in bacteria unused — technologies is expected to establish

structure—function relationships for bacterial genome organisation.
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visualized e.g. by including RNA aptamers in mRNA
transcripts targeted by MS2-GFP [76,77], the RNA-
binding protein Pumilio [78,79] and the nuclease-
deficient Cas9 (dCas9) from type II CRISPR/Cas sys-
tems [80], which can be (re-)programmed to specifically
bind RNA [81].

It is remarkable that very few studies to quantitatively
dissect structure—function relations on local scales have
been published, whereas the techniques required are
either already implemented and applied, or just need
translation from ecukaryotic to prokaryotic cells. We
expect extensive data to become available in the next
few years that can be used for iterative building, testing
and improving of biological models of genome organi-
zation and dynamics.
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SUMMARY Approximately 10% of bacterial genomes are split between two or more
large DNA fragments, a genome architecture referred to as a multipartite genome. This
multipartite organization is found in many important organisms, including plant symbi-
onts, such as the nitrogen-fixing rhizobia, and plant, animal, and human pathogens, in-
cluding the genera Brucella, Vibrio, and Burkholderia. The availability of many complete
bacterial genome sequences means that we can now examine on a broad scale the
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characteristics of the different types of DNA molecules in a genome. Recent work has
begun to shed light on the unique properties of each class of replicon, the unique func-
tional role of chromosomal and nonchromosomal DNA molecules, and how the exploi-
tation of novel niches may have driven the evolution of the multipartite genome. The
aims of this review are to (i) outline the literature regarding bacterial genomes that are
divided into multiple fragments, (i) provide a meta-analysis of completed bacterial ge-
nomes from 1,708 species as a way of reviewing the abundant information present in
these genome sequences, and (jii) provide an encompassing model to explain the evo-
lution and function of the multipartite genome structure. This review covers, among
other topics, salient genome terminology; mechanisms of multipartite genome forma-
tion; the phylogenetic distribution of multipartite genomes; how each part of a genome
differs with respect to genomic signatures, genetic variability, and gene functional anno-
tation; how each DNA molecule may interact; as well as the costs and benefits of this
genome structure.

KEYWORDS secondary replicons, genome analysis, genome organization, genomics,
megaplasmids, population genetics, secondary chromosome

INTRODUCTION

n 1963, John Cairns reported autoradiographs of DNA from Escherichia coli that

provided the first evidence that its genome consists of a single circular chromosome
(1). Together with subsequent studies (see, for example, references 2 and 3), that work
led to the generally accepted view that all bacterial genomes consist of a single circular
chromosome, possibly including some smaller, nonessential, circular plasmids. How-
ever, that view had begun to change within 20 years. The identification of the first linear
plasmid in Streptomyces in 1979 (4) and the determination that the Borrelia burgdorferi
chromosome is linear in 1989 (5, 6) illustrated that bacterial DNA molecules need not
be circular. Moreover, a Sinorhizobium meliloti plasmid with a molecular mass of
>300 X 10 Da (~460 kb), which the authors of that study termed a “megaplasmid,”
was identified in 1981 (7), challenging the notion that nearly the entire bacterial
genome is located on the chromosome (8). Finally, in 1989, the report of a “second
chromosome” in Rhodobacter sphaeroides (9) illustrated the potential for essential cell
functions to be encoded by multiple replicons within the bacterium. There is also the
peculiar case of an unusual clade within the Aureimonas genus that has the sole copy
of the rRNA operon on a 9.4-kb plasmid (10). The recent explosion in complete genome
sequencing has revealed that approximately 10% of bacterial genomes do not contain a
single, circular chromosome like E. coli and instead contain several large and potentially
essential replicons of either a linear or a circular nature (11). The genome architecture
consisting of a chromosome plus one or more additional large replicons is referred to
as a divided genome or a multipartite genome. Interestingly, studies have repeatedly
observed for multipartite genomes that not only is each DNA molecule physically
separate, but each molecule also has distinct properties, such as differences in codon
usage (the ratio of synonymous codons that are used), GC content (percentage of the
DNA consisting of guanine and cytosine), and dinucleotide relative abundance (the
frequency with which each pair of nucleotides appears in the DNA sequence).

The organization of prokaryotic genomes is not stochastic, but instead, their orga-
nization reflects some functional or regulatory purpose (12-14). For example, enzymes
for each step of a biosynthetic or catabolic pathway are generally encoded by a single
operon and are often colocalized on the chromosome with their regulator (13). The
chromosomal location of a gene can influence its expression level (15) and, at least in
fast-replicating species, the copy number of the gene (16). Additionally, there is a
general bias for bacterial genes to be enriched in the leading strand to avoid head-on
collisions between the transcriptional and DNA replicative machineries (17). Given the
structured nature of prokaryotic genomes, it is unlikely that the multipartite genome
structure simply represents an evolutionary peculiarity, and instead, it is presumably
shaped by selective pressures. Understanding the evolutionary forces driving the
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emergence of the multipartite genome and the advantage of maintaining multiple
replicons is particularly salient, as many important bacteria contain this genomic
architecture. These bacteria include plant symbionts such as many of the rhizobia (18),
plant pathogens such as Agrobacterium (19), and animal and human pathogens,
including Brucella (20), Vibrio (21), and Burkholderia (22). Understanding the emergence
and function of this genome structure may lead to generalizable insights into the
biology of these diverse organisms that could lead to practical applications in promot-
ing or suppressing these symbiotic and pathogenic relationships.

Purpose of This Review

The first goal of this review is to build upon previous reviews (11, 23-31) and to
provide an unbiased assessment of the information available on the structure, function,
and evolution of divided bacterial genomes. This consists of a comprehensive review of
the relevant literature as well as an analysis of all complete genomes available through
the National Center for Biotechnology Information (NCBI) genome database (accessed
21 March 2016) as a way of reviewing the abundant, untapped information present
within these sequences. The second goal is to synthesize the data presented through-
out this review into a generalized model explaining the evolution and function of the
multipartite bacterial genome.

BACTERIAL REPLICON CLASSIFICATION

There are several terms that describe the different types of DNA molecules that are
present within a multipartite genome. In this section, these terms are defined, and
general characteristics of each replicon class are provided. It is important to keep in
mind that many DNA molecules are likely to blur the boundaries of these classes and
that the characteristics of DNA molecules are best thought of as belonging on a
spectrum. However, just as the political spectrum is split into several discrete groups for
descriptive purposes, it is important to split the spectrum of DNA molecules into
discrete classes in order to easily portray the main characteristics of the replicon, even
if such classifications may be an oversimplification in some cases.

Replicon and Secondary Replicon

We use the term “replicon” as a general term in reference to any DNA molecule
regardless of its specific nature, and each replicon can be further classified based on
specific characteristics, as described below. The term “secondary replicon” refers to any
replicon that is not the primary chromosome of the cell. We suggest that each replicon
be classified into one of the following five groups, as described below and in Fig. 1:
chromosome, second chromosome, chromid, megaplasmid, and plasmid.

In the strictest sense of the term replicon, it should be used only in reference to DNA
molecules with a single origin of replication. While this distinction is irrelevant in
reference to bacterial genomes, this definition would exclude the chromosomes of
some archaea that have a chromosome containing multiple origins of replication (32,
33). As such, while the classification system described here should be applicable to
archaea, the term replicon should be avoided when describing the chromosomes of
archaea. As this review is focused only on bacterial genomes, the term replicon is used
throughout.

Chromosome

“Chromosome” refers to the primary replicon. As described by Harrison et al. (11),
the chromosome is always the largest replicon in the genome and contains the majority
of the core/essential genes. There is nearly a 100-fold distribution in the sizes of fully
sequenced and assembled bacterial chromosomes, with average and median sizes of
~3.65 Mb and ~3.46 Mb, respectively (Fig. 2A). The average and median bacterial
genome sizes are ~3.87 Mb and ~3.65 Mb, respectively (Fig. 2A), illustrating that the
chromosome accounts for nearly all of the genetic material of most prokaryotic
organisms. However, this is not universal. For example, the chromosomes of Sinorhi-
zobium meliloti 1021 and Burkholderia xenovorans LB400 account for only 54.6% and
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Is it the largest replicon with
most of the core genes?

|
Yes m

‘ Chromosome ‘ ‘ Secondary replicon |

Does it have any
essential core genes?

Yes

Did it result from a split of Is it larger than
the chromosome into two? 350 kilobases in size?

Yes Yes
| No | | Yes | | No|

‘ 2nd Chromosome ‘ ‘ Chromid | ‘Megaplasmid ‘ | Plasmid ‘

FIG 1 Decision chart for the classification of bacterial replicons. This flow chart illustrates the decisions
involved in the classification of bacterial replicons.

50.3% of their genomes, respectively (18, 22). Nevertheless, 1,017 (~59.5%) of the 1,708
bacterial species with a complete genome available in the NCBI database contain a
chromosome but no secondary replicon (chromid, megaplasmid, or plasmid), while
only 192 (~11%) have a chromid and/or megaplasmid. The major features of genomes
and all replicon classes are summarized in Table 1.

Plasmid and Megaplasmid

Many of the secondary replicons in bacterial genomes carry no core genes and are
nonessential and thus dispensable for cell viability in most environments. The majority
of the genes on these replicons were acquired through recent horizontal gene transfer
(HGT), and their genomic signatures, such as GC content and dinucleotide composition,
differ significantly from the chromosome (11). These types of replicons, defined by the
lack of core genes, are referred to as “plasmids” and “megaplasmids.” The distinction
between plasmid and megaplasmid is currently based solely on size, although there is
no established boundary between plasmid and megaplasmid in the literature. While
any size limitation is essentially arbitrary, we suggest a lower cutoff of 350 kb for
megaplasmid status, as this is equal to roughly 10% of the median bacterial genome
size. Any nonessential replicon of <350 kb would therefore be a plasmid. When using
this boundary to distinguish megaplasmids from plasmids, the average and median
plasmid sizes are ~78.9 kb and ~46.2 kb, respectively. In contrast, the average and
median megaplasmid sizes are approximately 10 times larger, at ~772 kb and ~558 kb,
respectively, with the pSymA replicon of S. meliloti 2011 (1.35 Mb) and the third
replicon of Burkholderia lata 383 (1.4 Mb) being the largest to have been experimentally
demonstrated to be nonessential and thus megaplasmids (34, 35). It is also interesting
to note that the sizes of chromosomes follow a bell-shaped distribution (Fig. 2A),
whereas the size distributions of plasmids and megaplasmids are instead positively
skewed (Fig. 2B and C). This is perhaps suggestive of evolutionary forces acting to limit
the size of these nonessential replicons.

The term megaplasmid was originally coined in reference to a large S. meliloti
plasmid (7), and since then, megaplasmid has been used simply as a way of referring
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FIG 2 Size distributions of bacterial genomes and replicons. These histograms display the size distribu-
tions of all bacterial genomes and all bacterial chromosomes (A), chromids and megaplasmids (B), and
plasmids (C). The dark reddish-purple color occurs as a result of the overlap between the red and blue
bars. Histograms are based on the 1,708 bacterial species with a completed genome available in the NCBI
genome database (accessed 21 March 2016). When more than one genome was available for a species,
the genome and chromosome sizes were first averaged for each species, and a representative strain was
chosen for analysis of the plasmids, megaplasmids, and chromids. Methods are provided in the

supplemental material.
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TABLE 1 Summary of genomic characteristics

Genome Genome size (Mb) Chromosomal GC content (%) Chromosomal SCUO“

organization Median Minimum Maximum Median Minimum Maximum Median Minimum Maximum
Overall 3.64 0.16 13.1 49.04 14.55 7491 0.28 0.13 0.7
Nonmultipartite 341 0.16 13.1 47.36 14.55 7491 0.27 0.13 0.7
Multipartite 5.56 248 9.73 61.29 28.83 72.94 0.31 0.15 0.56

aSCUO (synonymous codon usage order) was calculated with CodonO (99) and is a measure of the extent of codon usage bias, with higher values indicating greater
bias.

to a large plasmid. Similarly, size is used as the sole feature distinguishing megaplas-
mids from plasmids in this review. However, there may be a less arbitrary means of
separating megaplasmids from plasmids that has yet to be elucidated. For example,
megaplasmids often have a copy number equal or similar to that of the chromosome,
they often encode their own partitioning systems, and the replication and partitioning
of megaplasmids can be integrated into the cell cycle. It will be interesting to see if
future research can identify a clear, functional distinction between plasmids and
megaplasmids aside from an arbitrary size distinction.

Chromid

The term “chromid” itself is a combination of chromosome and plasmid (11) and
underscores how chromid refers to a replicon that is an intermediate between a
plasmid and a chromosome (11). The replication systems of chromids are similar to
those of plasmids and megaplasmids (11) but may have additional regulatory controls
that integrate their replication into the cell cycle (29, 36, 37). However, unlike plasmids
and megaplasmids, chromids carry at least one gene that is essential for cell viability
(i.e., a core gene whose loss would result in cell death) and generally have genomic
signatures that better resemble those of the chromosome (11). Ideally, a replicon would
be classified as a chromid based on experimental evidence that the replicon carries a
nondispensable core gene and not just on genome annotation. In our set of putative
chromids, the average (~1.52 Mb) and median (~1.26 Mb) sizes are around 2-fold
larger than the average and median megaplasmid sizes (~0.77 Mb and ~0.56 Mb,
respectively), despite the lower size cutoff of chromids and megaplasmids in our
classification scheme being the same. Additionally, the size distribution of the putative
chromids displays a weak positive skew (Fig. 2B). The larger size and weaker positive
skew of the putative chromids than of megaplasmids may suggest weaker evolutionary
pressure to limit replicon size.

It was suggested by Dziewit et al. that chromids be further subdivided into primary
chromids and secondary chromids (38). In this classification scheme, primary chromids
are absolutely essential for cell viability. In contrast, secondary chromids may be
dispensable under some conditions but are expected to be required for survival in the
organism'’s natural habitat. We accept that these subdivisions are potentially useful but
would add that the replicon must be essential in the cell's native habitat to be
considered a secondary chromid; for example, a secondary replicon in a soil-dwelling,
opportunistic pathogen must be essential in the soil to be considered a secondary
chromid. Similarly, many secondary replicons, including small plasmids, carry antibiotic
or heavy metal resistance genes. These genes are required for growth in environments
containing these antibiotics or heavy metals, but we consider environment-specific
essentiality such as this to be insufficient for the chromid designation. For the sake of
this review, primary and secondary chromids are not differentiated.

It is worth noting that the majority of chromids are considered essential solely on
the basis of the genome annotation, and the expectation that the chromid carries a
single-copy essential gene is largely without experimental support. These inferences
are not always correct; the third-largest replicon of the Burkholderia cepacia complex
species was thought to be essential based on genome annotations but was since
shown to be a virulence megaplasmid (35). Similarly, the minCDE genes of the pSymB
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replicon of S. meliloti were predicted to be essential (39), although follow-up experi-
mentation revealed them to be dispensable (40). However, there are experimentally
validated cases of essential genes existing on chromids, such as the engA and tRNA3r9
genes on the pSymB replicon of S. meliloti (41). It is therefore important to experimen-
tally validate the essential nature of more putative chromids to develop a true under-
standing of the prevalence of this replicon type. However, an inability to remove a
replicon from the genome should not be considered sufficient to confirm its essenti-
ality, as there may be other explanations, such as the presence of plasmid addiction
systems (42-44). For example, despite being a nonessential replicon (34), the pSymA
megaplasmid of S. meliloti is nearly impossible to forcefully remove (cure) from the cell
due in part to the presence of at least three active toxin-antitoxin loci (45, 46).

Second Chromosome

Historically, the term “second chromosome” was used in reference to a replicon that
would now be described as a chromid. As nicely described by Harrison et al., chromid
is a more appropriate term to describe such replicons, and the use of second chromo-
some in this respect should no longer be applied (11). As we describe below in
Proposed Mechanisms of Chromid Formation, it is highly likely that nearly all secondary
replicons carrying essential core genes evolved from plasmids. However, very rarely, a
secondary replicon may form as a result of a split of an ancestral chromosome into two
replicons, and we propose that the term second chromosome continue to be used to
describe this rare occurrence. No documented cases of such an event are present in the
literature; however, we found two examples by scanning the complete genomes
available in the NCBI genome database. Assuming that these are not errors in the
genome assembly, synteny analysis revealed that the ~0.73-Mb replicon of Salmonella
enterica strain NCTC10384 and the ~2.66-Mb replicon of Nocardia farcinica NCTC11134
represent second chromosomes (see Fig. S1 in the supplemental material). Although it
may be difficult to differentiate between a second chromosome and a chromid when
the second chromosome was formed through a very ancient split, in general, differ-
entiation between these replicon classes should be possible. Second chromosomes are
expected to show high synteny to the chromosomes of related species, depending on
the age of the split, and the distribution of core genes between the two replicons is
expected to be random, unlike that for chromids. For the analyses presented in this
review, second chromosomes were not differentiated from chromids due to their low
abundance, and neither of the above-mentioned strains are included in our list of
representative strains.

Classification of the Replicons Present in the NCBI Genome Database

As of 21 March 2016, the NCBI genome database contained 4,541 genomes,
representing 1,708 bacterial species, that were marked as a “complete genome.” As a
way of reviewing the untapped information held within these genome sequences and
to examine whether conclusions based on intensive research on a limited number of
species were generalizable, we downloaded the RefSeq (47) version of all 4,541
complete genomes; annotated each replicon as “chromosome,” “putative chromid,”
“megaplasmid,” or “plasmid”; and performed several analyses on each class of replicon.
By using the RefSeq version, we could be sure that all genomes were consistently
annotated using the NCBI prokaryotic genome annotation pipeline. The complete set
of replicons identified in the database is provided in File S2 in the supplemental
material. In many of the subsequent analyses, we did not examine all 4,541 genomes
but instead chose one random representative genome for each species in order to limit
bias due to certain species being overrepresented in the database. We did not perform
further controls for phylogenetic structure, such as controlling for genera or families
that were overrepresented. We also did not attempt to determine whether two
secondary replicons in related genomes shared a common ancestry, but if one were to
attempt such an analysis, we feel that common ancestry should be based on phylo-
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genetic analysis of the replication/partitioning proteins and not simply on gene content
or synteny.

The annotation of the replicons was performed as described below, which largely
follows the process outlined in Fig. 1, with some exceptions. First, the largest replicon
in each genome was annotated as the chromosome. This step did not involve a search
for essential genes due to the inability of us to do so on such a large scale; however,
as the largest replicon is always the chromosome (11), chromosomes can be reliably
annotated solely on the basis of size. Next, any replicon that was below 350 kb was
classified as a plasmid, as these replicons were below our size threshold for megaplas-
mids and putative chromids. Megaplasmids and putative chromids were distinguished
on the basis of GC content and dinucleotide relative abundance. A replicon with a GC
content within 1% of the corresponding chromosome and with a dinucleotide relative
abundance distance from the chromosome of <0.4 (Fig. S2) was considered a putative
chromid. Otherwise, the replicon was called a megaplasmid. Each of the 1,708 species
was considered to have a megaplasmid or a putative chromid as long as one was found
in at least one genome available for that species. Second chromosomes were not
differentiated from putative chromids due to the rarity at which second chromosomes
occur and the impracticality of manually examining each putative chromid to deter-
mine if it was a second chromosome. As defined above, a replicon must have an
essential core gene to be classified as a chromid; however, the massive computational
requirements to perform this analysis on such a large scale prevented us from doing so.
Therefore, putative chromids and megaplasmids were differentiated on the basis of
genomic signatures, which are often good proxy measures for distinguishing these
replicons types. The limitations of the methods used here are discussed further in the
supplemental material. While the methods used here are certainly imperfect, we
believe that a small number of misclassified replicons will have a limited influence on
the analyses described below and will not significantly impact the conclusions that are
drawn. Indeed, the ability to detect differences between the putative chromid group
and megaplasmid group with respect to several nonselected characteristics, as de-
scribed below, supports this notion.

REPLICATION AND SEGREGATION DYNAMICS IN MULTIPARTITE GENOMES

How cells ensure the orderly replication and segregation of each replicon in a
multipartite genome has been studied to some extent for several species but is by far
best studied using Vibrio cholerae as the model system. As this topic has been reviewed
in depth elsewhere in recent years (28-31), here only key aspects are covered, and an
update on the most recent literature is provided.

The currently available data suggest that chromids and megaplasmids generally
have a low copy number similar to that of the chromosome. The chromids and/or
megaplasmids whose copy numbers have been examined in the family Rhizobiaceae
(48-50) and the genera Burkholderia (51) have a copy number approximately equal to
that of the chromosome. Similarly, the copy numbers of the large plasmids of Thermus
thermophilus (52) and Sphingomonas wittichii (53) are similar to those of the chromo-
somes. However, the copy number of the chromid of the fast-replicating organism V.
cholerae can actually be lower than that of the chromosome depending on the growth
medium (54).

In V. cholerae, replications of the chromosome and chromid are initiated at different
time points of the cell cycle such that the termination of replication occurs simultane-
ously (55). Similarly, the replication of the chromosome of S. meliloti is initiated prior to
that of the chromid and megaplasmid, although the timing of termination has not been
examined (56). Initiations of the replication of the V. cholerae chromosome and chromid
are controlled by distinct factors (57, 58). The integration of the chromid into the V.
cholerae cell cycle is accomplished at least in part through chromosomal factors that
regulate the initiation of chromid replication (59). In particular, the interaction of the
chromid replication initiator protein RctB with the chromosomal crtS locus promotes
RctB binding to iterons within the chromid origin of replication (59), with chromid
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replication being initiated following the replication, and, thus, the duplication, of the
crtS locus (60). The termini of replication of the chromosome and chromid physically
interact at midcell (60). The chromosomal terminus remains at midcell until cell division,
whereas the terminus of the chromid is segregated slightly before cell division (61, 62).
Moreover, the chromid contains binding sites for SImA, an inhibitor of FtsZ polymer-
ization (63) that contributes to cell cycle control, although there does not appear to be
a checkpoint to ensure that the replication of the chromid occurs before cell division
begins (64).

The segregation of the three large replicons of Burkholderia cenocepacia follows an
orderly manner, with the segregation of the origin of the newly replicated chromosome
generally preceding that of the origin of the chromid, after which the segregation of
the origins of the small chromid/megaplasmid occurs (51). In contrast, chromosomal
segregation in S. meliloti is initiated first, followed by the segregation of the megaplas-
mid and, finally, the chromid (65). In B. cenocepacia, the segregation of the chromo-
some and chromid appears to be highly integrated into the cell cycle, while mega-
plasmid segregation is more variable (51). This is similar to S. meliloti, where the
segregation of all three replicons appears to be highly integrated into the cell cycle (56,
65). Interestingly, all S. meliloti replicons contain genes whose transcription is cell cycle
dependent (e.g., groEL2 on pSymA, minCDE on pSymB, and divK on the chromosome),
with most cell cycle-regulated genes on the chromosome, an intermediate number on
the chromid, and the least on the megaplasmid, consistent with each element being
integrated into the cell cycle to various extents (56). The segregation machinery of each
replicon in B. cenocepacia is specific to the corresponding replicon (51, 66, 67). Similarly,
the segregation machinery of each of the four secondary replicons in Rhizobium
leguminosarum can distinguish between the self replicon and the others (68). Finally,
the DnaA protein of S. meliloti is involved in the replication of the chromosome but not
the chromid or megaplasmid (65).

Overall, it appears as though the replication and segregation of chromids and large
megaplasmids can become integrated into the overall cell cycle of the host organism,
although the precise details are likely to differ between species.

PROPOSED MECHANISMS OF CHROMID FORMATION

Two primary hypotheses describing the process through which an essential sec-
ondary replicon may be formed have been put forth: the schism hypothesis and the
plasmid hypothesis (23, 24, 26, 31, 69). As described below, the plasmid hypothesis
almost certainly represents the mechanism accounting for the formation of essential
secondary replicons in most, if not essentially all, species examined to date. In this
section, the data supporting and opposing these views are presented, why the data
support the plasmid hypothesis is described, and two mechanisms for how a chromid
may evolve from a megaplasmid are provided.

The Schism Hypothesis

The schism hypothesis states that a second essential replicon is formed as a result
of a split of an ancestral chromosome into two replicons, a chromosome and a chromid.
The schism hypothesis is the older of the two ideas and was initially proposed to
describe the chromid formation of Brucella suis (70) and Rhodobacter sphaeroides (71).
If the schism hypothesis is correct, it would predict that the properties of the two
resulting replicons are highly similar, with an equal distribution of core genes between
both replicons. The ability to produce viable E. coli or Bacillus subtilis strains that have
had their single chromosome artificially split into two self-replicating chromosomes
provides support to show that such a scenario is possible (72, 73). However, the strong
enrichment of essential genes on the chromosomes of species with multiple replicons
is inconsistent with this model (11). Additionally, evidence now indicates that the
chromids of B. suis and R. sphaeroides did not result from a schism event.

In the case of B. suis, biovars 1, 2, and 4 contain a chromid, while biovar 3 has a single
chromosome with a size equal to that of the chromosome plus the chromid of the other
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biovars (70). It was originally proposed that the single-replicon structure was ancestral
(70); however, phylogenetic analysis subsequently showed this was not true and that
the single chromosome of biovar 3 resulted from a fusion of the chromosome and
chromid in this lineage (23). For R. sphaeroides, the many genomic features being highly
similar between the 3.2-Mb chromosome and the 0.94-Mb chromid (71), the large
number of gene duplications between these replicons (74), and the large number of
genes on the chromid predicted to be essential (75, 76) led to the suggestion that the
chromid resulted from a split of an ancestral chromosome. However, the lower coding
density of the chromid than of the chromosome (76, 77), gene functional biases as
determined by Cluster of Orthologous Genes (COG) analyses (76), differences in evo-
lutionary rates (78), and variations in gene content and size (78, 79) are inconsistent
with this view. Overall, there is little evidence for the formation of a secondary essential
replicon through the schism hypothesis occurring in nature except perhaps very rarely,
and as mentioned above, we recommend that such replicons be referred to as second
chromosomes.

The Plasmid Hypothesis

Whereas the schism hypothesis predicts that a secondary essential replicon evolves
from a chromosome, the plasmid hypothesis states that it evolves from a megaplasmid.
According to the plasmid hypothesis, the sustained coevolution of a megaplasmid with
a chromosome will result in a regression of the genomic signature of the megaplasmid
to that of the chromosome and the gain of essential genes potentially through transfer
from the chromosome. As summarized above and as described by Harrison et al. (11),
such replicons should be referred to as chromids.

In support of this model, the replication and partitioning machinery of chromids
resembles that of megaplasmids (11), although in many cases, experimental evidence
for the functionality of these systems is lacking (31). That said, replicons of the repABC
family that carry essential genes, and are thus chromids, have repABC replication/
partitioning genes that have a codon usage more similar to that of the chromosome
than do repABC family members that do not carry essential genes (80), consistent with
these replication systems being functional. Additionally, data from a phylogenetic
analysis of the plasmid partitioning protein RepA were consistent with chromids
evolving from preexisting megaplasmids in the Alphaproteobacteria (11).

There are two main observations that can be explained by the plasmid hypothesis
but that cannot be accounted for by the schism hypothesis. Essential genes are strongly
underrepresented on chromids (11), as would be expected if the chromid originated as
a megaplasmid that subsequently gained a few core genes, for example, through
interreplicon gene transfers. There is also a consistently observed bias in the functional
annotation of genes present on chromids versus genes on chromosomes, as deter-
mined via COG analyses (see, for example, references 19, 21, 22, and 76). This is not
surprising if the chromid and chromosome originated independently. In contrast, equal
distributions of core genes and of functional annotations would be expected if the
chromid formed as a result of a chromosomal schism. Hence, in toto, it appears as
though the plasmid hypothesis is likely to explain the formation of most, if not all,
chromids studied to date.

Conversion of a Megaplasmid into a Chromid

The transition of a replicon from a megaplasmid into a chromid requires two main
conversions: the amelioration of the genomic signatures to that of the chromosome
and the acquisition of core/essential genes. Genomic signatures such as codon usage
and dinucleotide composition are shaped by a variety of factors and can have adaptive
advantages (81, 82). Therefore, the similarity of the genomic signatures between
chromosomes and chromids in the same species is presumably driven by evolutionary
forces selecting for optimized genome function and can be caused by, for example,
selection for improved translational efficiency or mutational biases of the cellular
machinery (81, 82).
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Less intuitive is how to explain the occurrence of essential genes on a chromid when
the cell was fully capable of surviving without this replicon in the past. There are two
possible mechanisms for this process. The primary process is through interreplicon
translocations resulting in the transfer of essential genes from the chromosome to the
secondary replicon. Perhaps the best-supported example of this mechanism is in S.
meliloti (Fig. 3A). Two essential genes have been experimentally demonstrated to exist
on the S. meliloti pSymB chromid, engA and an unique arginine tRNA, ARGtRNA ¢ (41).
Computational analysis of the surrounding region demonstrated that their presence on
pSymB is the result of the translocation of a contiguous 69-kb fragment, including engA
and the tRNA, from the chromosome to the pSymB precursor in a recent S. meliloti
ancestor (41, 83). In V. cholerae, there are four putatively essential genes (dsdA, thrS, L20,
and L35) present in two clusters on the chromid, and all of these genes are chromo-
somally situated in related Vibrio species (31). Numerous other clusters of genes in the
Vibrio and Burkholderia genera and the order Rhizobiales are predicted to have moved
from the chromosome to a secondary replicon (84). Similarly, 25 to 30% of genes on the
S. meliloti chromid have orthologs on the Agrobacterium tumefaciens chromosome (85),
suggesting significant amounts of interreplicon gene flow, which is supported by the
results of a genealogy study that are suggestive of recombination between the S.
meliloti replicons in nature (86). Moreover, a phylogenetic analysis of individual genes
between Bacillus cereus strains indicated the frequent transfer of genes between
chromosomes and plasmids (87). The precise mechanism through which gene transfer
from the chromosome to a secondary replicon occurs has not been studied. However,
considering that the multiple replicons of a multipartite genome can naturally form
cointegrants (88, 89), it may be that the integration of the replicons followed by an
imprecise excision event results in interreplicon translocations (90). Alternatively, a
recombination event, mediated, for example, by insertion sequence (IS) elements, may
result in the excision of a chromosomal gene region that is subsequently captured by
the secondary replicon.

The second putative mechanism through which secondary replicons can come to
carry core genes is genetic redundancy. It was experimentally shown through trans-
poson mutagenesis that >10% of chromosomal genes in S. meliloti may have a
functionally redundant copy on one of the secondary replicons (91). Based on sequence
similarity, there also appear to be many gene duplications between the chromosome
and secondary replicons of R. sphaeroides (74, 92), V. cholerae (21), B. cereus (87), and
Burkholderia vietnamiensis (93). Genetic redundancy between core genes on the chro-
mosome and the chromid could be a result of an interreplicon duplication of a
chromosome gene or the acquisition of an orthologous gene through horizontal gene
transfer. If the copy of the gene on the secondary replicon is able to fully complement
the disruption of the chromosomal version, the degeneration of the chromosomal copy
would be fitness neutral, and the second copy of the gene would become the sole
copy, in effect transferring a core gene to a secondary replicon.

PHYLOGENETIC DISTRIBUTION OF MULTIPARTITE GENOMES

Analyses of the distribution of multipartite genomes have focused mostly on the
distribution of chromids, with little attention being paid to the distribution of mega-
plasmids, the evolutionary precursor of chromids. Based on the rationale described
above, Harrison et al. reported in 2010 that ~10% of all complete bacterial genomes
(1,086 genomes) contained a chromid (11). Organisms containing a chromid are
enriched in the proteobacteria, including members of the alpha-, beta-, and gamma-
proteobacteria, but chromids can also be detected in phylogenetically distant genera,
including, among others, Prevotella, Leptospira, and Deinococcus (11, 94). The number of
complete genomes sequences has drastically increased since 2010, with 4,541 com-
plete genomes now available (NCBI genome repository; accessed 21 March 2016). The
distribution of both chromids and megaplasmids was therefore reexamined.
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FIG 3 Synteny analysis of the S. meliloti genome. The S. meliloti Rm1021 genome was compared with the
genomes of the more distantly related organism S. fredii NGR234 (A) and the closely related organism S.
medicae WSM419 (B). Putative orthologous genes between species were identified by performing BLAST
bidirectional best-hit analyses using the proteomes. BLAST bidirectional best hits with an E value of =1 X
1019 and =50% identity were linked to the corresponding gene, and their position was mapped on the
genome. Each putative ortholog between genomes is connected by a line and color coded based on
replicon type (black, chromosome to chromosome; yellow, chromid to chromid; purple, megaplasmid to
megaplasmid; blue, chromosome to chromid; red, chromosome to megaplasmid; green, chromid to
megaplasmid; orange, plasmid to anywhere. * indicates a 69-kb region of the S. fredii chromosome that
translocated to an ancestor of the pSymB chromid through a single translocation event, resulting in the
transfer of two essential genes to pSymB (41). Methods are provided in the supplemental material.
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FIG 4 Distribution of multipartite genomes throughout the bacterial phylogeny. A phylogenetic distribution of 1,708 bacterial species
with a complete genome available in the NCBI genome database is shown (accessed 21 March 2016). The taxon names are colored based
on genome structure, with red for species with no megaplasmid or chromid, green for species with a megaplasmid(s) but no chromid,
blue for species with a chromid(s) but no megaplasmid, and purple for species with both a megaplasmid(s) and a chromid(s). Several
genera enriched for megaplasmids and/or chromids are labeled. For species with more than one completed genome available in the NCBI
database, the species was considered to have a megaplasmid or chromid as long as it was present in at least one strain. For the
construction of the phylogeny, 12 ribosomal proteins (RplA, RplC, RplE, RplF, RpIN, RplIP, RpIT, RpsC, RpsE, Rpsl, RpsK, and RpsM) present
as a single copy in at minimum 1,704 species were identified with the help of the AMPHORA2 pipeline (215). Each set of proteins was
aligned with Clustal Omega (216), and the alignments were trimmed with trimAl (217) and then concatenated. The phylogeny was
produced based on the concatenated alignment using the RAXML BlackBox mirror site on the CIPRES Gateway Web server (218, 219), and
the bootstrap best tree following 204 bootstrap replicates is shown. High-quality images of the phylogeny are provided in Fig. S5 and S6
in the supplemental material. A Newick-formatted tree with bootstrap values as well as an annotation file are available upon request.
Methods are provided in the supplemental material.

Phylogenetic Distribution of Secondary Replicons

Of the 1,708 bacterial species examined, 11.2% included strains with a multipartite
genome (megaplasmid and/or chromid), and 7.4% or 6.4% included at least one strain
with at least one putative chromid or one megaplasmid, respectively (Fig. 4; see also
the supplemental material). Moreover, there appeared to be an affinity for putative
chromids to cooccur with megaplasmids, as ~2.5% of all the species examined had
both a chromid and a megaplasmid (although not necessarily in the same strain). While
some of this apparent cooccurrence of putative chromids and megaplasmids may
reflect the difficulty in clearly distinguishing between these replicons, we note that the
majority of species that appeared to have both putative chromids and megaplasmids
were in the genus Burkholderia and the order Rhizobiales, which are known to carry
both elements. The apparently higher prevalence of putative chromids than of mega-
plasmids in the bacterial phylogeny was surprising given that chromids appear to have
evolved from megaplasmids. This may reflect a greater instability or more dynamic
nature of megaplasmids than of chromids.

By using the ace function of the ape package in R (95), it was predicted that putative
chromids arose 45 times in the bacterial phylogeny and were lost only twice (see the
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supplemental material for methods and the limitations of this analysis). Of the 126
species containing a putative chromid, the large majority (~91%) of them contained
only one. At most, five putative chromids were detected in a single species, and
strikingly, all three species with five putative chromids belonged to the genus Azospi-
rillum. Similar to species with a putative chromid, ~88% of the 109 species containing
a megaplasmid had only a single megaplasmid. An additional ~11% of these species
had two megaplasmids, and only the agarolytic marine bacterium Persicobacter sp.
strain JZB09 had three. In contrast, ~51% of the 627 species with a plasmid contained
more than 1 plasmid, ~12% had at least 5 plasmids, and nearly 2% had 10 or more
plasmids. At most, 21 plasmids, accounting for ~40% of the total genome, were
identified in a single genome; this was observed for Borrelia burgdorferi. In fact, all four
species with >15 plasmids belonged to the genus Borrelia.

Multipartite genomes were dispersed throughout the bacterial phylogeny, but clear
clusters of species with multipartite genomes are visible (Fig. 4). In particular, mega-
plasmids were observed to be common in genera that contain numerous soil and
marine bacteria that interact with eukaryotic species in either a symbiotic or a patho-
genic relationship. These genera included Bacillus, Burkholderia, Sinorhizobium, Rhizo-
bium, Mesorhizobium, Agrobacterium, and Methylobacterium. Megaplasmids were also
enriched in the genera Rhodococcus and Novosphingobium, which contain soil and
marine organisms capable of inhabiting polluted environments and catabolizing the
pollutants. Putative chromids were similarly found to be prevalent in several genera
with species that enter into symbiotic or pathogenic relationships with eukaryotic
organisms. These genera included Sinorhizobium, Rhizobium, Agrobacterium, Burkhold-
eria, Cupriavidus, Vibrio, Pseudoalteromonas, Azospirillum, Ralstonia, and Prevotella. Pu-
tative chromids were also prevalent in a few genera containing species that are able to
survive in extreme environments due to resistance to several stresses such as UV
irradiation, metal ions, and aromatic compounds. These genera included Ralstonia,
Deinococcus, and Cupriavidus. The lack of additional clusters in the phylogeny may
simply reflect sequencing biases and the underrepresentation of genome sequences
from certain taxa. For example, the only representative genome for each of the genera
Persicobacter (agarolytic marine bacterium), Tistrella (soil and marine bacteria), Chela-
tococcus (marine moderate thermophiles), and Chloracidobacterium (marine moderate
thermophiles) contained a putative chromid, and the sequencing of additional ge-
nomes from these genera may reveal that the presence of a multipartite genome is
characteristic of these genera.

It was previously noted that chromids appear to contain genus-specific genes,
and the presence of a chromid may correspond to the emergence of a new genus
(11). This observation remained largely true in this expanded data set, although
some exceptions were detected, where the presence of a putative chromid was not
a defining characteristic of the genus. For example, R. sphaeroides contains a
chromid, whereas Rhodobacter capsulatus does not; Xanthomonas sacchari contains
a putative chromid, whereas the other seven Xanthomonas species do not; and only
a few Deinococcus species have a putative chromid, but the species having a
putative chromid did not form a monophyletic group in the phylogeny (Fig. 4). On
the other hand, the acquisition of a chromid may also predate the emergence of a
genus. For example, it was argued that the chromids of the genera Sinorhizobium,
Rhizobium, and Agrobacterium were acquired by the common ancestor of these
genera prior to their divergence (84).

In contrast to chromids, megaplasmids are rarely conserved at the genus level,
although multiple species in a genus will often contain a megaplasmid. Even in the rare
cases where megaplasmids are present in all species of a genus, different species may
have unique megaplasmids. For example, all Sinorhizobium species have at least one
strain with a megaplasmid, but analysis of the replication and partitioning proteins
suggests that they do not share a common ancestry (96).

September 2017 Volume 81 Issue 3 e00019-17

Microbiology and Molecular Biology Reviews

mmbr.asm.org 14

Downloaded from https://journals.asm.org/journal/mmbr on 29 September 2021 by 46.154.149.216.


http://mmbr.asm.org

Divided Bacterial Genomes

GENOMIC SIGNATURES OF BACTERIAL REPLICONS

Several genomic features vary between species. These features include codon usage
(the ratio at which synonymous codons are present in a genome), GC content (per-
centage of the genome consisting of guanine and cytosine), and dinucleotide relative
abundance (the frequency with which each pair of nucleotides appears in the genome).
These same features have also been shown to differ between replicons of the same
genome, with the extent of the differences being reflective of the type of replicon.
While these differences are often not very strong, they are robustly and reliably
observed. Here we review the relevant literature and provide an analysis of all replicons
from a representative genome for each of the 1,708 bacterial species that we examined
(1,708 chromosomes, 139 putative chromids, 99 megaplasmids, and 1,114 plasmids).

Codon Usage

The codon usage of a gene is correlated with the expression level of the gene; highly
expressed genes have a codon usage that closely mimics the relative tRNA abundance,
whereas lowly expressed genes often do not (97). Differences in codon usage bias
between replicons have been reported for numerous species (11, 98). For example,
Cooper et al. (98) examined codon usage bias in 22 species, including species of the
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and Deinococci, and in
all cases, the codon usage biases of the chromosomes were greater than those of
chromids, which in turn were greater than those of additional chromids or megaplas-
mids.

An analysis of codon usage bias was performed on representative genomes from
1,708 bacterial species by using CodonO to calculate synonymous codon usage order
(SCUO) (see the supplemental material) (99). It was found that 85.6% of putative
chromids and 85.9% of megaplasmids had less codon usage bias (a lower SCUO value)
than that of the corresponding chromosome, with a median SCUO difference between
the chromosome and a putative chromid or megaplasmid of —0.02 or —0.06, respec-
tively (Fig. 5A). Somewhat surprisingly, only 61.7% of plasmids had an SCUO value
lower than that of the chromosome, with a median difference of —0.02 (Fig. 5A).
Additionally, the difference in SCUO values between chromosomes and megaplasmids
displayed an unexpected bimodal distribution, unlike the bell-shaped distribution for
putative chromids (Fig. 5A). However, both of these unexpected results appear to be
due to the inclusion of genomes with low codon usage bias in the analysis (Fig. S3).
When the analysis was limited to genomes with a chromosomal SCUO value above the
median (Fig. 5A, inset), the bimodal distribution for megaplasmids was largely elimi-
nated, and 77.4%, 95.5%, and 82.3% of plasmids, megaplasmids, and putative chromids,
respectively, displayed less codon usage bias than the chromosome. The average
differences in SCUO values from the chromosome were —0.05, —0.08, and —0.02 for
plasmids, megaplasmids, and chromids, respectively, and the means of all three differ-
ences were statistically different from zero (uncorrected P value of <1e='5 by a
one-sample t test) and from each other (@« = 0.05 by one-way analysis of variance
[ANOVA] with Tukey’s honestly significant difference [HSD] post hoc test). Overall, these
results are consistent with secondary replicons generally displaying less codon usage
bias than the chromosome and with the codon usage bias of chromids being higher
than that of megaplasmids and plasmids, at least in genomes with high chromosomal
codon usage bias.

GC Content

GC contents vary considerably in prokaryotic organisms and can range from ~15%
(14.55% in “Candidatus Carsonella ruddii” HT) to ~75% (74.91% in Anaeromyxobacter
dehalogenans 2CP-C). Several factors can influence the GC content of an organism,
among which are environmental adaptation (100, 101) and possibly recombination
(102). In addition to differing between species, GC contents can vary considerably
within a genome and have often been used to identify genes recently acquired through
horizontal gene transfer (103). The GC content of each replicon in a multipartite
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FIG 5 Genomic signatures of bacterial secondary replicons. The analysis was based on one representative
genome from each of the 1,708 bacterial species (139 chromids, 99 megaplasmids, and 1,114 plasmids)
with a completed genome available in the NCBI genome database (accessed 21 March 2016). (A) Codon
usage bias as measured via synonymous codon usage order (SCUO) was determined for each replicon,
the value of the chromosome was subtracted from the value of each secondary replicon, and the
distribution of the resulting values are presented for plasmids (green), megaplasmids (red), and chromids
(blue). The inset displays the results if only genomes containing a chromosome with an SCUO value
above the median chromosomal SCUO value are examined. (B) The difference in GC contents of each
secondary replicon compared to the corresponding chromosome was determined, and the distributions
of the differences are presented for plasmids (green), megaplasmids (red), and chromids (blue). The inset
displays an enlargement of the central region of the histogram and shows just the megaplasmids and

(Continued on next page)
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genome is almost always different, and the extent of the difference is reflective of
replicon type; the GC contents of a chromid and a megaplasmid usually differ by <1%
and >1%, respectively, from that of the chromosome (11). In an analysis of one
representative genome from 1,708 bacterial species, the median absolute GC content
difference between a chromosome and a putative chromid was 0.34% (standard
deviation [SD], 0.29%), that between a chromosome and a megaplasmid was 1.9% (SD,
2.0%), and that between a chromosome and a plasmid was 2.8% (SD, 3.1%) (Fig. 5B),
with each difference being statistically different from zero (uncorrected P value of
<1e~'> by a one-sample t test) and from each other (« = 0.05 by one-way ANOVA with
Tukey's HSD post hoc test) (see the supplemental material).

Not only does the extent of differences in GC contents differ between putative
chromids and megaplasmids/plasmids, the direction of the difference also appeared to
differ. It was previously observed that the majority of plasmids have a GC content lower
than that of the chromosome (104-106). Similarly, in the analysis presented here, the
majority of plasmids (78.5%) and megaplasmids (89.4%) had a GC content lower than
that of the chromosome (Fig. 5B), with the mean of each distribution being statistically
different from zero (uncorrected P value of <1e~2 by a one-sample t test). However,
only little bias in the direction of the GC content difference for the putative chromids
relative to chromosomes was observed; 58.2% of chromids had a GC content lower
than that of the chromosome, while 41.2% had a higher GC content (Fig. 5B), with
rather low statistical support for the mean of the distribution differing from zero
(uncorrected P value of 0.013 by a one-sample t test). It was suggested that the lower
GC content of plasmids is due to selection for reduced energy expenditure, as the
maintenance of GC-rich sequences is energetically more expensive (104). Perhaps, as
chromids cannot be lost from the genome, selection for reduced energy expenditure is
largely absent, and the GC content is shaped almost solely by the same forces acting
on the chromosome. Alternatively, evidence suggests a general mutation bias toward
AT due to G/C to A/T transitions (107, 108). The reduced GC content of plasmids/
megaplasmids, but not chromids, may be reflective of more relaxed selection acting on
these replicons (98).

Dinucleotide Relative Abundance

The profiles of dinucleotide relative abundances in a genome have been shown to
be distinct for each bacterial genome and are reflective of bacterial phylogeny (105,
109). Studies have also illustrated that dinucleotide relative abundances can be used to
differentiate chromosomes from chromids and from plasmids (81). The dinucleotide
relative abundance distance refers to the sum of the differences in the frequencies of
each dinucleotide pair between two sources of DNA. In the current analysis of 1,708
representative genomes, it was seen that the median absolute difference between a
chromosome and a putative chromid was 0.21 (SD, 0.06), that between a chromosome
and a megaplasmid was 0.50 (SD, 0.28), and the difference between a chromosome and
plasmid was 0.91 (SD, 0.50) (Fig. 5C), with all differences being statistically different
from zero (uncorrected P value of <1e~'> by a one-sample t test) and from each other
(o« = 0.05 by one-way ANOVA with Tukey’s HSD post hoc test) (see the supplemental
material). Thus, as for GC content, putative chromids appeared the most like chromo-
somes, while plasmids appeared the least like chromosomes.

It is interesting to note that the dinucleotide relative abundance distances of the
putative chromids compared to chromosomes appeared to follow a bell-shaped
distribution centered away from zero, whereas the difference in the GC contents of
the putative chromids compared to chromosomes appeared centered at around

FIG 5 Legend (Continued)

chromids. (C) The dinucleotide relative abundance distance of each replicon compared to the corre-
sponding chromosome was calculated, and the distributions of the distances are presented for plasmids,
megaplasmids, and chromids. Colors in addition to green, red, and blue occur as a result of the overlap
of the bars. Methods are provided in the supplemental material.
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zero (Fig. 5B and C). This suggests that whereas the GC content of chromids is
continually ameliorated toward that of the chromosome, there is a constraint on the
amelioration of the dinucleotide composition. However, whether this is simply a
consequence of the original dinucleotide relative abundance difference between
the two replicons or whether this reflects an adaptive function is unclear.

Conjugal Transfer and Interreplicon Genomic Signature Differences

For both GC content and dinucleotide relative abundance, it was observed that the
difference between chromosomes and megaplasmids was less than that between
chromosomes and plasmids despite both elements being nonessential replicons (Fig.
5). A possible explanation may be that the mobility of megaplasmids is lower than that
of plasmids and that successful megaplasmid transfer to phylogenetically distant
organisms occurs less frequently than it does for plasmids. Although megaplasmids can
retain conjugative machinery (see, for example, references 110-113) and the transfer of
megaplasmids between related organisms has been observed in nature (see references
114-117, among others), experimental studies have noted difficulties in promoting
megaplasmid transfer between phylogenetically distant species (113). Like megaplas-
mids, at least some chromids retain conjugative properties and can be induced to
transfer to naive cells under laboratory conditions (118). Moreover, the chromid of S.
meliloti Rm41 is naturally transmissible (119). However, there is no evidence for
successful horizontal transfer (transfer and maintenance) of chromids in nature (11),
and transfer of the S. meliloti pSymB chromid to the related organism A. tumefaciens in
the laboratory resulted in an obvious fitness decrease (120). Hence, it is likely that
plasmids are highly mobile, and many of the plasmids detected by genome sequencing
are relatively newly acquired. In contrast, the successful transfer (i.e., the transfer and
maintenance) of megaplasmids, and more so for chromids, is less frequent (due to
either poor maintenance following transfer or the inability of the replicon to conjugate),
meaning that most of the detected megaplasmids/chromids were acquired less re-
cently, providing more time for the amelioration of the genomic signatures.

EVOLUTIONARY TRAITS OF BACTERIAL REPLICONS

The patterns of evolution and the rates of genetic change of each replicon in a
multipartite genome are unique. This can be clearly seen in S. meliloti, in which (i) the
chromosome is structurally stable and primarily vertically transmitted, (ii) the chromid
was formed by ancient horizontal gene transfer and is under greater positive selection
(particularly in genes for environmental adaptation), and (iii) the megaplasmid is
structurally fluid and formed by recent and ongoing horizontal transfer (121). In this
section, we review the literature examining how the evolutionary characteristics of each
replicon differ, specifically in terms of genetic variability and rates of evolution.

Genetic Variability

The levels of sequence and gene conservation between related bacterial strains and
species are different for chromosomes, chromids, and megaplasmids. This can be
visualized in Fig. 3, which illustrates how the S. meliloti chromosome is highly conserved
within the Sinorhizobium genus, the S. meliloti chromid shows less conservation, and
the S. meliloti megaplasmid is poorly conserved. Studies have shown that S. meliloti
chromosomal genes show the highest level of conservation, followed by chromid
genes and finally by megaplasmid genes, both when comparing different strains of S.
meliloti and in an interspecies comparison with Sinorhizobium medicae (122, 123).
Similarly, in both the Vibrio and Burkholderia genera, higher percentages of chromo-
somal genes are conserved between species than are chromid genes, and where
applicable, genes on the megaplasmid or the smaller chromid were the least conserved
(98, 124, 125). In R. sphaeroides, greater synteny between the chromosomes of related
strains than between the chromids of the same strains was observed (78). Chromosome-
and megaplasmid-specific pangenome analyses of 11 Bacillus thuringiensis strains with
a megaplasmid by using Roary (126) revealed that whereas 5,153 chromosomal genes
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were present in at least 5 genomes (1,984 in all 11 strains), only 163 megaplasmid genes
were present in at least 5 of the strains (none in all 11 strains) (see methods and Fig.
S4 in the supplemental material). Interestingly, comparisons between the Gram-
negative Cupriavidus species showed greater ortholog conservation between chromo-
somes than between chromids, whereas comparison between strains belonging to the
same Cupriavidus species showed only slightly greater ortholog conservation on the
chromosome than on the chromid (27, 127, 128). Similarly, genes on all replicons in B.
cenocepacia showed strong conservation between strains, but whereas the level of
conservation of the chromosome remained high compared to those of other Burkhold-
eria species, a low level of conservation of the smaller chromid/megaplasmid was seen,
while the larger chromid is highly conserved only in closely related species (125).

The same general observations are detected when nucleotide conservation, instead
of gene conservation, is examined. For 7 of the 9 examined species belonging to the
genera Brucella, Rhodobacter, Burkholderia, and Vibrio, the level of nucleotide identity
between the chromosomes of strains belonging to the same species was greater than
the level of nucleotide identity between the chromids (129). The same pattern was
observed for 9 of 10 intergenus comparisons of related species (129). In a population
genomics study, Epstein et al. observed that similar percentages (~95%) of nucleotides
of the chromosome and chromid of the reference S. meliloti and S. medicae genomes
were conserved across 32 and 12 strains, respectively, while the level of conservation
of the megaplasmid was much lower (<80%) (123).

All considered, these data suggest that chromosomes are the most genetically
stable replicons, followed by chromids and finally by megaplasmids. Chromosomes
display high synteny at both the species and genus levels. Chromids may be conserved
nearly as strongly as chromosomes at the species level; however, the level of conser-
vation drops off at the genus level. In contrast, megaplasmids can display high
variability even between strains of the same species.

Evolutionary Rates

Several studies have observed different rates of evolution on each replicon in a
multipartite genome. The substitution rate of the chromid of Vibrio species is higher
than that of the chromosome, whereas purifying selection is weaker on the chromid
(98). Similarly, the substitution rate of the chromid in Burkholderia multivorans is higher
than that of the chromosome but lower than that of the megaplasmid, while purifying
selection is greatest on the chromosome, then the chromid, and finally the megaplas-
mid (98). In S. meliloti, the rate of positive selection is highest for the chromid (121). A
comparison of orthologous gene products of Burkholderia xenovorans to those of
Burkholderia cepacia indicated that the percent amino acid identity was highest for the
chromosome, intermediate for the chromid, and lowest for the small chromid/mega-
plasmid (22). In contrast, genes involved in rhizobium-legume symbiosis carried by the
megaplasmid of Sinorhizobium species showed less divergence than those carried by
the chromosome or chromid (130). While at first glance, this result conflicts with the
Burkholderia observations, it is perhaps not surprising, as the megaplasmid is the
primary replicon with respect to the symbiosis.

Mutation accumulation studies with B. cenocepacia (131, 132) indicated that the
rates of the different types of substitution mutations differed across replicons. Addi-
tionally, the overall rate of substitution mutations, but not indels, was highest on the
chromosome and lowest on the chromid (131). Given that the evolutionary rate of the
chromosome is lower than those of the other replicons, it was suggested that
the above-mentioned results are consistent with much stronger purifying selection on
the chromosome (131). Somewhat different results were observed for Vibrio species. In
Vibrio fischeri, the substitution mutation rate was higher on the chromid than on the
chromosome, while no difference was detected in V. cholerae (133). The rates of the
particular substitutions also varied between replicons (133).

Comparison of conserved sequences between R. sphaeroides strains suggested that
the chromid is experiencing more rapid evolution than the chromosome (78). However,
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when only duplicated genes were considered, there was only a non-statistically signif-
icant difference in selective constraint for genes where one duplicate was on the
chromosome and the other was on the chromid compared to when both duplicates
were on the same replicon (134). This may suggest that the higher rate of divergence
of secondary replicons is not an intrinsic property of secondary replicons but instead
reflects differences in the types of genes. However, a separate study determined that
the elevated evolutionary rates of genes on secondary replicons were due to both
an intrinsic property of secondary replicons as well as differences in the types of
genes (98). This was done by comparing rates of evolution of genes in the
multipartite Burkholderia and Vibrio genomes to conserved orthologs of related
genomes (Bordetella and Xanthomonas, respectively) that lack secondary replicons
(98). Overall, these data suggest that each replicon in a multipartite genome may
experience different rates of evolution and unique types of evolutionary pressures
and that these differences are at least partially independent of the differences in the
gene content of each replicon.

FUNCTIONAL ANALYSIS OF BACTERIAL REPLICONS

Studies have repeatedly observed functional biases between each replicon in a
multipartite genome. This is most commonly approached by using COG analysis (135).
Core processes are consistently found to be enriched on the chromosome (21, 22, 76,
127, 136). Transport and metabolism, such as for inorganic ions, lipids, amino acids, and
carbohydrates, are often enriched on chromids and megaplasmids (18, 21, 22, 38, 76,
127, 136, 137). Genes associated with transcription and regulatory functions, including
signal transduction, are also commonly overrepresented on chromids and megaplas-
mids (18, 21, 22, 127, 136), as are motility-related functions (127, 136, 137). The
functional biases of chromids and megaplasmids are likely to differ from that of
plasmids; for example, plasmids in B. cereus are enriched in replication/recombination/
repair, transcription, protein modification/turnover, and cellular trafficking (87). Hypo-
thetical genes and genes of unknown function can also show skewed distributions
between each replicon in a genome, in some cases being overrepresented on the
chromosome (76) and in other cases being overrepresented on a secondary replicon
(18, 21, 127).

Global Replicon Functional Biases

As functional analyses of multipartite genomes have focused on individual species,
it is unclear whether the types of functions showing a biased distribution will vary
between phylogenetically distant taxa. Therefore, a global COG analysis was performed
(see the supplemental material). All genes for each replicon class from a single
representative genome of 1,708 species (1,708 chromosomes, 139 chromids, 99 mega-
plasmids, and 1,114 plasmids) were pooled, regardless of whether the genome was
multipartite, and COG analyses were performed. Indeed, several global biases were
evident, as summarized in Table 2, consistent with each replicon class having specific
functions enriched regardless of phylogeny.

Not surprisingly, core functions were enriched on chromosomes, such as COG
classes J, A, and Z. Chromids also generally appeared to be enriched in some core
functions compared to megaplasmids, although only the differences in COG class J
(translation) and class M (cell wall/membrane/envelope biogenesis) were statistically
significant. There was a large overlap in the functional groups enriched in chromids and
megaplasmids, although the extents of enrichment often differed (Table 2). COG classes
I, Q, and W were similarly enriched on chromids and megaplasmids, while a small but
statistically significant difference in COG class K (transcription) was observed. The
enrichment in COG class K likely represents a larger number of transcription factors
present on these replicons allowing gene regulation in response to numerous envi-
ronmental signals (e.g., carbon availability). The transport and metabolism of a few
types of compounds (COG classes E, G, and P) as well as motility and signal transduction
(COG classes N and T), both of which may be related to movement in response to
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TABLE 2 Global replicon-specific functional analysis®

Replicon enrichment (fold)

coG Total no. Significant

class Description Chromosome Chromid Megaplasmid Plasmid of genes comparison(s)

A RNA processing and modification 0.06 —1.64 —2.61 —237 2,212 AB, AC, AD

B Chromatin structure and dynamics 0.04 —0.48 —1.28 —1.98 1,982 AD

C Energy production and conversion 0.00 0.22 0.11 —1.24 311,749 AB, AC, AD, BD, CD

D Cell cycle control, cell division, chromosome 0.01 —0.83 —-0.76 0.95 53,815 AB, AC, AD, BD, CD
partitioning

E Amino acid transport and metabolism 0.00 0.46 0.04 —1.42 423,590 AB, AD, BC, BD, CD

F Nucleotide transport and metabolism 0.05 —0.91 -1.39 —2.08 122,047  AB, AC, AD, BC, BD, CD

G Carbohydrate transport and metabolism —0.01 0.50 0.10 —-1.07 327,915 AB, AC, AD, BC, BD, CD

H Coenzyme transport and metabolism 0.03 —0.54 —-0.77 —1.46 218,207 AB, AC, AD, BC, BD, CD

| Lipid transport and metabolism 0.00 0.28 0.22 —1.18 192,881  AB, AC, AD, BD, CD

J Translation, ribosomal structure, and biogenesis 0.06 —1.69 —2.25 —3.20 272,466 AB, AC, AD, BC, BD, CD

K Transcription —0.02 0.57 0.39 —0.35 390,373  AB, AC, AD, BC, BD, CD

L Replication, recombination, and repair 0.00 —0.85 0.04 1.11 265,234 AB, AD, BC, BD, CD

M Cell wall/membrane/envelope biogenesis 0.02 —-0.13 —0.53 —0.88 294,750 AB, AC, AD, BC, BD, CD

N Cell motility 0.01 0.16 —0.53 —0.90 97,783 AB, AC, AD, BC, BD, CD

(0] Posttranslational modification, protein turnover, 0.03 —0.51 —0.59 —1.08 181,774 AB, AC, AD, BD, CD
chaperones

P Inorganic ion transport and metabolism —0.01 0.36 0.08 —0.51 259,353 AB, AD, BC, BD, CD

Q Secondary metabolite biosynthesis, transport, —0.03 0.60 0.65 —0.53 127,189 AB, AC, AD, BD, CD
and catabolism

R General function prediction only 0.01 0.09 —0.07 —0.85 596,567 AB, AC, AD, BC, BD, CD

S Function unknown 0.01 0.06 -0.24 —0.64 426,972  AB, AC, AD, BC, BD, CD

T Signal transduction mechanisms 0.00 0.30 —0.03 —0.92 318,564 AB, AD, BC, BD, CD

U Intracellular trafficking, secretion, and vesicular ~ 0.00 —-0.29 —-0.16 0.49 121,189 AB, AD, BD, CD
transport

Y Defense mechanisms 0.01 —0.15 —-0.13 —0.32 83,369 AB, AD

W Extracellular structures —0.08 1.26 1.16 —-1.18 324 None

Y Nuclear structure 0.08 0.00 0.00 0.00 1 None

z Cytoskeleton 0.06 —2.53 -1.79 —0.54 936 AB

Transposases -1.10 1.22 1.83 6.23 196,590 AB, AC, AD, BC, BD, CD

aResults of the COG functional analysis and transposon identification are presented. One representative genome from each of the 1,708 species with complete
genomes available in the NCBI database were chosen, and all genes from each replicon type were extracted (5,342,421 chromosome genes, 174,984 chromid genes,
62,606 megaplasmid genes, 79,077 plasmid genes, and 5,659,088 total genes). The genes were annotated with COG categories via WebMGA (220), and transposons
were identified based on the RefSeq annotation of the protein fasta files. Enrichment (fold change of the observed compared to the expected values; e.g., a value of
2 indicates twice as many genes had the annotation than expected, whereas a value of —2 indicates half as many genes had the annotation than expected, and a
value of 1 or —1 indicates no change from the expected value) for each category for each replicon is given, as is the total number of genes annotated for each class.
The letters in the right column indicate which pairwise comparisons were statistically significant (A, chromosome; B, chromid; C, megaplasmid; D, plasmid). For
example, AB indicates that the value for the chromosome is statistically different from the value for the chromid. Statistically significant comparisons were
determined by using pairwise Fisher exact tests, with an adjusted P value of <0.05 following Bonferroni multiple-test correction. Additional methods are provided in
the supplemental material.

external stimuli, were primarily enriched on chromids and less so, if at all, on mega-
plasmids. No classes were enriched specifically on megaplasmids. Plasmids were en-
riched in replication-related functions (COG classes D and L) and COG class U, which
may be related to the replication and conjugal transfer of the plasmid and to resistance
to toxic compounds.

In toto, the global functional analysis revealed that many functional categories of
genes are universally enriched on secondary replicons, consistent with secondary
replicons playing a conserved role in the biology of these organisms. It was also notable
that functional biases could be detected between each of chromids, megaplasmids,
and plasmids, supporting that these classifications are biologically relevant.

Distribution of Transposable Elements

As a proxy to examine the prevalence of transposable elements on each type of
replicon, the RefSeq protein fasta files for each of the 1,708 bacterial genomes were
searched for the term “transposase” (see the supplemental material). Approximately
3.1% of the chromosomal genes were annotated as a transposase, compared to 4.3%
of putative chromid genes, 6.3% of megaplasmid genes, and 21.6% of plasmid genes,
and all differences between replicon classes were statistically significant (Table 2). Thus,
the pattern of prevalence of transposable elements on each replicon appeared to
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mimic that of the genomic signatures of these replicons (Fig. 5); i.e., putative chromids
appeared most like chromosomes, followed by megaplasmids, with plasmids being
very different from the others. Given that the gain of insertion elements is generally
deleterious (138-140), perhaps the biases in transposase prevalence reflect differences
in the expendabilities of genes on each type of replicon and differences in purifying
selection (98).

INTERREPLICON INTERACTIONS

Despite genes on each replicon in a multipartite genome being physically sepa-
rated, in many cases, there may be interactions between their gene products. The
enzymes involved in the multistep pantothenate and lipopolysaccharide biosyn-
thetic pathways are encoded by multiple replicons in Rhizobium etli and Rhizobium
leguminosarum (141, 142). In the case of pantothenate, this may be due to gene
transfer from the chromosome to the secondary replicon (141). Similarly, complex
biological processes can require genes situated on multiple replicons, as is the case
for rhizobium-legume symbiosis (83, 143-145). Additionally, an in silico analysis of
the seven replicons of R. etli predicted functional links between each of the replicons,
with the two most recently acquired replicons showing the fewest connections to the
others (146).

Interactions between replicons can also occur at a regulatory level. The replication
of the chromid of V. cholerae is subjected to regulation by chromosomally encoded
mechanisms (21, 29). It has also been noted that in V. cholerae, the chromosomally
encoded RpoS protein regulates genes on both the chromosome and chromid, the
chromid gene hylA is regulated by the chromosomally encoded HylU protein, and
quorum-sensing genes are split between the chromosome and chromid (21). An in
silico regulon analysis predicted that most S. meliloti transcriptional factors regulate
genes on the same replicon (147). However, a subset was predicted to regulate genes
across multiple replicons, and there was a bias for chromosomal regulators to modulate
chromid/megaplasmid genes compared to the number of chromid/megaplasmid reg-
ulators predicted to regulate chromosomal genes (147). Consistent with this, the cell
cycle regulator CtrA and the symbiotic nitrogen fixation regulator FixJ regulate genes
on all three replicons in S. meliloti while preferentially regulating genes on the same
replicon that they are encoded on (148, 149). In contrast, the S. meliloti RpoN sigma
factor appears to preferentially regulate genes on other replicons (150, 151). Finally, the
complete deletion of the S. meliloti chromid resulted in at least a 2-fold change in gene
expression levels in ~5 to 10% of chromosomal genes, whereas no statistically signif-
icant changes in chromosomal gene expression were observed when the megaplasmid
was absent from the genome (G. C. diCenzo, B. Golding, and T. M. Finan, unpublished
data). Similarly, in B. cenocepacia, the expression of only 55 chromosomal or chromid
genes was influenced by the removal of the megaplasmid (35).

COSTS ASSOCIATED WITH MULTIPARTITE GENOMES

As is discussed in the following section, the presence of megaplasmids and chro-
mids may provide certain advantages to the host cell. However, these large replicons
may also come with significant costs. Transfer of the S. meliloti chromid to A. tumefa-
ciens resulted in a reduced growth rate, and the A. tumefaciens cells spontaneously lost
the chromid (120). Conversely, an S. meliloti 2011 strain that lacks the megaplasmid
appears to have a slightly higher growth rate than do S. meliloti 2011 strains containing
the megaplasmid (83, 152). Similarly, an A. tumefaciens C58 strain lacking the pATC58
plasmid is able to outcompete the wild type under laboratory conditions (153). When
the large megaplasmid of Pseudomonas syringae Pla107 is transferred to other P.
syringae strains or more distantly related pseudomonads, both the growth rate and
competitive fitness of the recipient cell were decreased, and the megaplasmid was
spontaneously lost (113). In fact, the gain of this megaplasmid influenced an array of
phenotypes, including biofilm formation, antibiotic resistance, and thermal tolerance,
among others (154). However, despite this megaplasmid being recently acquired by P.
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syringae Pla107 (155), it was difficult to construct a Pla107 derivative lacking the
megaplasmid (113), which is potentially suggestive of rapid, partial adaptation to
accommodate the costs of this replicon. Additionally, an experimental evolution study
of populations of Methylobacterium extorquens AM1 identified the repeated loss of
parts of a megaplasmid region accounting for up to 10% of the genome (156). While
the deletion events resulted in more rapid growth under the growth conditions from
which they were isolated, these mutants grew more slowly under alternate growth
conditions. These results suggested that selection for the loss of environment-specific
accessory genes, rather than genetic drift, dominated the genome reduction process
(156).

Why exactly these fitness costs are observed is unclear, although several suggestions
have been put forth. Streamlining theory suggests that the loss of the replicon could
be favored as it reduces the amount of phosphorus tied up in DNA (157), although
others have argued that there is little support for this hypothesis (158). Alternatively,
loss of the replicon could be favored by reducing the energetic demands associated
with DNA replication and/or gene expression (transcription and translation), particularly
the expression of multiprotein ABC transport systems that are likely energetically
expensive to synthesize and that are enriched on secondary replicons (113, 159, 160).
Decreasing the number of transcripts of nonessential proteins could also free up
ribosomes for the translation of core proteins, and/or decreasing the number of
recently acquired genes whose gene products may be misfolded could also promote
the loss of a secondary replicon (113). Finally, negative interactions between pathways
encoded by the chromosome and secondary replicon could promote a loss of the
secondary replicon, as could negative interactions between these replicons at the
transcriptional level (113, 159). Likely, a combination of factors explains why secondary
replicons confer fitness costs to the host and why their loss may be favored during
growth in particular environments.

PUTATIVE ADVANTAGES OF MULTIPARTITE GENOMES

Several hypotheses have been put forth to describe why bacterial multipartite
genomes have emerged and are maintained. In this section, the main putative advan-
tages are discussed, and the data that support and contradict each hypothesis are
described. A summary of these points is provided in Table 3.

Increased Genome Size

It has been suggested that multipartite genomes allow for further genome expan-
sion once the chromosome has reached its maximal size (84). In support of this, it was
noted that as of 2010, the mean total size of genomes lacking a chromid was 3.38 Mb
(SD, 1.81 Mb), whereas the mean size of genomes with a chromid was 5.73 Mb (SD, 1.66
Mb) (11). In contrast, it was pointed out that some small genomes, like that of Brucella
melitensis, are multipartite, whereas some large genomes have a single chromosome,
such as the 9-Mb chromosome of Myxococcus xanthus (31). When 1,708 representative
genomes from the NCBI genome database were examined, the mean and median total
genome sizes of species containing a putative chromid/megaplasmid were ~3.67 and
~3.41 Mb, respectively, whereas the mean and median genome sizes for species with
a megaplasmid and/or a putative chromid were ~5.72 and ~5.56 Mb, respectively (Fig.
6A). The difference in genome sizes between these two groups can be associated
primarily with the secondary replicon, as there was little difference in the mean and
median chromosome sizes (Fig. 6B). Hence, it is clear that multipartite genomes are, on
average, larger than genomes lacking megaplasmids and chromids. That said, multi-
partite genomes are not a prerequisite for a large genome, and in fact, fewer than
one-third of the genomes with a size of >6 Mb are multipartite (Fig. 6A), while none
of the 26 largest genomes, and only 3 of the top 50, are multipartite. Thus, it seems
unlikely that the multipartite genome organization evolved simply to allow increased
gene accumulation, as the majority of large genomes are not multipartite. Additionally,
causality has not been demonstrated; i.e., it has not been established whether genomes
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TABLE 3 Summary of the four described hypotheses on the role and evolution of multipartite genomes®

Hypothesis Main tenant Support Contradiction(s)
Increased genome  Dividing the genome allows for Multipartite genomes are on avg larger than Some small genomes are multipartite, while
size a larger genome than if only nonmultipartite genomes; difference in some large genomes are not multipartite;

a chromosome was present genome sizes is due to the size of the
secondary replicons and not

chromosomal differences

Increased rate of
bacterial growth

Dividing the genome allows a
higher growth rate due to
faster replication of the
genome

Some of the fastest-growing species (e.g.,
Vibrio) have multipartite genomes; fast-
growing rhizobia contain chromids,
whereas slow-growing rhizobia do not

Coordinated gene
regulation

Localization of related genes
on the same replicon
facilitates their coordinated
regulation

The replicon that the gene is on can
influence gene dosage; individual
replicons are often over- or
underrepresented in genes up- or

downregulated in different environments

Consistent with several features of
secondary replicons, including genetic

Adaptation to
novel niches

The secondary replicons are
specialized for colonization
and fitness in new
environments

patterns of gene regulation; secondary
replicons are often enriched in genes

associated with environmental adaptation

variability and evolutionary rates; different
replicons can show environment-specific

only 3 of the largest 50 bacterial
genomes are multipartite; unclear if
being multipartite allows larger genomes
or if genomes are larger because they are
multipartite

Many slower-growing species have a

multipartite genome, and some fast-
growing species (e.g., Clostridium) do not
have a multipartite genome; no
correlation between genome size and
growth rate; chromosomes and chromids
are not equally sized

Gene dosage effect is likely limited to fast-

replicating species; unclear if coordinated
gene regulation was a driving force of
multipartite genome evolution or a by-
product of the colocalization of related
genes on 1 replicon

Many organisms without multipartite

genomes occupy the same niches as
those with multipartite genomes and
display equal levels of genetic variability

aSee Putative Advantages of Multipartite Genomes for an expanded discussion of these points.

are multipartite to allow increased size or whether the increased size is a consequence
of having chromids/megaplasmids.

Increased Rate of Bacterial Growth

A second consideration is that the multipartite genome organization may allow
faster bacterial division by decreasing the time required to replicate the genome, as
each replicon can replicate concurrently (55, 65). Indeed, some of the fastest-replicating
species, such as those in the genera Vibrio, have a multipartite genome (31), and the
“fast-growing” rhizobia contain chromids, whereas the “slow-growing” rhizobia do not
(161). However, multipartite genomes can be found in many species with relatively long
generation times (162), such as R. sphaeroides (31), and multipartite genomes are
certainly not a requirement for fast growth. For example, nonmultipartite Clostridium
perfringens strains can have generation times as low as 7 min (163). Moreover, an
analysis of 214 genomes failed to detect a correlation between genome size and
minimal generation time (164). If the emergence and maintenance of a multipartite
genome are driven by selective pressure to reduce the time required to replicate the
genome, coresident chromosomes and chromids should be equally sized. However, this
is not observed (162). Chromids are always smaller than the chromosome (11), and
although there is a large range of disparity in the sizes of chromids versus chromo-
somes, chromids are on average less than half the size of the coresident chromosome
(Fig. 7). Overall, while the multipartite genome may impart an ability to replicate the
genome more rapidly, the data on the whole do not support this as a driving force for
the evolution of the multipartite genome. It may, however, help promote the mainte-
nance of this genome organization in fast-replicating species once it has formed.

Coordinated Gene Regulation

A third hypothesis states that the division of genes between multiple replicons
facilitates their coordinated regulation. This could be accomplished through the mod-
ulation of gene dosage. Initiation of the replication of the chromosome of Vibrio species
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FIG 6 Size distribution of single chromosomes versus multipartite genomes. The histograms display the
distributions of total genome sizes (A) and chromosomal sizes (B) for genomes lacking chromids and
megaplasmids and for genomes containing a chromid and/or megaplasmid. The purple color occurs as
a result of the overlap between the red and blue bars. Histograms are based on one representative
genome of each of the 1,708 bacterial species with a completed genome available in the NCBI genome
database (accessed 21 March 2016).

occurs prior to that of the chromid, resulting in a higher average gene dosage, and,
thus, transcription, of chromosomal genes (16). However, this effect is expected to be
limited to fast-growing bacteria (162), and indeed, evidence suggests that there is no
gene dosage bias among the three replicons of the S. meliloti genome (165). Recently,
a related suggestion was put forth, stating that the localization of genes to different
replicons may facilitate their correct subcellular positioning (137). Although an exciting
possibility, experimental support for this hypothesis is currently lacking.
Alternatively, the grouping of genes together on individual replicons may facilitate
their coordinated regulation by transcription factors. This hypothesis has merit, con-
sidering that the transcription machinery is not equally distributed throughout the cell
(166). Supporting this, an in silico regulon analysis of 41 S. meliloti transcription factors
indicated a bias for transcription factors to regulate genes on the same replicon (147).
Furthermore, multiple transcriptomic studies have observed that particular replicons
are enriched in differentially regulated genes during niche adaptation. Comparison of
the V. cholerae transcriptome under laboratory growth conditions to that under intes-
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FIG 7 Comparison of chromid and chromosome sizes. All chromids from one representative genome of
each of the 1,708 bacterial species with a completed genome available in the NCBI genome database
(accessed 21 March 2016) were analyzed. The size of each chromid was divided by the size of the
coresident chromosome, and the distribution of the results is shown.

tinal growth conditions illustrated that many more chromid genes are expressed in
the intestine than under laboratory conditions (167). In a comparative transcriptomics
study of B. cenocepacia J2315, the number of expressed genes during soil colonization
was biased toward the larger chromid, whereas the number of genes expressed under
in vitro cystic fibrosis conditions was biased toward the chromosome (168). Addition-
ally, transcriptional differences between B. cenocepacia strain J2315 and a related strain
were biased toward the smaller chromid of J2315 (168). The pRL8 replicon of R.
leguminosarum is enriched for genes upregulated during growth in the pea rhizosphere
(169), and similarly, secondary replicons of Rhizobium phaseoli are enriched in genes
upregulated during rhizosphere colonization (170). During symbiosis with legumes,
genes downregulated in S. meliloti are overrepresented on the chromosome, whereas
upregulated genes are overrepresented on the megaplasmid (151, 171). These studies
clearly demonstrate that replicon-specific patterns of gene expression can be observed.
However, causation has not been demonstrated, and thus, it is unclear if the multipar-
tite genome evolved to facilitate coordinated gene regulation or whether these tran-
scriptional patterns are a by-product of functionally related genes being colocalized to
different replicons.

Adaptation to Novel Niches

To account for many of the observations related to multipartite genomes, including
replicon-specific regulation patterns, functional biases, and distinct evolutionary pat-
terns, it was suggested previously that individual replicons within multipartite genomes
contribute to adaptation to unique environments (22, 121, 152). It is our opinion that
the primary advantage of the multipartite genome architecture is to mediate adapta-
tion to novel niches. In this section, we present a generalized evolutionary model based
on niche adaptation that attempts to explain the observations reported throughout
this review. This model is summarized in Fig. 8 and is an extension of ideas proposed
previously (22, 121, 152).

The main tenant of the proposed model is that secondary replicons act as special-
ized entities for adaptation to unique environments. This implicitly states that the
primary chromosome is sufficient for growth and survival in nonspecialized soil or
aquatic environments. Computational analyses suggested that the ancestor of the
Alphaproteobacteria harbored ~3,300 genes, with lower and upper bounds of 3,000
and 5,000 proteins, respectively (172). The median bacterial chromosome size of 3.46
Mb is therefore likely similar to that of the ancestral alphaproteobacterial genome.
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FIG 8 Described model of multipartite genome evolution. Shown is a schematic of the proposed model
to explain the evolution and function of the bacterial multipartite genome. Multipartite genome
evolution begins with the acquisition of a megaplasmid through horizontal gene transfer (HGT). It is
hypothesized that the selective pressure for the maintenance of the megaplasmid is the ability to
colonize a new niche. In this new environment, the megaplasmid size increases by HGT and the gain of
new genes involved in adaptation to the newly inhabited niche. At any point during evolution, the
megaplasmid may be lost if the costs start to outweigh the benefits or if the cell leaves the niche where
the megaplasmid is beneficial. Coresidence of the megaplasmid with the chromosome facilitates
interreplicon gene flow, which results in the transfer of core genes to the megaplasmid, resulting in the
formation of a chromid and a replicon that is more integrated into the core biological networks of the
cell.

Additionally, an S. meliloti strain with a genome reduced by 45% through the removal
of the chromid and megaplasmid was capable of growing quite well in bulk soil
mesocosms (152). Together, these observations are consistent with the chromosomal
gene repertoire being sufficient for high fitness in nonspecialized environments.

Accepting that the plasmid hypothesis explains the formation of chromids, then all
multipartite genomes must originate from the acquisition of a megaplasmid through
horizontal gene transfer (HGT). Secondary replicons often carry the key determinants
required for initial colonization of new environments, such as symbiotic and virulence
factors, although they generally account for only a small portion of large secondary
replicons (161, 173). The high level of gene variations of megaplasmids, as discussed
above (27, 78, 98, 122-125, 127, 128), suggests that they are undergoing rapid gene
loss and gene gain through HGT, as was observed for S. meliloti (121). Comparative
genomics and metabolic modeling studies illustrated that most genes acquired
through HGT are involved primarily in adaptation to different environments (174-177),
with different genomic regions being responsible for different ecologies (178).
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Other computational work illustrated that genome expansion within lineages of the
Alphaproteobacteria and the order Rhizobiales was linked to an association with plants
and the evolution of symbiosis, respectively (172, 179). Those genome expansions
involved mainly the acquisition of transcriptional, transport, and metabolic functions (172,
179), which are the same functions commonly enriched on secondary replicons (Table 2).
Hence, it is reasonable to suggest that the gain of secondary replicons first allows an
association with a novel niche, after which the new replicon gains genes associated with
environmental adaptation. In particular, we hypothesize that these environments often
represent new niches formed due to the emergence of eukaryotic organisms, such as the
rhizosphere and the animal gut. However, the association with eukaryotic organisms may
reflect biases in the organisms chosen for whole-genome sequencing, and sequencing of
more environmental isolates may reveal that secondary replicons may be generally asso-
ciated with diverse niche colonization independent of eukaryotes.

As chromids are on average twice as large as megaplasmids (Fig. 2), the evolution
of a megaplasmid must therefore involve significant gene accumulation. However, it
has been argued that most HGT events, including those that are eventually fixed in a
population, are initially deleterious (180, 181). As a result, most genes acquired through
HGT are lost from the genome, as the costs outweigh the benefits (175, 180-183). The high
variability of megaplasmids is consistent with most genes acquired by these replicons
eventually being lost either because they provide no benefit or because the costs are too
high. Only genes whose benefits outweigh the costs to the cell are eventually fixed in the
population, and as described above, these genes are expected to be associated with
adaptation to the new environment. This conclusion is supported by the transcriptional
studies summarized above (151, 167-171), by an in silico metabolic modeling study that
suggested that the metabolic abilities associated with the S. meliloti chromid are rhizo-
sphere specialized (184), and by experimental work showing that the loss of the pATC58
megaplasmid decreases fitness in the plant rhizosphere (153).

As chromids evolve from megaplasmids, chromids could be considered a subclass of
megaplasmids, and it might therefore be expected that megaplasmids would be more
prevalent than chromids. However, chromids are found in approximately twice as many
species as megaplasmids (Fig. 4). This may reflect two divergent fates of megaplasmids.
The potentially high costs of megaplasmids (83, 113, 120, 152, 155, 159), as discussed
above, may result in the loss of the megaplasmid in particular environments and may
limit the ability of megaplasmids to be successfully maintained following horizontal
transfer of the entire replicon. On the other hand, if the megaplasmid provides enough
of a benefit to remain in the cell, rapid conversion into a chromid is likely to occur. The
observation that megaplasmids are limited to more narrow taxonomic groups than are
chromids (Fig. 4) supports that secondary replicons remain an evolutionarily stable
component of the genome only if a conversion to a chromid occurs.

Genes recently acquired through HGT undergo rapid evolution (181). As described
above, megaplasmids experience high evolutionary rates (22, 78, 98, 121, 130), which
is possibly reflective of the rapid amelioration of the replicon to reduce the associated
costs. This can include modification of genes and regulatory elements, such as through
the amelioration of codon usage (185), and promoter modifications to better integrate
the genes into existing transcriptional networks (186). At the same time, the gain of
essential genes from the chromosome results in the formation of a chromid (41, 84).
This interreplicon gene flow also contributes to the increased stability of the secondary
replicon, in terms of reducing both the rate of gene loss and the loss of the entire
replicon (11, 51, 84, 152), and contributes to the integration of the replicon into the
cell's core metabolism (187). In this way, environmental adaptation can drive the
emergence of a multipartite genome.

The primary observation opposing this hypothesis is that many species lack multi-
partite genomes, yet they can still show high genetic variability and colonization of
multiple niches. Species of the genera Sinorhizobium and Bradyrhizobium are legume
N,-fixing endosymbionts that also colonize bulk soil and the plant rhizosphere. Both
genera also contain large pangenomes, and thus, both genera have high genetic
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variability (188). However, only species of the genus Sinorhizobium have a multipartite
genome (18, 189). Moreover, the organisms of the genus Prochlorococcus have a
genome size of just 2,000 genes but have an estimated pangenome size of >58,000
genes (190). Thus, even if the evolution of the multipartite genome is driven by niche
adaptation, a multipartite genome is by no means a prerequisite for niche adaptation
or genetic variability.

REMAINING QUESTIONS

Although many characteristics of multipartite genomes are known, there are several
questions that remain unanswered. Here, five topics that require further study are
outlined, and in most cases, potential answers are detailed.

Maintenance of the Multipartite Genome

Even if the evolution of the multipartite genome is driven by environmental adaptation,
it remains unclear why the secondary replicon remains an independent unit and why
it does not eventually become integrated into the chromosome, as appears to have
occurred in a few cases (84). One possibility is that, at least in some species, the
potential benefits of divided genomes, as summarized above, may help maintain the
multipartite genome structure once it has formed. However, we hypothesize that
the multipartite architecture is often an evolutionary relic limited by what came before.
Megaplasmids are transferable (110-117). Hence, a gene on a megaplasmid may have
higher fitness than a gene on a chromosome due to the increased frequency of HGT
mediated through megaplasmid conjugation. We note that chromosomes can also
carry mobile elements as well, but as the gain of a chromosomal mobile element can
result in the disruption of important chromosomal genes (191, 192), plasmid-mediated
HGT may be more efficient. Selection for increased HGT may be lost in larger mega-
plasmids and chromids due to their increased costs; however, integration into the
chromosome may still be unfavorable due to the large size of such replicons. The
chromosomal origin of replication and terminus region normally, but not always, split
chromosomes into two roughly equal halves referred to as replichores (193-195).
Genome rearrangements that significantly perturb this equal distribution appear to
have a negative impact on fitness and can be selected against (13, 196-200), meaning
that the integration of a 1.5-Mb chromid into a bacterial chromosome is likely to be
unfavorable. Integration may be further selected against if the gene strand bias of the
chromosome is not maintained (13, 17, 194, 201-203). Indeed, S. meliloti strains with all
three replicons fused together display a fitness decrease (88), and it has been proposed
that V. cholerae strains with both replicons fused together are less fit (89). Hence, the
maintenance of the multipartite genome architecture may reflect selection for in-
creased HGT early in its development and selective pressures against chromosome
disruptions later during its maintenance.

Enrichment of Environmental Adaptation Genes on Secondary Replicons

If the niche adaptation model outlined above is correct, secondary replicon enlarge-
ment occurs as a result of the acquisition of niche-specific genes. However, it is unclear
why these genes would be preferentially acquired by the secondary replicon and not
equally acquired by the chromosome. It may be that secondary replicons more readily
acquire new DNA (84) or because insertions into the chromosome are more likely to
disrupt growth-promoting genes than are insertions into a megaplasmid, leading to
greater selection against chromosomal insertions (191, 192). This is supported by the
reduced purifying selection observed on secondary replicons (98) and the higher
prevalence of transposable elements (Table 2). Additionally, and perhaps more impor-
tantly, megaplasmids can move through conjugation, and thus, genes that integrate
into these replicons may have higher fitness, as they can more readily spread horizon-
tally throughout the population. Moreover, the colocalization of related/interacting
pathways on the same replicon results in their genomic linkage. If this replicon is
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transferable, then both pathways will move together, and if this is beneficial to the
recipient, evolution may select for the linkage of the pathways.

Fixation of Essential Gene Transfer Events

The key characteristic of a chromid is that it contains core biological functions. One
way in which this occurs is through the transfer of genes from the chromosome to the
secondary replicon (31, 41, 83-87). However, it is unclear why such a translocation
event would become fixed in the population. Many secondary replicons within the
Alphaproteobacteria belong to the repABC family and encode a partitioning system that
helps ensure high stability and segregation of the replicon to both daughter cells (204,
205). However, segregation is sufficiently imperfect so that the replicon could be lost
from the population within a few thousand generations (205). Thus, it may be that the
transfer of essential genes results in the stabilization of the replicon that, combined
with the loss of replicons without essential genes from the population through genetic
drift, results in the fixation of essential genes on the chromid. This could also explain
why chromids generally contain only a few essential genes; the first transfer of essential
genes would stabilize the replicon, while additional transfers of essential genes would
provide little additional advantage (51).

Multipartite Genome Topology

An exciting research direction that has so far remained largely unexplored is the
study of the genome topology and DNA physical interactions in species with multi-
partite genomes through techniques such as chromosome conformation capture meth-
ods like Hi-C (206, 207) and multicolor fluorescence in situ hybridization (FISH) (208).
The sole study examining three-dimensional (3D) genome topology in a multipartite
genome was performed with V. cholerae (60). It would be interesting to use these
techniques and various model systems to address general questions related to multi-
partite genome evolution. Potential research topics include examining whether there
are interreplicon chromatin interactions and if such interactions are correlated with
regions of increased interreplicon transcriptional interactions or gene flow. It would
also be fascinating to examine whether the replicons are intermingled or if each
replicon occupies a distinct and stable location in the cell, similar to how each
chromosome occupies an unique nuclear territory in eukaryotic organisms (209), and if
the removal of one or more replicons impacts the localization of the remaining
replicons. In the case of V. cholerae, the data were consistent with the chromosome and
chromid having very different organizations, with each replicon occupying distinct
locations in the cell, and with there being direct physical interactions between the two
replicons (60). However, as the data were analyzed with respect to one specific
question, additional work is required to address general questions related to multipar-
tite genome topology and the generalizability of the observations.

It is also worth noting that many secondary replicons encode nucleoid-associated
proteins (NAPs) that can influence the topology of themselves as well as the chromo-
some, influence chromosomal transcription, and impact host fitness. This topic was
recently reviewed by Shintani et al. (210), and we refer readers to that article for an
in-depth discussion of this topic. Interestingly, they found that only a low percentage
of plasmids carried NAPs, while over one-third of megaplasmids/chromids encoded
NAPs (210); however, as chromids and megaplasmids were not differentiated, the
relative frequencies of these two classes of replicons cannot be compared.

Loss of Conjugal Properties

It is also unclear why megaplasmids, but not chromids, appear to transfer via
conjugation in nature (110-117) despite at least some replicons of both classes
retaining conjugal properties in laboratory settings (11, 118, 119). This may simply
reflect a high cost of acquisition. It has been argued that most genes acquired through
HGT are maintained due to their low costs as opposed to their benefits (180), and thus,
the costs associated with HGT (180, 211, 212) may mean that chromids are rapidly lost
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if they are transferred to a new cell. Additionally, core “information” genes are less likely
to be successfully transferred via HGT (213, 214), and such genes are found on chromids
but not megaplasmids. Thus, the large size of chromids and the types of genes that
they carry may lead to their rapid loss in the event that they are horizontally transferred.

CONCLUSIONS AND PERSPECTIVES

In this article, we review the available information related to bacterial multipartite
genomes through a literature search and through a meta-analysis of complete bacterial
genome sequences. The characteristics of the three main classes of large bacterial
replicons (chromosomes, chromids, and megaplasmids) have been studied for a variety
of species, and it has been found that regardless of which characteristic is examined,
chromids and megaplasmids have a conserved set of features that set them apart from
each other and from chromosomes. In future research, it will be important to experi-
mentally validate the chromid designation of more replicons to ensure that the
distribution of this replicon class is well understood, as designations based solely on
data from informatics analyses or predictions can be misleading (35). It will also be
valuable to completely remove chromids from numerous species by first moving just
the essential functions to the chromosome, as was done for S. meliloti (152), in order to
validate the overall biological role of these entities.

Nevertheless, currently available research on different taxonomic groups has al-
lowed global comparisons of each replicon type and the elucidation of conserved
characteristics. We look forward to seeing how such information can be applied in
practical applications. The apparent role of secondary replicons in the colonization of
specific niches implies that they serve as reservoirs for functions associated with
adaptation to the corresponding environment. The mining of these replicons can
therefore lead to the discovery of genes relevant to biotechnological applications, such
as engineering improved plant bioinoculants or combating bacteria during pathogenic
associations with humans or livestock.
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Glossary

Effective population size The size of the population
that makes a genetic contribution to the subsequent
generation - usually much smaller than the actual
population size.

Genetic drift The change in gene frequencies in a
population due to random sampling.

Okazaki fragments Short DNA fragments synthesized on
the lagging strand during DNA replication.

Abbreviations
bp basepair
kb kilobase

The Architecture of Bacterial Genomes

Early work on diverse model systems, such as Escherichia coli and
Bacillus subtilis, led to the view that all bacteria possessed a single
circular chromosome. However, physical mapping techniques
revealed that species from divergent bacterial phyla have linear
chromosomes, including Borrelia burgdorferi (a spirochete),
Agrobacterium tumefaciens (a proteobacterium), and Streptomyces
coelicolor (an actinomycete), indicating that this chromosome
structure arose multiple times independently (Casjens, 1998;
Ochman, 2002). The prevalence of circular chromosomes seems
to reside in the fact that linear chromosomes must solve the
problem of fully replicating their chromosome ends. Otherwise,
the advantage of one configuration over the other is unknown
(Marri et al., 2008): in experiments in which the normally cir-
cular chromosome of E. coli was linearized synthetically, showed
no obvious changes in growth rate, gene expression, or cell
morphology (Cui et al., 2007).

Several bacterial species have genomes that are partitioned
into multiple chromosomes, including at least one instance,
that of A. tumefaciens, where the genome contains one linear
and one circular chromosome. The presence of multiple
chromosomes of different genetic content within a cell - as
opposed to those bacteria that maintain multiple copies of
their single chromosome - is not surprising given that bacteria
often harbor additional replicons in the form of plasmids.
Distinguishing between chromosomes and plasmids is not
always straightforward, and differentiation between the two
has been based on size, contents, copy number, dispensability,
transmissibility, and mode of replication (Ochman, 2002). In
the majority of cases, the origins of a second chromosome in a
bacterial genome - and indeed, it appears that a single circular
chromosome is the ancestral state - can be traced to an
extrachromosomal accessory element that enlarged and

Paralogs Genes whose shared ancestry can be traced to a
duplication event.

Plasmids Small, circular, autonomously replicating,
double-stranded DNA molecules that are distinct from the
cell’'s chromosome.

Pseudogenes Previously functional regions that have been
inactivated by mutation.

Xenologs Genes whose shared ancestry can be traced to a
horizontal transfer event.

Mb megabase
sRNA Small RNA

acquired essential genes as opposed to the duplication or
dissolution of the single ancestral chromosome.

Bacteria Have Compact Genomes

Bacterial genomes are notable in that they are tightly packed
with protein-coding genes (Figure 1), which average about
1 kb in length and do not contain introns. Typically, 80-90%
of a bacterial chromosome encodes proteins, and a large
fraction of intergenic DNA is devoted to regulatory sequences
and large numbers of other functional noncoding elements,
such as sRNAs (as well as the structural RNAs required for
protein assembly). This greatly contrasts the situation in the
human genome, in which protein-coding regions are nearly a
hundred times longer (owing mostly to the presence of
introns) and noncoding regions constituted nearly 98% of the
genome (Ahnert et al., 2008). The paucity of nonfunctional
DNA is one of the hallmarks of bacterial genomes, and their
high-coding densities means that there is a strong association
between genome size and gene number (Mira et al., 2001).
Insights into the basis for the high density of functional
sequences within bacterial genomes came from several sour-
ces, but particularly from those genomes that were anomalous
in that they contained large numbers of pseudogenes. The first
sequenced genomes shown to have substantial numbers of
inactivated genes was Mycobacterium leprae (the etiological
agent of leprosy), in which over half of its encoded sequences
were pseudogenes, which had intact counterparts in its con-
gener Mycobacterium tuberculosis (Cole et al., 2001). When
comparing nonfunctional regions, such as pseudogenes, to
their functional counterparts across a wide array of bacterial
lineages, the nonfunctional regions display an excess of dele-
tional events, implying that the mutational process in bacteria
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Figure 1 Relationship between gene density and genome size. Gene densities are calculated as the number of genes (in a genome of a given

size) per kilobase. Note that gene densities in bacteria are similar regardless of genome size (such that gene numbers increase with genome size),
whereas in eukaryotes, there is an inverse relationship between genome size and gene density (such that larger genomes do not necessarily

encode additional genes).

is biased toward deletions over insertions. This mutational
bias has also been observed in experimental populations, in
which evolved strains can harbor individual deletions up to
200 kb in length (Nilsson et al., 2005).

The deletional bias maintains the high density of func-
tional genes observed in bacterial genomes: when inactivating
mutations occur in genes that are no longer required, the
nonfunctional regions gradually erode through deletions and
are eventually eliminated (Andersson and Andersson, 2001;
Mira et al., 2001). The presence of a deletional process that
removes nonfunctional sequences implies that virtually all
genes in a bacterial genome are functional and maintained in
the genome by natural selection (Kuo and Ochman, 2009).

Determinants of Genome Size in Bacteria

Among bacteria, genome sizes varies over two orders of mag-
nitude, which, due to the relationship between genome size
and gene contents in bacteria means that lineages can differ by
as much as a 100-fold in their gene numbers. (In contrast,
humans and the budding yeast, Saccharomyces cerevisiae,
differ by only fourfold in gene number.) Even after the
sequencing of only a dozen bacterial genomes, there was a
notable association between genome size and bacterial life-
style: those bacteria possessing small genomes were host-
associated pathogens and symbionts, whereas those bacteria

with large genomes were either free-living or environmental
isolates. Currently, the bacteria with the smallest genomes are
obligate symbionts of insects (Moran and Bennett, 2014), with
the tiniest genome yet sequenced - only 112 kb - belonging to
Nasuia deltocephalinicola, a symbiont of leafhoppers (Bennett
and Moran, 2013). At the other end of spectrum are free-living
bacteria, and a soil-associated species, Ktedonobacter racimifer,
which at 15.6 Mb has the largest sequenced genome to date
(Chang et al., 2011).

Phylogenetic analyses indicate that host-associated bac-
terial lineages are derived from ancestors with larger genomes,
which is not surprising considering that bacteria as a group are
much more ancient than their potential eukaryotic hosts.
Pathogen and symbiont genomes can possess fewer functional
genes because many nutrients and biochemical pathways are
supplied by their hosts. Considering all of these factors toge-
ther, it is possible to trace the evolutionary progression toward
highly reduced genomes and to account for the variation in the
gene repertoires observed among contemporary species. Ini-
tially, (ancestral) free-living bacteria become associated with a
(nutrient-rich) eukaryotic host. This association renders many
bacterial genes superfluous in the host environment, and these
unnecessary genes accumulate mutations, becoming pseudo-
genes. The inactivated genes are eventually removed by the
pervasive mutational bias toward deletions, resulting in a
compact genome harboring only functional genes. Note that
this scenario accounts not only for the high gene densities
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Modified from Mira, A., Ochman, H., Moran, N.A., 2001. Deletional bias and the evolution of bacterial genomes. Trends in Genetics 10, 589-596.

observed in the largest and smallest genomes but also for the
presence of large numbers of pseudogenes observed in recent
pathogens and other host-associated lineages.

The compactness of bacterial genomes has traditionally
been thought to result from ‘streamlining’ and considered to
be an adaptation to increase replication speed and growth
rates. For the most part, this view is incorrect. When looking
across bacteria, there is no clear association between gener-
ation time and genome size (Mira et al., 2001). In tests within
species, natural strains of E. coli that differed by 15% in gen-
ome size did not differ in growth rates (Bergthorsson and
Ochman, 1998), and isogenic strains of Salmonella engineered
to harbor duplications up to 700 bp in length did not replicate
significantly slower than the parental strain in either minimal
or nutrient-rich media (Matthews and Maloy, 2010). Although
bacterial genome size is not generally driven by selection for
replication efficiency, a few species in nutritionally poor en-
vironments have reduced genomes in order to decrease the
metabolic burden associated with replicating extra DNA. The
marine planktonic bacteria, Prochlorococcus (Dufresne et al.,
2005) and Pelagibacter ubique (Giovannoni et al., 2005) occupy
environments where nitrogen and phosphorous concentration
are limited, and both possess the smallest and most gene-
dense genomes among free-living bacteria.

The contrasting view is that bacterial genome size is gov-
erned by a nonadaptive process (Kuo et al., 2009). Due to the
association between genome size and gene number in bacteria,
the evolutionary forces that act on individual genes will have
profound effects on overall genome size. As a result, those
species with small effective population sizes, such as those
whose populations are severely restricted during transmission
between hosts, are subject to genetic drift, which reduces the
efficacy of selection and allows the accumulation of dele-
terious mutations, even in useful genes. Thus, bacteria with
small effective population sizes, such as symbionts and

pathogens, will have the smallest genomes because they are
more susceptible to gene decay and loss, even for genes that
are usually considered beneficial.

The view that small genome size in bacteria is largely a
consequence of a nonadaptive process, i.e., genetic drift, runs
counter to the situation in eukaryotes. Lynch (2007) has
posited that reductions in the efficacy of selection in eukaryotic
species with small effective population sizes have allowed the
proliferation of deleterious sequences in the form of introns
and transposable elements, both of which serve to increase
genome size. Therefore, increased genetic drift has caused the
size of eukaryotic genomes to increase but bacterial genomes
to decrease.

Offsetting the deletional processes that serve to reduce
genome size, bacterial genomes can grow by gene duplication
and gene acquisition (a.k.a. lateral/horizontal gene transfer)
(Figure 2). To determine the relative contributions of these
two processes to the emergence of new bacterial genes, the
numbers of paralogs (genes arising by duplication) and
xenologs (genes acquired by transfer) were compared in bac-
terial groups across a wide range of genome sizes (Treangen
and Rocha, 2011). In general, gene transfer played a larger role
in the expansion of protein families and provided bacteria
with genes of new function, whereas gene duplication usually
led to an increase in gene dosage.

Genome Size Variation within Species

DNA content was considered to be invariant within a species,
hence the application of the term ‘C(onstant)-value’ to denote
the amount of DNA contained in a gamete or genome.
Whereas the sexual system of eukaryotes has a homogenizing
effect on chromosome size, no such constraints are imposed
on organisms that reproduce by binary fission. But because the
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Figure 3 Genome size variation within bacterial species. Size ranges are shown for species for which complete genome sequences are available

for at least 10 strains.

members of a bacterial species are metabolically and pheno-
typically similar - in fact, species assignment and differen-
tiation were based largely on metabolic capabilities before
DNA typing became routine - the genomes of bacteria typed
to the same species were thought to be alike in their sizes and
contents, with variation, if any, attributable to the sporadic
distribution of extrachromosomal elements among genomes.
There is early evidence, based on DNA reassociation ex-
periments, that there was substantial variation in the genome
sizes among clinical isolates of E. coli - variation could not be
attributed to extrachromosomal sequences since many strains
had smaller genomes than a control strain known to lack
plasmids (Brenner et al., 1972). However, it was not until the
broad-scale application of pulsed-field gel electrophoresis - a
method that allows resolution of very large DNA fragments -
that the true extent of genome size diversity within bacterial
species was fully appreciated (Cole and Saint Girons, 1994).

The sequencing and assembly of complete bacterial gen-
omes has led to comparisons of the contents of genomes
among closely related bacteria, and scrutiny of the extent of
variation and the specific changes that contributed to variation
in genome size (Figure 3). The first in-depth analysis of
multiple sequenced members of bacterial species was of strains
of E. coli that differed in their pathogenic potential (Welch
et al., 2002). The most pronounced source of the differences
among these strains of E. coli was the integration of large DNA
segments, mostly by phage-mediated events, forming islands
of genes that were unique to a particular strain. This seems to
be a common theme among bacteria: although changes in the
numbers of repetitive and translocatable elements can inflate
and deflate genomes, the acquisition of large regions by
horizontal gene transfer is the major contributor to the gen-
ome size variation among members of a bacterial species. The
within-species variation in genome size and contents has led
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to the concept of the ‘core-genome,” which comprises those
genes that are present in (virtually) all members of a species,
and the ‘pan-genome,” which is the entire set of genes encoded
by the species (Tettelin et al., 2005).

Genome Organization

Genes encoded are not positioned at random along the bac-
terial chromosome. It has long been known that certain sets of
genes are situated in proximity because they constitute a single
functional unit (i.e.,, an operon); however, the location, ar-
rangement, and distribution of genes in bacterial genome are
influenced by several gene- and genome-level factors, many of
which result from the manner in which replication occurs.
Recall that in bacteria, there is a single replication origin, and
that replication of the circular chromosome proceeds bidir-
ectionally to a terminus that is situated transversely, at ap-
proximately 180°, from the origin. This replication process is
asymmetric, generating leading strands, which are synthesized
continuously from the origin to the terminus, and lagging
strands, which are replicated discontinuously through the
synthesis and joining of short Okazaki fragments.

Maintenance of Chromosome Balance

Early comparisons of the genetic maps of E. coli and Salmonella
typhimurium, related enteric species thought to have diverged
about hundred million years ago, displayed a high degree of
concordance but differ with respect to a large inversion that
spanned the replication terminus (Krawiec and Riley, 1990).
Additionally, other Salmonella strains possess different in-
versions that were similarly symmetric with respect to the
replication terminus, suggesting that inversions that offset the
positions of the origin and terminus relative to one another are
deleterious (Liu et al., 1993). Although experimentally dis-
rupting the positions of the origin and terminus through the
introduction of large duplications on one side of the
chromosome showed no appreciable effect on growth rates
(Matthews and Maloy, 2010), there is evidence that selection
acts to maintain chromosome balance over evolutionary
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timescales. Using physical maps to reconstruct the history of
the Salmonella paratyphi genome exposed that an insertion that
disrupted the balance between origin and the terminus was
succeeded by an inversion that restored their positions (Liu
and Sanderson, 1995).

Gene Location and Orientation

Inversions that maintain chromosome balance, i.e., those that
are symmetric with respect to replication origin and terminus,
preserve not only the positions of the origin and terminus but
also the distances of all genes relative to the origin and ter-
minus. All other inversions alter the positions of some genes
relative to the origin. Moreover, those inversions that do not
include the replication origin or terminus reverse gene orien-
tation, such that genes that were originally encoded on the
leading become lagging-strand genes and vice versa. Com-
paring the relative positions of genes in pairs of related gen-
omes revealed a remarkable pattern: most genes retain the
same orientation and the same relative distance to the repli-
cation origin despite the occurrence of numerous rearrange-
ment events, yielding whole-genome alignment plots that
display a characteristic X-shaped pattern (Eisen et al., 2000;
Tillier and Collins, 2000; Suyama and Bork, 2001; Figure 4).
How can proximity to the replication origin exert a selective
effect on genes and chromosome organization? This can occur
in two ways: Firstly, both mutation rates (Mira and Ochman,
2002) and recombination events (Louarn et al., 1994) increase
with distance from the replication origin, so it is possible that
selection might favor the positioning of highly conserved, es-
sential genes nearer to the replication origin as is observed in
B. subtilis and E. coli (Rocha and Danchin, 2003). Secondly,
because new rounds of replication can be initiated before the
previous round is complete, genes closer to the replication
origin exist in higher dosage and are more highly expressed
than those near the replication terminus (Segall et al., 1988;
Liu and Sanderson, 1996). Therefore, the relocation of genes
or operons by inversions or transpositions can alter their ex-
pression patterns and have a detrimental effect on the cell.
How can strand orientation exert a selective effect on gene
and chromosome organization? The difference in the processes
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Figure 4 Correspondence of positions of homologous genes in pairs of sequenced genomes in Chlamydia (C. pneumoniae and C. frachomatis) and
Mycobacterium (M. tuberculosis and M. leprae). Genomes are represented linearly beginning at the replication origin (position 0) with gene positions,
indicated in kb from the replication origin, proceeding clockwise around the chromosome. Scatterplots redrawn from Tillier, E.R., Collins, R.A., 2000.
Genome rearrangement by replication-directed translocation. Nature Genetics 26, 195197 and Eisen, J.A., Heidelberg, J.F., White, O., Salzberg, S.L.,
2000. Evidence for symmetric chromosomal inversions around the replication origin in bacteria. Genome Biology 1, research0011.1-0011.9.
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used to replicate the leading and lagging strands causes
asymmetries in the rates and patterns of mutations, and hence,
the nucleotide contents of each strand (Francino and Ochman,
1997; Frank and Lobry, 1999). In general, there is an excess of
guanine residues on the leading strand - termed ‘GC skew,’
which calculated as degree of the difference in the number of
guanines and cytosines on a given strand relative to the total
number of these guanines and cytosine residues (i.e., G — C/
G+ C) - and many genome sequences show an abrupt change
in the direction of skew at the replication origin and terminus
(Lobry, 1996).

Because the same DNA strands are used as templates for
replication and transcription, both processes will occur sim-
ultaneously; however, DNA polymerase proceeds at over 10
times the speed of RNA polymerase causing collisions between
the two polymerization machineries. On the leading strand,
replication and transcription proceed in the same direction,
such that collisions between DNA polymerase and RNA
polymerase are co-oriented and produce fully formed tran-
scripts. On the lagging strand, however, DNA polymerase and
RNA polymerase have head-on collisions that abort tran-
scription (Rocha and Danchin, 2003; Merrikh et al., 2012).
Owing to the deleterious nature of head-on collisions, there is
an asymmetric distribution of genes between the two strands.
In most genomes, the majority of genes are preferentially en-
coded on the leading strand (Mao et al., 2012; Chen and
Zhang, 2013), indicating that there is selection against in-
versions and translocations that alter the orientation of genes
or operons.

Genomic Base Composition

One of the most highly variable features of bacterial genomes
is overall base composition, which among sequenced genomes
ranges from 13% to 75% G + C. The fact base composition is
relatively homogeneous within a genome but varies greatly
among genomes led to the view, developed in the 1960s, that
the variation was caused by differences in the underlying
patterns of mutations, such that high G+ C and low G+ C
organisms differed in their spectra of replication errors (Freese,
1962; Sueoka, 1962). (It is interesting to note that this attri-
bution of molecular variation to a strictly mutational process
preceded Kimura's neutral theory of molecular evolution by
several years.) An alternative explanation is that the variation
in genomic base compositions is adaptive, such that the dif-
ferences are due to a selective force that favors certain base
compositions under some particular environment conditions
(McEwan et al., 1998; Naya et al., 2002; Rocha and Danchin,
2002; Romero et al., 2009). In that G/C basepairing is more
thermally stable than A/T basepairing, it has been suggested
repeatedly that genome base compositions reflect growth
conditions; however, there is no association between growth
temperature and genomic base composition when analyzed
across diverse taxa (and in fact, many thermophiles have
genomic G + C contents that are substantially lower than those
of mesophiles) (Galtier and Lobry, 1997; Hurst and Merchant,
2001; Wang et al., 2006).

To date, no fewer than a dozen factors have been proposed
as the source of the base-compositional variation in bacteria

(Rocha and Feil, 2010); however, the lack of a single unifying
explanation has led many to adopt the decades-old view that
the variation is neutral and caused by differences in the mu-
tational process. Recent analyses performed on multiple taxa
suggest that, even in bacterial groups with intermediate and
high genomic G + C contents, the mutations are biased toward
A+T (Hershberg and Petrov, 2010; Hildebrand et al., 2010).
These results, based on sequence comparisons, are most
readily explained by the action of natural selection favoring
individual base substitutions that increase the G+ C com-
position of the genome; however, the manner in which se-
lection is operating is still unknown.

See also: Genome Organization, Evolution of. Genome Plasticity,
Bacterial. Mutation and Genome Evolution
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