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Abstract

Increasing evidence supports the notion that different regions of a genome have unique rates of molecular change. This variation is
particularly evident in bacterial genomes where previous studies have reported gene expression and essentiality tend to decrease,
whereas substitution rates usually increase with increasing distance from the origin of replication. Genomic reorganization such as
rearrangements occur frequently in bacteria and allow for the introduction and restructuring of genetic content, creating gradients
of molecular traits along genomes. Here, we explore the interplay of these phenomena by mapping substitutions to the genomes of
Escherichia coli, Bacillus subtilis, Streptomyces, and Sinorhizobium meliloti, quantifying how many substitutions have occurred at
each position in the genome. Preceding work indicates that substitution rate significantly increases with distance from the origin.
Using a larger sample size and accounting for genome rearrangements through ancestral reconstruction, our analysis demonstrates
that the correlation between the number of substitutions and the distance from the origin of replication is significant but small and
inconsistent in direction. Some replicons had a significantly decreasing trend (E. coli and the chromosome of S. meliloti), whereas
others showed the opposite significant trend (B. subtilis, Streptomyces, pSymA and pSymB in S. meliloti). dN, dS, and w were
examined across all genes and there was no significant correlation between those values and distance from the origin. This study
highlights the impact that genomic rearrangements and location have on molecular trends in some bacteria, illustrating the impor-
tance of considering spatial trends in molecular evolutionary analysis. Assuming that molecular trends are exclusively in one direction
can be problematic.
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Significance

Previous studies have demonstrated that genomic position in bacterial genomes impacts many molecular trends such
as gene expression and substitution rate. However, these studies have failed to incorporate information about geno-
mic reorganization, such as rearrangements, into their analysis and often used few taxa. Using ancestral reconstruction
to account for genomic reorganization, we have found that the number of substitutions significantly changes depend-
ing on bacterial genomic position. Utilizing information about genomic rearrangements, we demonstrate that al-
though most individual correlations between the number of substitutions and distance from the origin of replication
are significant, the values are small and inconsistent in direction. Consequently, varying substitution trends are
detected when considering all bacterial species in this analysis.

Introduction horizontal gene transfer (HGT), rearrangements, duplications,
and inversions. These processes happen frequently and are
important sources of genomic variation (Ochman et al.
2000; Epstein et al. 2014). Over a long-term evolutionary

Bacterial genomes are subject to the introduction and reor-
ganization of genetic information through processes such as
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experiment (25 years), it has been observed that there can be
anywhere between 5 and 20 rearrangement events within a
single lineage (identified from each population after 40,000
generations) (Raeside et al. 2014), and some of these spon-
taneous rearrangements (20-40%) persist in bacterial popu-
lations (Sun et al. 2012). DNA that is acquired through HGT or
other genomic rearrangements can come from the same and/
or different species of bacteria, allowing useful genes to be
integrated into new genomes (Ochman et al. 2000). Genomic
reorganization, such as rearrangements, duplications, and
inversions, provide bacteria with the opportunity to fine
tune existing gene expression, dosage, and replication.
Bacteria cannot escape genome reorganizations, and there-
fore incorporating past reorganization is a crucial component
of bacterial evolutionary analyses and can be done through
multigenome alignment programs, such as progressiveMauve
(Darling et al. 2010), which are rearrangement aware.

Changes in the genomic structure of a bacterial genome
may provide new genomic landscapes capable of altering
gene regulation. Here we will consider three main types of
bacterial genomic structures: circular chromosomes, linear
chromosomes, and multirepliconic genomes. Secondary repli-
cons of multirepliconic bacteria are hypothesized to predom-
inantly contain niche-specific genes (Heidelberg et al. 2000;
Egan et al. 2005). These replicons generally contain genes
that have distinctive rates of evolution and selection acting
upon them (Heidelberg et al. 2000). This allows the bacteria
to thrive in rapidly changing environments, with varying mo-
lecular traits associated with each replicon (Heidelberg et al.
2000; Cooper et al. 2010; Morrow and Cooper 2012;
Galardini et al. 2013; Jiao et al. 2018).

A previous multipartite genome investigation with four
genomes of Burkholderia has shown that the primary chro-
mosome is highly conserved and has higher gene expression
compared with the secondary replicons which are less con-
served (Morrow and Cooper 2012). A similar study using a
minimum of four genomes from Burkholderia, Vibrio,
Xanthomonas, and Bordetella also discovered that the pri-
mary chromosomes are conserved, with higher gene expres-
sion compared with the secondary replicons (Cooper et al.
2010). However, molecular differences between secondary
replicons vary between bacterial species. In S. meliloti,
pSymB appears to be more transcriptionally integrated with
the chromosome compared with pSymA and this could be a
function of the difference in evolutionary time passed, with
pSymB being older than pSymA, and the amount of gene
flow between these secondary replicons (DiCenzo et al.
2018). Additionally, primary chromosomes typically have
lower substitution (Morrow and Cooper 2012) and evolution-
ary rates (Cooper et al. 2010) compared with the secondary
replicons. Housekeeping genes usually reside on the primary
chromosome, and the secondary replicons usually contain
parts of the accessory genome, which could account for the
substitution and evolutionary rate differences between

primary and secondary replicons (Cooper et al. 2010; Flynn
et al. 2010; Morrow and Cooper 2012; Jiao et al. 2018). It has
been suggested that the differences in gene content between
replicons of multirepliconic bacteria may be due to delays in
replication (Flynn et al. 2010; Morrow and Cooper 2012). To
maintain synchronization, due to the offset of different se-
guence lengths between primary and secondary replicons, the
secondary replicons begin replication after the primary chro-
mosome (Flynn et al. 2010; Morrow and Cooper 2012).

Prior research on molecular trends when moving from the
origin of replication to the terminus have determined that
gene expression is increased near the origin (Couturier and
Rocha 2006; Kosmidis et al. 2020; Lato and Golding 2020),
and genes become less conserved with increasing distance
from the origin (Rocha and Danchin 2004; Couturier and
Rocha 2006). Analyses with a few bacterial species have rep-
licated these results and found that gene expression decreases
with increasing distance from the origin (Burkholderia;
Morrow and Cooper 2012) and substitution rates (nonsynon-
ymous (dN), synonymous (dS)) and their ratio (dN/dS) increase
with distance from the origin of replication (Burkholderia,
Vibrio, Bordetella, Xanthomonas, Cooper et al. 2010:
Burkholderia; Morrow and Cooper 2012). It is speculated
that genes near the terminus are more prone to recombina-
tion, whereas genes near the origin have a higher prevalence
of recombination repair (Sharp et al. 1989; Flynn et al. 2010).
Genes near the terminus therefore often have more variation
and are less conserved compared with those near the origin of
replication (Sharp et al. 1989; Flynn et al. 2010). Additionally,
genes found within the core genome are typically located
near the origin of replication, whereas genes associated
with the accessory genome are found near the terminus
(Couturier and Rocha 2006; Flynn et al. 2010). The placement
of these two gene categories may explain why near the origin,
gene expression and essentiality are high (Couturier and
Rocha 2006; Kosmidis et al. 2020; Lato and Golding 2020)
and substitution rate is low (Flynn et al. 2010).

It is well known that substitutions and mutations have a
nonrandom distribution around the genome which varies by
gene and organism (Sharp et al. 1989; Cooper et al. 2010;
Flynn et al. 2010; Morrow and Cooper 2012; Dillon et al.
2015). But, not all studies have a clear positive correlation
with distance from the origin of replication and mutation
rate. Some studies found no correlation between distance
from the origin of replication and the frequencies of muta-
tions, but they did find mutation rate to vary with position
along the Escherichia coli chromosome (Juurik et al. 2012;
Martina et al. 2012). Other investigations found no positive
correlation with mutation rates and distance from the origin
of replication and instead found that intermediate positions
had a higher nonsynonymous mutation rate than positions
farther from the origin in E. coli (Ochman 2003) and
Salmonella enterica (Hudson et al. 2002; Ochman 2003).
With respect to multirepliconic bacteria, some studies have
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found a lack of positive correlation between mutation rate
and distance from the origin of replication. Dillon et al. (2015)
found that base-substitution mutation rates are highest on
the primary chromosomes and not the secondary replicons
in Burkholderia, opposing previous observed evolutionary
rates in work by Cooper et al. (2010). This appeared to
have no relationship to the differences in nucleotide compo-
sition of these replicons, but rather due to some types of
substitutions occurring at higher rates on particular replicons
(Dillon et al. 2015). In a more recent study, Dillon et al. (2018),
found that base-substitution mutation rates vary in a wave-
like pattern in Burkholderia and Vibrio, where concurrently
replicated segments have similar rates. This wave-like pattern
in mutations was also seen in E. coli (Long et al. 2016) and
mutation rates in Pseudomonas aeruginosa (Dettman et al.
2016). A similar wave-like pattern in base pair substitutions
has been observed in E. coli (Foster et al. 2013; Niccum et al.
2019). The wave-like patterns are thought to be related to cell
cycle functions and not sequence composition (Dillon et al.
2018). Interestingly, there are noteworthy differences in the
location of the core and accessory genomes in some bacterial
species. In the Rhodobacteraceae family, some species have
core genes concentrated near the terminus, not the origin of
replication (Kopejtka et al. 2019). Other species of this family
have a mosaic pattern of core genes dispersed throughout the
genome (Kopejtka et al. 2019). It is speculated that other
factors such as HGT, phage insertion, and replication may
be responsible for the conflicting placement of core genes
in various Rhodobacteraceae species (Kopejtka et al. 2019).
All of these exceptions to the previously established molecular
trends raise questions about how universal these trends are.

There are a number of additional factors that are depen-
dent on distance from the origin such as transposon insertion
events (Gerdes et al. 2003), gene order (Mackiewicz et al.
2001), number of replication forks (Couturier and Rocha
2006), and nucleotide composition (Mackiewicz et al. 1999;
Karlin 2001). These phenomena are also important to con-
sider when analyzing molecular trends with respect to dis-
tance from the origin of replication.

The majority of these studies used an average of three
genomes per bacteria analyzed (Couturier and Rocha 2006;
Cooper et al. 2010; Flynn et al. 2010; Morrow and Cooper
2012) and failed to analyze secondary replicons of multipartite
genomes (Couturier and Rocha 2006; Flynn et al. 2010). In
this study, we examine the spatial substitution trends in E. coli
(six genomes), Bacillus subtilis (seven genomes), Streptomyces
(five genomes), and Sinorhizobium meliloti (six genomes).
These bacteria contain genomic structures that range from
single circular chromosomes (E. coli and B. subtilis), a linear
chromosome (Streptomyces), and a multirepliconic genome
(S. meliloti). This selection of bacterial taxa provides a sample
that covers broad lifestyles as well as representing a number
of divergent phylogentic lineages, providing a diverse sample
to determine if the number of substitutions increases with

increasing distance from the origin of replication. This study
aims to determine what spatial substitution trends appear in
these bacterial genomes when including the effects of geno-
mic reorganization. We use the ancestral states of substitu-
tions and the ancestral genomic positions of the substitutions,
leading to a more accurate estimation of multiple substitu-
tions and genomic position. Supplemental analysis on selec-
tion patterns was also performed to elucidate the potential
influences on the substitution trends. \We show here that the
correlation between the number of substitutions and distance
from the origin of replication is significant but small and in-
consistent for the genomes we studied. For the majority of the
replicons investigated, the number of substitutions increased
when moving away from the origin of replication toward the
terminus. But exceptions were the chromosomes of E. coli
and S. meliloti, where the number of substitutions decreased
with increasing distance from the origin. We did not find
consistent significant correlations between dN, dS, and w
values and distance from the origin of replication. Possible
causes and consequences of these patterns are discussed.

Materials and Methods

A complete list of version numbers and build dates for all the
programs used in this analysis can be found in supplementary
table S1, Supplementary Material online, available on GitHub
(www.github.com/dlato/Location_of_Substitutions_and_
Bacterial_Arrangements).

Sequence Data

Whole genomes of different strains of E. coli, B. subtilis, and
S. meliloti, as well as various species of Streptomyces were
downloaded from NCBI. Access date and accession numbers
are given in supplementary table S2, Supplementary Material
online. These bacteria inhabit a variety of different habitats
and have contrasting genomic structures, providing a well-
rounded sample for this analysis. Although E. coli, B. subtilis,
and Streptomyces contain small plasmids, they are not con-
sidered multirepliconic bacteria and therefore their plasmids
were not included in this analysis. Sinorhizobium meliloti is a
multirepliconic bacterium and its two large secondary repli-
cons were included in the analysis (pSymA and pSymB). The
replicons of S. meliloti are known to differ in genetic content,
and therefore, all analyses were performed on each individual
replicon of S. meliloti. The genomes used for each species
consisted of as many reference genomes as were practically
possible (supplementary table S2, Supplementary Material
online).

Sequence Alignment

Alignments of each bacterial replicon were performed using
progressiveMauve (default parameters) (Darling et al. 2010) to
group the sequences of the replicons into locally colinear
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blocks (LCBs). This method allows for rearrangements, dupli-
cations and inversions to be taken into account. A LCB is
frequently found at different genomic positions in each of
the taxa analyzed. progressiveMauve defines these segments
of sequence as minimally being similar between at least two
of the taxa, but not necessarily between all of them. To obtain
accurate information for subsequent analysis, only the subset
of LCBs that were present in all taxa were considered. Each
LCB was then realigned with MAFFT (-auto) (Katoh et al.
2002) to obtain a more accurate local alignment. Although
progressiveMauve is good at identifying large scale rearrange-
ments and inversions, it sometimes determined LCBs that
were very small and contained guestionably homologous or
excessively gapped sequences (see supplementary file for
more information and examples, Supplementary Material on-
line). As a result, we used trimAl (Capella-Gutiérrez et al.
2009) to remove poorly aligned regions, which were defined
as having poor homology and/or excessive gaps. We used the
-strictplus setting in trimAl to automatically determine regions
of unacceptable alignment.

A custom Python script was created to ensure that within
each alignment LCB, the correct coding frame was present.
Codon position information was obtained for each base pair
in the LCBs from the GenBank file for each taxon. Each col-
umn of the alignment was only kept if all taxa had the same
codon position (1, 2, or 3). Alignment columns where the
codon positions were not the same were removed from the
analysis.

We found that using these alignments, trimming criteria
effectively removed portions of the alignment that had poor
homology or were gaped. We imposed an additional mini-
mum ungapped alignment length of 100 bp to each of the
gene segments. We chose this number so that we could keep
the maximum amount of information, while avoiding com-
paring potentially inaccurate and extremely short portions of a
gene (<100bp). These trimmed alignments of genes and
gene segments are used for the remainder of the analysis.

There is a delicate balance between capturing large
amounts of recombination, while still ensuring a comparison
of homologous sequences. The more distantly related taxa
are, the less similar the genetic sequences are, which in the
case of progressiveMauve, results in a large number of short
LCBs. A high number of LCBs results in the potential compar-
ison of nonhomologous sequences, which would create in-
correct results in any phylogenetic or evolutionary analysis. As
a result, we had to limit the number sequences used in our
analysis (see Supplementary Material online, for additional
details, www.github.com/dlato/Location_of_Substitutions_
and_Bacterial_Arrangements).

In addition, the number of sequences chosen for all bac-
teria was constrained by the computational time required to
perform a progressiveMauve alignment. This computing time
increases exponentially with additional genomes. For further
information, please see Supplementary Material online, on

GitHub at www.github.com/dlato/Location_of_
Substitutions_and_Bacterial_Arrangementss.

Protein-Coding Substitutions

To ensure that only homologous sequences were being com-
pared, we are only considering the substitutions that reside in
protein-coding regions of the genome. Any site where a gap
or an ambiguous nucleotide was present, was removed from
the analysis, and the remaining portions of the gene were
separated and considered two distinct “genes.” The remain-
der of the analysis was done on each of these gene segments
separately.

Phylogenetic Trees

Rearrangements, duplications, and inversions happen fre-
guently and must be considered when analyzing spatial ge-
nomic trends. Phylogenetic trees were created to trace the
evolutionary history of large scale and local DNA rearrange-
ments. These trees were used to determine the number of
substitutions and record the genomic location of substitutions
for each respective replicon. Whole-genome alignments both
including and excluding the outgroups were performed using
progressiveMauve and split up into LCBs that were realigned
with MAFFT (see Sequence Alignment). Each of the LCBs
specified by progressiveMauve was combined to create a sin-
gle “super sequence.” RAXML was used to estimate phyloge-
netic trees both including (raxm/HPC-PTHREADS-SSE3 -T 20 -f
a-x 12345 -0 -N 100 -p 12345 -m GTRGAMMA) and exclud-
ing (raxmHPC -f a -x 12345 -p 12345 -# 1000 -m
GTRGAMMA) the outgroup. The tree topology from the phy-
logenetic tree including the outgroup was used to optimize
the branch lengths for the phylogenetic tree excluding the
outgroup (raxmI/HPC -f T -t -p 12345 -m GTRGAMMA).
Bootstrap values for this tree was calculated using 1000 rep-
licates (raxmIHPC -f b -t -z -m GTRGAMMA). Phylogenetic
trees with bootstrap support values can be found in the
Supplementary Material online.

An SH test (Shimodaira and Hasegawa 1999; Goldman
et al. 2000) was performed to determine if there was a sig-
nificant difference between the super sequence and the tree
topology of each LCB individually. Any LCBs that had a topol-
ogy that was significantly different (at the 5% significance
level) from the super sequence topology was removed from
the remainder of the analysis. The SH test was performed
using RAXML (raxmIHPC -f H -t -z -s -m GTRGAMMA)
(Stamatakis 2014).

Origin and Bidirectional Replication

For each bacteria, the origin of replication was denoted as the
beginning of the oriC region for the chromosomal replicons,
and the beginning of the repC (Pinto et al. 2011) region for
the secondary replicons of S. meliloti (supplementary table S4,
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(a) 1bp/100bp
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20bp
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Fic. 1.—Schematic of the transformation used to scale the positions in the genome to the origin of replication and account for bidirectional replication.
Circle (a) represents the original replicon genome without any transformation. Circle (b) represents the same replicon genome after the transformation. The
origin of replication is denoted by oriC and the terminus of replication is denoted by ter. The dashed line represents the two halves of the replicon. The
replicon genome in this example is 100 bp in length. Every 10 bp is denoted by a tick on the genome. The origin in (a) is at position 20 in the genome and is
transformed in (b) to become position 1. The terminus is at position 60 in (a) and position 60/40 in (b). The terminus has two positions in (b) depending on
which replicon half is being accounted for. If the replication half to the right of the origin is considered, the terminus will be at position 40. If the replication
half to the left of the origin is considered, the terminus will be at position 60. Position 40 in (a) becomes position 20 in (b). Position 80 in (a) becomes position
40 in (b) due to the bidirectional nature of bacterial replication (Figure from: D.F. Lato and G.B. Golding. Spatial patterns of gene expression in bacterial

genomes, J Mol Evol. published June 2020, Springer Nature).

Supplementary Material online). This origin of replication po-
sition was calibrated to be the beginning of the genome,
position 1, and remaining positions in the genome were all
scaled around this origin of replication taking into account the
bidirectional nature of bacterial replication (fig. 1).

The terminus of replication was determined using the
Database of Bacterial Replication Terminus (Kono et al.
2011), which uses the prediction of dif sequences (normally
found at the terminus), as a proxy for the location of the
terminus (Clerget 1991; Blakely et al. 1993). For pSymA and
pSymB of S. meliloti, the terminus is not listed in the database,
thus the terminus location was assigned to the midpoint be-
tween the origin of replication and the end of the replicon.
Replication in the linear chromosome of Streptomyces begins
at the origin of replication, located to the right of the middle
of the replicon (Heidelberg et al. 2000) and terminates at each
end of the chromosome arms (Heidelberg et al. 2000) (sup-
plementary table S4, Supplementary Material online).

We have chosen a single base to represent the origin and
terminus of replication. In reality, the origin of replication is
often multiple base pairs long, and there has been no evi-
dence for site-specific termination of replication, but rather
a small genomic region where replication concludes based on
various other factors (Duggin and Bell 2009). To determine
the effect of the exact location of the origin and terminus,
permutation tests shuffling the oriC position by 10,000 bp
increments in each direction from the original origin (supple-
mentary table S4, Supplementary Material online) to a maxi-
mum of 100,000 bp in each direction were performed. These

results showed that moving the origin of replication does not
affect the results of the analysis (supplementary table S5,
Supplementary Material online). Based on this supplementary
test, choosing a single base to represent the origin and termi-
nus of replication has minimal impact on the analysis.

Ancestral Reconstruction

To track genome reorganization, nucleotide substitutions and
genomic positions were reconstructed in extinct ancestors.
We used the PAML (Yang 1997) package of programs, with
slight modification, to reconstruct genome location and sub-
stitutions in hypothetical ancestors (fig. 2).

Nucleotide Substitutions

The baseml program (model = 0, Mgene = 0, clock = 1,
fix_kappa = 0, kappa = 5, fix_alpha = 1, alpha = 0,
Malpha = 0, ncatG = 5, nparK = 0, nhomo = 0, getSE =
0, RateAncestor = 2) in the PAML package (Yang 1997) was
used to determine single nucleotide substitutions within each
of the alignments. This program determined the ancestral
state of each nucleotide in the alignment at each node in
the phylogenetic tree (fig. 2). Multiple substitutions at one
site were allowed and accounted for as separate substitutions.
Any nucleotides, or columns, in the alignment that had at
least one gap present were not used in the analysis because
the baseml program inaccurately classifies substitutions when
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Fic. 2.—Schematic of the ancestral reconstruction of both the nucle-
otide and genomic position. Each horizontal row of rectangles represents
three hypothetical bacterial genomes (a—). The genomic position is indi-
cated at the top of the diagram. The phylogenetic tree showing the rela-
tionship between all three bacteria is pictured on the right of the diagram.
The light gray rectangle denotes the homologous genomic. In bacteria (a)
and (b), this segment is located at genomic positions 1-3. In bacteria (c),
this segment is located at genomic positions 7-9. Within this genomic
region of interest, there is a substitution where the nucleotides changed
from C — A, this is highlighted in red and underlined. This would mean
that in bacteria (c), there was a substitution from C — A which is also
associated with a genomic position of 9. This substitution is at position 3 in
bacteria (a) and (b) and position 9 in bacteria (c). This is depicted by the
values (C3) and (Ag). The ancestral reconstruction process in this analysis
can be seen at the inner nodes of the phylogenetic tree by the values (Cs).
The most parsimonious reconstruction of the sequence and associated
genomic position is having the value (Cs) present at the ancestor of bac-
teria (a) and (b). The ancestral node of all three bacteria would have a
reconstruction of the sequence and associated genomic position of (Cs/
Ao). In this situation, where there is a “tie” for two most parsimonious
options, the option with the highest likelihood estimate would be chosen
using maximum-likelihood methods (see Yang 1997 for more details).

a gap is involved. These gaped positions were categorized as
missing data.

Genomic Position

Genomic reorganization was accounted for using the ge-
nome locations specified by progressiveMauve to determine
the ancestral genome positions of each taxa (fig. 2). These
locations were inferred for each nucleotide in the alignment.
The codeml program (CodonFreq = F3X4, clock = 0,
aaDist = 0, aaRatefile = dat/jones.dat, model = 0, NSsites
=0, Mgene = 0, fix_kappa = 0, kappa = 2, fix_omega =0,
omega = 0.4, fix_alpha = 1, alpha = 0, Malpha = 0, ncatG =
8, getSE = 0, RateAncestor = 1) (Yang 1997) from the PAML
package was modified to reconstruct the ancestral genome
positions at each node within the phylogenetic tree (supple-
mentary trees: S4-S9, Supplementary Material online) of each
respective replicon for each position in the alignment (fig. 2).
A custom Python script (see GitHub www.github.com/
dlato/Location_of Substitutions_and_Bacterial_
Arrangements) was used to associate each of the protein-
coding regions with their genomic positions and determine
how many ancestral and extant substitutions were found in
each region. Each branch in the tree possesses information on

how each nucleotide in the alignment has moved throughout
the genome to the current position in each of the taxa (fig. 2).
Therefore, each segment of sequence has the opportunity to
be present in one position in the genome of one taxa and a
completely different position in another taxa (fig. 2).

For this portion of the analysis, each genomic position was
considered unique and distinct, including positions that were
separated by one base pair.

We performed a supplementary analysis to determine if
clustering genomic positions based on how many base pairs
separate substitutions, would significantly alter the overall
spatial results (see Supplementary Material online for more
details). We determined that considering each genomic posi-
tion to be unique and distinct or clustering the positions did
not alter the results.

Logistic Regression

The binary nature of the data is ideal for a logistic regression
to determine the statistical significance of substitution and
position trends at protein-coding regions of the genome in
each bacterial replicon (table 2). Any subset of points outside
the interquartile range were considered outliers and ignored.

A visualization of substitutions in relation to distance from the
origin of replication can be found in figures 3 and 4. The total
number of substitutions in each 10-kb region of the replicon was
divided by the total number of protein-coding sites within that
10-kb region, to give the substitutions per 10 kb (y axis).

Selection

Within the protein-coding regions of the genome, we wanted
to observe how selection may be acting on each of the genes
in the various bacterial replicons. Calculating the synonymous
(dS) and nonsynonymous (dN) substitution rates and the ratio
of these two (w) for each gene allows for an in-depth analysis
of the selective pressures throughout the genome while ac-
counting for genomic reorganization between the bacterial
taxa. We can then relate this information to the location of
the genes in the genome and determine trends between se-
lection and distance from the origin. It has been found previ-
ously that genes closest to the origin of replication are
conserved (Couturier and Rocha 2006) and tend to be a part
of the core genome (Couturier and Rocha 2006; Flynn et al.
2010). We therefore expect genes closer to the origin to have
fewer substitutions and therefore lower values for dS and d\.

The data sets used for this portion of the analysis is the
same as the one used in the substitutions analysis, with the
exception that we ensured all genes and gene segments of
the alignment start and end with complete codons for the
selection analysis (this was done through a custom Python
script). Gaps or ambiguous nucleotides were also removed
from these genes (Python) and are subsequently missing in
the graphical representation of the distribution (figs. 5 and 6).
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Fic. 3.—The bar graphs show the number of substitutions along the genomes of Escherichia coli (a), Bacillus subtilis (b), and Streptomyces (c). For E. coli
and B. subtilis, the distance from the origin of replication is on the x axis beginning with the origin of replication denoted by position 0 on the left, and the
terminus indicated on the far right. This distance includes the distance from the origin in both replichores. For Streptomyces, the origin of replication is
denoted by position 0. The genome located on the shorter chromosome arm (to the left of the origin) has been given negative values, whereas the genome
on the longer chromosome arm (to the right of the origin) has been given positive values. The origin of replication in the Streptomyces graph (c) has been
highlighted at position 0 by a red vertical line. The y axis of the graphs indicate the number of substitutions per 10,000 bp found at each position of the E. coli
(a), B. subtilis (b), and Streptomyces () genomes. Each bar represents a section of the genome that spans 10 kb. The total number of substitutions in each 10-
kb region of the replicon was divided by the total number of protein-coding sites within that 10-kb region, to give the substitutions per 10 kb (y axis). Outliers
are represented in light gray bars.
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Fic. 4.—The bar graphs show the number of substitutions along the replicons of Sinorhizobium meliloti: chromosome (a), pSymA (b), and pSymB (c).
Distance from the origin of replication is on the x axis beginning with the origin of replication denoted by position 0 on the left, and the terminus indicated on
the far right. This distance includes the distance from the origin in both replichores. The y axis of the graph indicates the number of substitutions per 10,000
bp of the replicons of S. meliloti: chromosome (a), pSymA (b), and pSymB (). Each bar represents a section of the genome that spans 10 kb. The total
number of substitutions in each 10-kb region of the replicon was divided by the total number of protein-coding sites within that 10-kb region, to give the

substitutions per 10 kb (y axis). Outliers are represented by light gray bars.

Calculating dN, dS, and

The codeml program (CodonFreq = 2, clock = 0, model =0
NSsites = 0, icode = 0, fix_omega = 0, omega = 0.4) in the
PAML package (Yang 1997) was used to calculate the synon-
ymous (dS) and nonsynonymous (d/) substitution rates and to

estimate a value for w. dN, dS, and o were calculated on each
gene/gene segment separately. The varying nucleotide mod-
els have minimal impact on the dN and dS calculations be-
cause the overall number of synonymous and
nonsynonymous substitutions per site were small. There
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Fic. 5.—The graphs show the values of dN, dS, and @ along the genomes of Escherichia coli (a), Bacillus subtilis (b), and Streptomyces (c). For E. coli and

B. subtilis, the distance from the origin of replication is on the x axis beginning with the origin of replication denoted by position 0 on the left, and the

terminus indicated on the far right. For Streptomyces, the origin of replication is denoted by position 0. The genome located on the shorter chromosome arm

(to the left of the origin) has been given negative values, whereas the genome on the longer chromosome arm (to the right of the origin) has been given

positive values. The origin of replication in the Streptomyces graph (c) has been visualized at position 0 by a gray vertical line. The y axis of the graph indicates

the value of dN, dS, and » found at each gene segment position of the E. coli (a), B. subtilis (b), and Streptomyces (c) genomes. Outliers are represented by

light gray open circles. The average dN, dS, and  values for each 100,000 bp region of the genome was calculated and represented by the dark brown

points. A trend line represented in blue (using the loess method) was fit to these average values and the associated 95% confidence intervals for this line is

represented by the gray ribbon around the blue trend line. For a complete list of outlier and zero value information, please see the Supplementary Material
online.
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Fic. 6.—The graphs show the values of dN, dS, and w along the replicons of Sinorhizobium meliloti, chromosome (a), pSymA (b), and pSymB (¢).
Distance from the origin of replication is on the x axis beginning with the origin of replication denoted by position O on the left, and the terminus indicated on
the far right. The y axis of the graph indicates the value of dN, dS, and o found at each gene segment position of the chromosome (a), pSymA (b), and pSymB
() of S. meliloti. Outliers are represented by light gray open circles. The average dN, dS, and @ values for each 100,000 bp region (for the chromosome) and
50,000 bp region (for both pSymA and pSymB) of the replicons were calculated and represented by the dark brown points. A trend line represented in blue
(using the loess method) was fit to these average values and the associated 95% confidence intervals for this line is represented by the gray ribbon around
the blue trend line. For a complete list of outlier and zero value information, please see the Supplementary Material online.

were some segments of the alignment that had poor homol- were done separately for each of these gene “segments” for
ogy (see Sequence Alignment for more information). As a the remainder of the study.

result, some genes were split into multiple parts, removing Outliers for the selection data were determined using only
those segments of poor alignment. Calculations and analysis the w values. Any subset of  points outside the interquartile
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Table 1

Average Number of Protein-Coding Substitutions Calculated Per Base
across All Bacterial Replicons

Bacteria and Replicon Average Number of

Substitutions Per bp

Escherichia coli chromosome 6.48 x 1073
Bacillus subtilis chromosome 7.56 x 1073
Streptomyces chromosome 423 x 1074
Sinorhizobium meliloti chromosome 243 x 1074
Sinorhizobium meliloti pSymA 2.03 x 1073
Sinorhizobium meliloti pSymB 235 %1073

Note.—Outliers and missing data are not included in the calculation.

range were considered outliers and ignored. The associated
dN and dS values for the same gene segment of each w out-
lier were also considered outlier values. These points were
subsequently removed from the analysis. We then used the
dN, dS, and w values of each gene or gene segment to cal-
culate an arithmetic average of dN, dS, and w for each rep-
licon weighted by the length of each gene or gene segment.
To prevent the use of undefined w values, any genes where
both dN and dS or dS were equal to zero were removed from
the weighted @ calculation. A summary of the average dN
and dS results are found in table 3.

Linear regressions were performed to determine if there is
any correlation between dN, dS, and w, respectively, and dis-
tance from the origin of replication while accounting for bi-
directional replication. All linear regression results are
summarized in table 4.

Results

Average Number of Substitutions

Table 1 summarizes the average number of substitutions per
base pair for each bacterial replicon. The strains of S. meliloti
chromosomes and species of Streptomyces chosen for this
study are more similar to each other than the strains within
the other bacterial replicons. This low divergence between
genomes is likely the cause for lower average number of
substitutions per base pair in Streptomyces and the chromo-
some of S. meliloti. The smaller replicons of S. meliloti—
pSymA and pSymB—nhave faster substitution rates compared
with the larger chromosomal replicon of the same bacteria.
This is likely due to the relative decreased divergence between
strains used in the S. meliloti chromosome analysis. pSymB has
a slightly faster substitution rate compared with pSymA.
These results are consistent with the general knowledge of
the gene content between the smaller replicons of S. meliloti
and the chromosome. The smaller replicons are expected to
evolve more quickly. It is curious that pSymB has a slightly
higher average substitution rate compared with pSymA be-
cause pSymA has been shown to be more variable in gene
content and function compared with pSymB (Galardini et al.
2013).

Table 2

Logistic Regression Analysis of the Number of Substitutions Along All
Protein-Coding Positions of the Genome of the Respective Bacteria
Replicons

Bacteria and Replicon Protein-Coding Sequences

Coefficient Estimate
276 x 10 Bx*x
6.97 x 10 Bxwx

Escherichia coli chromosome
Bacillus subtilis chromosome
Streptomyces chromosome
Sinorhizobium meliloti chromosome
Sinorhizobium meliloti pSymA
Sinorhizobium meliloti pSymB

2.74 x 107 %x**
1.10 x 107 7#**

Nore.—Gray colored boxes indicate a negative logistic regression coefficient
estimate. All results are statistically significant. Logistic regression was calculated
after the origin of replication was moved to the beginning of the genome and all
subsequent positions were scaled around the origin accounting for bidirectional
replication.

All results are marked with significance codes as followed:

*** P <0.001.

Logistic Regression

The logistic regression and supporting statistical informa-
tion for the substitution trends are found in table 2. The
number of substitutions decreased when moving away
from the origin of replication for the protein-coding
regions of E. coli and the chromosome of S. meliloti.
This implies that the area near the terminus of replication
in these replicon sections had less substitutions than the
area near the origin of replication. pSymA and pSymB of
S. meliloti, B. subtilis, and Streptomyces showed the op-
posite trend from the other bacterial replicons, with a
decreased number of substitutions present near the origin
of replication compared with the terminus. All of the cor-
relation estimates between the number of substitutions
and distance from the origin of replication are small and
vary in their sign. From these inconsistent results, we con-
clude that there is no consistent, significant correlation
between the number of substitutions and distance from
the origin of replication.

Additional tests grouping the number of substitutions in
varying windows of the genomes (10, 25, 50, 100, 200, and
400 kb) were done to supplement the logistic regression
results. The total number of substitutions per window size
(10, 25, 50, 100, 200, and 400 kb) was totaled and a linear
regression was performed on those totals and distance from
the origin of replication (supplementary tables S11 and S12,
Supplementary Material online). These results are inconsistent
in sign when significant, mirroring the results from the logistic
regression (table 2). Based on these inconsistent supplemental
results, we remain confident in saying that there is no consis-
tent, significant correlation between the number of substitu-
tions and distance from the origin of replication.

A nonlinear analysis of the variation in the number of sub-
stitutions per 10 kb with distance from the origin of replica-
tion was performed (supplementary figs. S13-518,
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Supplementary Material online). The results from this analysis
complement the logistic regression results, the total number
of substitutions varies with distance from the origin of repli-
cation, but the pattern and direction of this trend is inconsis-
tent between bacterial replicons.

Additional analysis were done to ensure that the individual
taxa chosen in this analysis were not influencing the overall
conclusion about the distribution of substitutions along bac-
terial genomes. We systematically removed each taxa from
the substitutions analysis (see Supplementary Material online)
to determine if any particular taxa were influencing the
results. These results are summarized in supplementary table
S15, Supplementary Material online. From this supplemental
analysis, we have come to the same conclusion that the num-
ber of substitutions significantly varies with distance from the
origin of replication, but the direction of this trend is incon-
sistent in sign. In supplementary table S15, Supplementary
Material online, when most of the taxa in each species is
removed, the correlation between the number of substitu-
tions and distance from the origin of replication is significant
and follows the same sign (positive or negative) within a rep-
licon. However, occasionally the sign of this trend flips for
particular strains/species that are removed. We determined
this change is due to a new “outgroup” specified in the
tree (via the removal of the previous outgroup in
Streptomyces and pSymA of S. meliloti), or it is likely that
the taxa which was removed was the ancestral genomic po-
sition for the substitutions and when it is removed, the ances-
tral genomic position changes (Bacillus subtilis and pSymB of
S. melilot). A complete discussion of this can be found in the
Supplementary Material online. Future work exploring the an-
cestral states of nucleotides and genomic position using dif-
ferent species/strains would be able to test for this.

Areas of the bacterial genomes in this analysis with ex-
tremely high number of substitutions per 10-kb region are
regions that encode mostly small (65-150 amino acids long)
hypothetical proteins (see supplementary table S10,
Supplementary Material online). These regions could have
higher numbers of substitutions due to the small length of
these genes and unclear characterization of the associated
encoded proteins.

The density of ancestral and extant substitutions in protein-
coding regions across each bacterial replicon can be seen in
figures 3 and 4. These figures supplement the logistic regres-
sion analysis and provide information on the frequency of
substitutions in relation to the distance from the origin of
replication while also taking into account the bidirectional
replication (see Origin and Bidirectional Replication). Areas
of these graphs that look sparse or appear to be “missing”
data from some genomic regions have had data excluded in
these regions because they did not meet the alignment quality
and trimming requirements specified in this analysis (see
Sequence Alignment).

Table 3

Weighted Averages for dS, dN, and w Values Calculated for Each Bacterial
Replicon on a Per Genome Basis Using the Gene Length as the Weight

Bacteria and Replicon Genome Average

ds dnv 10}
Escherichia coli chromosome 0.2352 0.0101 0.0445
Bacillus subtilis chromosome 0.4134 0.0240 0.0712
Streptomyces chromosome 0.0468 0.0011 0.0323
Sinorhizobium meliloti chromosome 0.0122 0.0002 0.0042
Sinorhizobium meliloti pSymA 0.0839 0.0099 0.1760
Sinorhizobium meliloti pSymB 0.0956 0.0085 0.1148

Nore.—Arithmetic mean was calculated for the per gene averages for each
bacterial replicon.

Selection

The distribution of dN, dS, and w values across each bacterial
replicon can be seen in figures 5 and 6. These figures provide
information on the values of dN, dS, and w in relation to the
distance from the origin of replication while taking into ac-
count bidirectional replication (see Origin and Bidirectional
Replication). Areas of these graphs that look sparse or appear
to be missing data from some genomic regions have had data
excluded in these regions because they did not meet the
alignment quality and trimming requirements specified in
this analysis (see Sequence Alignment). High dS values in fig-
ures 5 and 6 are reflective of divergent portions of a gene
alignment. For a complete discussion of these values, please
see the Supplementary Material online. dN and w values of
zero are produced by low numbers of substitutions, from in
an overwhelming number of identical LCBs (for a complete
account of zero values, please see the Supplementary
Material online).

The genome average values of dS, dN, and o for each
replicon are found in table 3. All bacterial replicons had aver-
age per genome dS values that were higher than the respec-
tive dN values. This is as expected because most genes should
be under purifying selection.

Linear regressions were performed to determine if there is
any correlation between dN, dS, and w, respectively, and dis-
tance from the origin of replication while accounting of bidi-
rectional replication. All linear regression results are
summarized in table 4. All values for dN, dS, and w, aside
from any considered outliers (see Methods), were used in the
regression analysis. We were unable to find significant linear
regression coefficients for the majority of the bacterial repli-
cons used in this analysis. The sporadic significant and non-
significant positive and negative coefficient estimates do not
provide a clear picture of how substitution rates and « change
with distance from the origin of replication, and we therefore
cannot conclude that there is one overarching spatial trend
for dN, dS, or w values.

Additional tests using the average dN, dS, or w values in
varying windows of the genomes (10, 25, 50, 100, 200, and
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Table 4

Linear Regression to Determine the Correlations Between dN, dS, and w Values and Distance from the Origin of Replication

Bacteria and Replicon dnv ds w
Escherichia coli chromosome NS NS 4.33 x 107 2*** (0.007)
Bacillus subtilis chromosome —6.03 x 10~ %*** (0.004) NS —6.80 x 10~ %%** (0.004)
Streptomyces chromosome 1.40 x 10~ '°% (0.002) NS NS
Sinorhizobium meliloti chromosome —1.67 x 107 %% (0.003) —8.67 x 10~ %*** (0.007) —1.20 x 10~°* (0.003)
Sinorhizobium meliloti pSymA NS NS NS
Sinorhizobium meliloti pSymB NS NS NS

Note.—A regression was performed for each bacterial replicon with outliers removed. All results are marked with significance codes as follows:
***p < 0,001, *0.01<0.05, NS = >0.05. The R? values for each estimate are in brackets.

400 kb) were done to supplement the linear regression results
done on all data points. The average dN, dS, or w values per
window size (10, 25, 50, 100, 200, and 400 kb) were calcu-
lated, and a linear regression was performed on those average
values and distance from the origin of replication (supplemen-
tary table S18, Supplementary Material online). These results
are mostly not significant and ones that are significant are
inconsistent in sign, mirroring the results from the linear re-
gression on all data points (table 4). Based on these inconsis-
tent supplemental results, we are confident that there is no
significant correlation between the value of dN, dS, or w and
distance from the origin of replication.

Discussion

To date there has been a large body of work looking at how
molecular trends such as gene expression (Couturier and
Rocha 2006; Cooper et al. 2010; Morrow and Cooper
2012; Kosmidis et al. 2020; Lato and Golding 2020), substi-
tution rates (Sharp et al. 1989; Cooper et al. 2010; Flynn et al.
2010; Morrow and Cooper 2012), and mutation rates
(Hudson et al. 2002; Ochman 2003; Juurik et al. 2012;
Martina et al. 2012; Dettman et al. 2016; Dillon et al. 2018)
vary with genomic position. The general consensus is that
substitution rate is highest near the terminus of replication
and relatively low near the origin (Sharp et al. 1989; Cooper
et al. 2010; Flynn et al. 2010; Morrow and Cooper 2012).
Most of these studies used an average of three genomes per
bacteria analyzed (Couturier and Rocha 2006; Flynn et al.
2010; Cooper et al. 2010; Morrow and Cooper 2012) and
failed to analyze secondary replicons of multipartite genomes
(Couturier and Rocha 2006; Flynn et al. 2010). However,
there are also a number of studies that failed to observe
this positive linear correlation in the absence of selection
with mutations and mutation rates (Hudson et al. 2002;
Ochman 2003; Juurik et al. 2012; Martina et al. 2012;
Foster et al. 2013; Dettman et al. 2016; Long et al. 2016;
Dillon et al. 2018). In this work, we explored the spatial trends
of substitutions and dN, dS, and @ values along bacterial
genomes to add to the previous knowledge of spatial trends
in bacteria. This study takes a unique approach to the analysis
of how the number of substitutions changes with distance

from the origin of replication by accounting for local and large
scale genomic rearrangements by utilizing ancestral reconstruc-
tion techniques of both substitutions and genomic positions.

Although thousands of bacterial genomes have been se-
guenced for bacteria with different genomic structures, the
majority of these genomes are incomplete and composed of
scaffolds or contigs. For this analysis, a complete genome,
free of gaps or contigs, was necessary to accurately track
substitutions and their genomic locations. Incomplete
genomes would have gaps in genome positions, leaving miss-
ing information about substitutions for these segments of
sequence. Therefore, we wished to consider only complete
genomes. We would like to expand our analysis in the future
to incorporate more genomes and taxa, but currently, there
are few that are suitable to our specific requirements.

We were unable to observe a consistent significant corre-
lation between distance from the origin of replication and the
number of substitutions per site as well as the values of dN, dS,
and w in the replicons that were analyzed. This necessitates
further in-depth analysis of other molecular trends in bacterial
genomes while accounting for genomic reorganization. Using
tools such as ancestral reconstruction and the history of rear-
rangements, other spatial molecular trends in bacteria can be
elucidated. This can be applied to gene expression and essen-
tiality, to determine how these molecular components are im-
pacted by rearrangements and what this tells us about the
organization of genes along bacterial genomes.

Spatial Substitution Trends

We have demonstrated here that any correlation between the
number of substitutions and genomic position in our bacterial
species is significant but small and inconsistent in sign (table 2).
In this analysis, we have looked at protein-coding genes
within the genomes of E. coli, B. subtilis, Streptomyces, and
S. meliloti, including both core and accessory genes. Previous
studies looking at substitution rates and genomic position
typically looked at orthologous genes with similar genomic
positions (Cooper et al. 2010; Morrow and Cooper 2012).
The discrepancy between our results and previously published
analysis may be due to our alignments having dissimilar ge-
nomic positions in some taxa and the inclusion of genomic

Genome Biol. Evol. 13(1) doi:10.1093/gbe/evaa260 Advance Access publication 15 December 2020 13



Lato and Golding

GBE

reorganization. Some segments of the genomes have rela-
tively high numbers of substitutions compared with the rest
of the genome. For example, the high bars located near 2
million base pairs (Mb) from the origin in B. subtilis (fig. 3b)
seem to have an increase in the number of substitutions in this
genomic segment relative to the other 10-kb regions. These
high substitution regions are homologous genes or gene seg-
ments that happen to have amino acid changes which are
driving the high number of substitutions in those bars. An
illustrative example of one such gene segment can be found
in the supplementary figures S11 and S12, Supplementary
Material online.

The multirepliconic nature of S. meliloti appears to have a
small effect on the overall spatial substitution trends of each
replicon. For example, the opposing spatial substitution trends
(table 2 and fig. 4) of different replicons in S. meliloti may be
due to an overrepresentation of highly expressed or essential
genes located on the chromosome. We found an increased
number of substitutions in the smaller replicons, pSymA and
pSymB, compared with the chromosome. The smaller repli-
cons are known to display less genomic conservation than the
chromosome (Cooper et al. 2010; Morrow and Cooper 2012)
and have genes used for local environmental adaptation
(Medini et al. 2008; DiCenzo et al. 2019), which may explain
the increased number of substitutions in pSymA and pSymB,
compared with the chromosome.

A number of previous studies have complementary results
regarding increasing substitution trends of bacterial replicons
which was found in B. subtilis, Streptomyces, and the small
replicons of S. meliloti in this analysis. These previous studies
observed gene expression (Sharp et al. 2005; Couturier and
Rocha 2006; Morrow and Cooper 2012; Lato and Golding
2020) decreases, whereas substitution rate was found to in-
crease with increasing distance from the origin of replication
(Prescott and Kuempel 1972; Morrow and Cooper 2012;
Galardini et al. 2013). Genes that are less essential and often
expressed less tend to evolve quickly compared with more
conserved genes with higher expression levels (Sharp et al.
1989). pSymB of S. meliloti has been known to house essen-
tial genes (Cooper et al. 2010; Morrow and Cooper 2012),
and Streptomyces has majority of its essential genes concen-
trated near the origin of replication (Bentley et al. 2002; Kirby
2011). Additionally, pSymB has been shown to be more tran-
scriptionally integrated with the chromosome compared with
pSymA (DiCenzo et al. 2018), potentially contributing to the
location of essential genes. Some of the proteins encoded on
pSymB, which are not necessarily deemed essential, are still
able to fulfill essential gene roles and functions (DiCenzo et al.
2018). These essential genes should have a decreased number
of substitutions and therefore, coincide with the increasing
substitution rate when moving away from the origin of rep-
lication in Streptomyces and pSymB of S. meliloti.

Molecular composition, gene content, and replication may
all be factors contributing to the curious decreasing number

of substitutions with increasing genomic distance found in
E. coli and the chromosome of S. meliloti in this study. The
integration of new genetic information through gene gain
and loss sometimes occurs in particular regions along bacterial
genomes termed “hotspots” (Streisinger et al. 1966;
Farabaugh et al. 1978; Touchon et al. 2009; Oliveira et al.
2017). The frequency of these hotspots increases linearly with
distance from the origin of replication (Oliveira et al. 2017),
although different mobile elements, such as integrative and
conjugative elements and prophages, appear to have a differ-
ent distribution (Oliveira et al. 2017). Variation in these pref-
erential sites for gene gain and loss could be located near the
origin of replication and may illuminate why we observed the
number of substitutions to significantly decrease with distance
from the origin of replication in the chromosomes of E. coli
and S. meliloti. Some studies found inconsistencies, with the
placement of core genes concentrated near the terminus or
distributed evenly throughout the genome, rather than local-
ized at the origin of replication (Kopejtka et al. 2019).
Determining the distribution and placement of the core and
accessory genes in E. coli, and S. meliloti could elucidate why
these replicons appear to have a higher number of substitu-
tions near the origin of replication. The distinct placement of
genes across the genome is speculated to be in part due to
the nature of replication. Translocations can happen at repli-
cation forks as they advance along the chromosome (Tillier
and Collins 2000; Mackiewicz et al. 2001). If these replication
forks were concentrated near the origin of replication, creat-
ing a hotspot for an increased number of translocations pre-
sent in that area, providing an opportunity for new genomic
signatures to arise, such as a minor increase in the number of
substitutions near the origin of replication.

Additionally, potential genomic and pathogenicity islands
have been found near the origin of replication in
Mycobacterium tuberculosis and Haloquadratum walsbyi
(Karlin 2001; Mira et al. 2010). These islands were found to
have genomic signatures such as codon bias, which deviated
from the rest of the genome (Karlin 2001). Deviations in these
genomic signatures may extend to substitution rates and pro-
vide another potential explanation as to why some of the
replicons in this study had a slight increase in the number of
substitutions near the origin of replication. Other genomic
signatures such as GC content or nucleotide composition
have been found to significantly change around the origin
of replication and terminus (Mackiewicz et al. 1999; lkeda
et al. 2003), and may be a contributing factor in explaining
a higher number of substitutions near the origin of replication
in E. coli and the chromosome of S. meliloti, and warrants
further investigation.

Rearrangements, inversions, duplications, and HGT all play
a major role in shaping gene order, gene expression, gene
content, and substitutions in bacterial replicons. One study
found that the density of transposon insertion events peaks
at the origin of replication and is at a minimum at the
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terminus in E. coli (Gerdes et al. 2003). Once again, the differ-
ences in various genomic signatures caused by genome reor-
ganization, in this case transposon insertion events, may be a
justification for the high number of substitutions seen near
the origin in some chromosomes in this analysis. The lack of a
clear spatial genomic substitution trend in the genomes used,
highlights the importance of accounting for genomic reorga-
nization, such as rearrangements, in molecular analysis.

Spatial Selection Trends

Looking at the correlation between dN, dS, and w values and
distance from the origin of replication, we were unable to
confirm a consistent linear correlation in the genomes ana-
lyzed (table 4 and figs. 5 and 6). There are a few sparse areas
in the distribution of dN, dS, and  values across the
genomes. These are areas where alignment data were re-
moved due to poor homology, excessive gaps, or not being
present in all taxa. We manually looked into genes with un-
usually high values of dN and dS, and we have determined
that these values indeed represent genes with a high number
of substitutions. The substitutions in these genes often have
many (or only) substitutions of one type (i.e., synonymous or
nonsynonymous), skewing the dN or dS calculation, causing
the unusually high values. These genes can be assumed to
have a high degree of divergence between the taxa and often
encode for unconfirmed proteins such as hypothetical pro-
teins (see Supplementary Material online). Conversely, all
S. meliloti chromosomes used in this analysis are extremely
similar and therefore resulting in an overall low number of
substitutions. The majority (61%) of the genes and gene seg-
ments in the chromosome of S. meliloti had dN values of 0,
and therefore w values of O (Supplementary Material online).
These zero values were not removed from the analysis or
outlier calculations because they were too numerous to be
outliers and they provide important information about the
similarities between these strains of S. meliloti. The low num-
ber of substitutions and consequently high numbers of zero
dN, dS, and w values in this bacteria are reflected in figure 6.

As mentioned previously, the number of bacterial genomes
used for each analysis was limited partially due to computa-
tional constraints completing the progressiveMauve whole-
genome alignment. Specialized alignment programs such as
Parsnp (Treangen et al. 2014) identify and align only core
regions of the genomes relatively quickly. Dealing with only
core regions would reduce the potential for including align-
ments of poor sequence homology. This could allow the cur-
rent analysis to be expanded to include more genomes of
each bacterial species and potentially add more phylogenetic
diversity in the species chosen. However, using only the core
genome removes valuable data from the analysis such as ac-
cessory genes, where most variations in mutation rate would
be seen (Couturier and Rocha 2006; Flynn et al. 2010).

This work is not the first to observe diverging results from
the general consensus of bacterial molecular trends. These
notable exceptions to what are thought to be generally ap-
plicable rules of bacterial molecular trends, question the broad
universal assumption of these phenomenon. With respect to
mutations, there was a number of studies that were unable to
confirm a positive linear correlation between distance from
the origin of replication and mutation rates (Hudson et al.
2002; Ochman 2003; Juurik et al. 2012; Martina et al.
2012; Dettman et al. 2016; Dillon et al. 2018). Some of these
patterns are thought to be a regional effect of sequence com-
position (Hudson et al. 2002), whereas others are more re-
lated to cell cycle function (Dillon et al. 2018). There are a
number of other intertwining factors that impact the muta-
tion spectra of bacteria such as transcription, replication, and
growth state (Hudson et al. 2002; Ochman 2003; Juurik et al.
2012). When looking at differences in mutations between
replicons of the multirepliconic bacteria Burkholderia, substi-
tutions are highest on the primary chromosomes compared
with the secondary replicons (Dillon et al. 2015). This finding
was unrelated to nucleotide composition and due to some
substitutions occurring at higher rates on particular replicons
(Dillon et al. 2015).

Conclusions

The integration of genomic reorganization, such as rearrange-
ments and inversions, can have impacts on spatial molecular
trends such as substitution rate. The general molecular trends
previously found in bacteria when moving away from the
origin of replication may not be as commonplace as expected
particularly when genome reorganization occurs. By utilizing
ancestral reconstruction, we have demonstrated how infor-
mation on genomic reorganization can be used to elucidate
the spatial pattern of substitutions along bacterial genomes.
We have illustrated that overarching spatial molecular trends
may not be as universal as previously thought. We have found
significant but small and inconsistent correlations between
the number of substitutions and distance from the origin of
replication in the genomes analyzed. We did not observe a
consistent significant correlation between dN, dS, and w val-
ues and distance from the origin of replication in the genomes
analyzed. Combining genomic reorganization and current
molecular pipelines through processes, such as ancestral re-
construction, can add vital information to bacterial genome
analysis. We believe that genomic location and genome reor-
ganization are important to consider in future molecular evo-
lutionary analysis in all areas such as gene expression, essential
gene locations, and functional classification of those genes.
Observing other molecular trends through the lens of geno-
mic reorganization will assist in answering questions about
the evolution of bacteria.

Genome Biol. Evol. 13(1) doi:10.1093/gbe/evaa260 Advance Access publication 15 December 2020 15



Lato and Golding

GBE

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.

Acknowledgments

We thank Caitlin Simopoulos for comments on the
manuscript.

Funding

This work was supported by the Natural Sciences and Engineering
Research Council (Grant No. RGPIN-2015-04477 to G.B.G.).

Data Availability

The data underlying this article are available on GitHub at
www.github.com/dlato/Location_of_Substitutions_and_
Bacterial_Arrangements.

Literature Cited

Bentley SD, et al. 2002. Complete genome sequence of the model acti-
nomycete Streptomyces coelicolor A3(2). Nature 417(6885):141-147.

Blakely G, et al. 1993. Two related recombinases are required for site-
specific recombination at dif and cer in E coli K12. Cell
75(2):351-361.

Capella-Gutiérrez S, Silla-Martinez JM, Gabaldén T. 2009. trimAl: a tool
for automated alignment trimming in large-scale phylogenetic analy-
ses. Bioinformatics 25(15):1972-1973.

Clerget M. 1991. Site-specific recombination promoted by a short DNA
segment of plasmid R1 and by a homologous segment in the terminus
region of the Escherichia coli chromosome. New Biol. 3(8):780-788.

Cooper VS, Vhor SH, Wrocklage SC, Hatcher PJ. 2010. Why genes evolve
faster on secondary chromosomes in bacteria. PLoS Comput Biol.
6(4):e1000732.

Couturier E, Rocha EP. 2006. Replication-associated gene dosage effects
shape the genomes of fast-growing bacteria but only for transcription
and translation genes. Mol Microbiol. 59(5):1506-1518.

Darling AE, Mau B, Perna NT. 2010. progressiveMauve: multiple genome
alignment with gene gain, loss and rearrangement. PLoS One
5(6):e11147.

Dettman JR, Sztepanacz JL, Kassen R. 2016. The properties of spontane-
ous mutations in the opportunistic pathogen Pseudomonas aerugi-
nosa. BMC Genomics 17(1):27.

DiCenzo GC, Mengoni A, Perrin E. 2019. Chromids aid genome expansion
and functional diversification in the family Burkholderiaceae. Mol Bio
Evol. 36(3):562-574.

DiCenzo GC, Wellappili D, Golding GB, Finan TM. 2018. Inter-replicon
gene flow contributes to transcriptional integration in the
Sinorhizobium — meliloti  multipartite genome. G3  (Bethesda)
8:1711-1720.

Dillon MM, Sung W, Lynch M, Cooper VS. 2015. The rate and molecular
spectrum of spontaneous mutations in the GC-rich multichromosome
genome of Burkholderia cenocepacia. Genetics 200(3):935-946.

Dillon MM, Sung W, Lynch M, Cooper VS. 2018. Periodic variation of
mutation rates in bacterial genomes associated with replication timing.
MBio 9(4):e01371-18.

Duggin IG, Bell SD. 2009. Termination structures in the Escherichia coli
chromosome replication fork trap. J Mol Biol. 387(3):532-539.

Egan ES, Fogel MA, Waldor MK. 2005. Divided genomes: negotiating the
cell cycle in prokaryotes with multiple chromosomes. Mol Microbiol.
56(5):1129-1138.

Epstein B, Sadowsky MJ, Tiffin P. 2014. Selection on horizontally trans-
ferred and duplicated genes in Sinorizobium (Ensifer), the root-nodule
symbionts of Medicae. Genome Biol Evol. 6(5):1199-1209.

Farabaugh PJ, Schmeissner U, Hofer M, Miller JH. 1978. Genetic studies of
the fac repressor: VII. On the molecular nature of spontaneous hot-
spots in the lacl gene of Escherichia coli. J Mol Biol. 126(4):847-863.

Flynn KM, Vohr SH, Hatcher PJ, Cooper VS. 2010. Evolutionary rates and
gene dispensability associate with replication timing in the archaeon
Sulfolobus islandicus. Genom Biol Evol. 2:859-869.

Foster PL, Hanson AJ, Lee H, Popodi EM, Tang H. 2013. On the mutational
topology of the bacterial genome. G3 3(3):399-407.

Galardini M, Pini F, Bazzicalupo M, Biondi EG, Mengoni A. 2013. Replicon-
dependent bacterial genome evolution: the case of Sinorhizobium
meliloti. Genome Biol Evol. 5(3):542-558.

Gerdes SY, et al. 2003. Experimental determination and system level anal-
ysis of essential genes in Escherichia coli MG1655. ) Bacteriol.
185(19):5673-5684.

Goldman N, Anderson JP, Rodrigo AG. 2000. Likelihood-based tests of
topologies in phylogenetics. Syst Biol. 49(4):652—-670.

Heidelberg JF, et al. 2000. DNA sequence of both chromosomes of the
cholera pathogen Vibrio cholerae. Nature 406(6795):477-483.

Hudson RE, Bergthorsson U, Roth JR, Ochman H. 2002. Effect of chromo-
some location on bacterial mutation rates. Mol Biol Evol. 19(1):85-92.

lkeda H, et al. 2003. Complete genome sequence and comparative anal-
ysis of the industrial microorganism Streptomyces avermitilis. Nat
Biotechnol. 21(5):526-531.

Jiao J, et al. 2018. Coordinated regulation of core and accessory genes in
the multipartite genome of Sinorhizobium fredii. PLoS Genet.
14(5):e1007428.

Juurik T, et al. 2012. Mutation frequency and spectrum of mutations vary
at different chromosomal positions of Pseudomonas putida. PLoS One
7(10):e48511.

Karlin 'S. 2001. Detecting anomalous gene clusters and pathogenicity
islands in diverse bacterial genomes. Trends Microbiol. 9(7):335-343.

Katoh K, Misawa K, Kuma K, Miyata T. 2002. MAFFT: a novel method for
rapid multiple sequence alignment based on fast Fourier transform.
Nucleic Acids Res. 30(14):3059-3066.

Kirby R. 2011. Chromosome diversity and similarity within the
Actinomycetales. FEMS Microbiol Lett. 319(1):1-10.

Kono N, Arakawa K, Tomita M. 2011. Comprehensive prediction of chro-
mosome dimer resolution sites in bacterial genomes. BMC Genomics
12(1):19.

Kopejtka K, Lin Y, Jakubovicova M, Koblizek M, Tomasch J. 2019.
Clustered core-and pan-genome content on Rhodobacteraceae chro-
mosomes. Genome Biol Evol. 11(8):2208-2217.

Kosmidis K, Jablonski KP, Muskhelishvili G, Hutt MT. 2020. Chromosomal
origin of replication coordinates logically distinct types of bacterial
genetic regulation. NPJ Syst Biol Appl. 6(1):5.

Lato DF, Golding GB. 2020. Spatial patterns of gene expression in bacterial
genomes. J Mol Evol. 88(6):510-520.

Long H, et al. 2016. Antibiotic treatment enhances the genome-wide
mutation rate of target cells. Proc Natl Acad Sci USA.
113(18):E2498-£2505.

Mackiewicz P, Gierlik A, Kowalczuk M, Dudek MR, Cebrat S. 1999. How
does replication-associated mutational pressure influence amino acid
composition of proteins? Genome Res. 9(5):409-416.

Mackiewicz P, Mackiewicz D, Kowalczuk M, Cebrat S. 2001. Flip-flop
around the origin and terminus of replication in prokaryotic genomes.
Genome Biol. 2(12):interactions1004-1.

Martina MA, Correa EME, Argarana CE, Barra JL. 2012. Escherichia coli
frameshift mutation rate depends on the chromosomal context but

16  Genome Biol. Evol. 13(1) doi:10.1093/gbe/evaa260 Advance Access publication 15 December 2020


http://www.github.com/dlato/Location_of_Substitutions_and_Bacterial_Arrangements
http://www.github.com/dlato/Location_of_Substitutions_and_Bacterial_Arrangements

The Location of Substitutions and Bacterial Genome Arrangements

GBE

not on the GATC content near the mutation site. PLoS One
7(3):e33701.

Medini D, et al. 2008. Microbiology in the post-genomic era. Nat Rev
Microbiol. 6(6):419-430.

Mira A, Martin-Cuadrado AB, D'Auria G, Rodriguez-Valera F. 2010. The
bacterial pan-genome: a new paradigm in microbiology. Intl Microbiol.
13(2):45-57.

Morrow JD, Cooper VS. 2012. Evolutionary effects of translocations in
bacterial genomes. Genom Biol Evol. 4(12):1256-1262.

Niccum BA, Lee H, Mohammedismail W, Tang H, Foster PL. 2019. The
symmetrical wave pattern of base-pair substitution rates across the
Escherichia coli chromosome has multiple causes. mBio
10(4):e01226-19.

Ochman H. 2003. Neutral mutations and neutral substitutions in bacterial
genomes. Mol Biol Evol. 20(12):2091-2096.

Ochman H, Lawrence JG, Groisman EA. 2000. Lateral gene transfer and
the nature of bacterial innovation. Nature 405(6784):299-304.

Oliveira PH, Touchon M, Cury J, Rocha EPC. 2017. The chromosomal
organization of horizontal gene transfer in bacteria. Nat Commun.
8(1):841.

Pinto UM, Flores-Mireles AL, Costa ED, Winans SC. 2011. RepC protein of
the octopine-type Ti plasmid binds to the probable origin of replication
within - repC and functions only in cis. Mol Microbiol.
81(6):1593-1606.

Prescott DM, Kuempel PL. 1972. Bidirectional replication of the chromo-
some in Escherichia coli. Proc Natl Acad Sci USA. 69(10):2842-2845.

Raeside C, et al. 2014. Large chromosomal rearrangements during a
long-term  evolution experiment with Escherichia coli. MBio
5(5):e01377-14.

Rocha EP, Danchin A. 2004. An analysis of determinants of amino acids
substitution rates in bacterial proteins. Mol Biol Evol. 21(1):108-116.

Sharp PM, Bailes E, Grocock RJ, Peden JF, Sockett RE. 2005. Variation in
the strength of selected codon usage bias among bacteria. Nucleic
Acids Res. 33(4):1141-1153.

Sharp PM, Shields DC, Wolfe KH, Li W-H. 1989. Chromosomal location
and evolutionary rate variation in Enterobacterial genes. Science
246(4931):808-810.

Shimodaira H, Hasegawa M. 1999. Multiple comparisons of log-
likelihoods with applications to phylogenetic inference. Mol Biol
Evol. 16(8):1114-1116.

Stamatakis A. 2014. RAXML version 8: a tool for phylogenetic analysis
and  post-analysis of large  phylogenies.  Bioinformatics
30(9):1312-1313.

Streisinger G, et al. 1966. Frameshift mutations and the genetic code.
In: Cold Spring Harbor Symposia on Quantitative Biology. Vol. 31.
Cold Spring Harbor (NY): Cold Spring Harbor Laboratory Press, p.
77-84.

Sun S, Ke R, Hughes D, Nilsson M, Andersson DI. 2012. Genome-wide
detection of spontaneous chromosomal rearrangements in bacteria.
PLoS One 7(8):e42639.

Tillier ER, Collins RA. 2000. Genome rearrangement by replication-directed
translocation. Nat Genet. 26(2):195-197.

Touchon M, et al. 2009. Organised genome dynamics in the Escherichia
coli species results in highly diverse adaptive paths. PLoS Genet.
5(1):e1000344.

Treangen TJ, Ondov BD, Koren S, Phillippy AM. 2014. The Harvest suite for
rapid core-genome alignment and visualization of thousands of intra-
specific microbial genomes. Genome Biol. 15(11):524.

Yang Z. 1997. PAML: a program package for phylogenetic analysis by
maximum likelihood. Bioinformatics 13(5):555-556.

Associate editor: Emmanuelle Lerat

Genome Biol. Evol. 13(1) doi:10.1093/gbe/evaa260 Advance Access publication 15 December 2020 17





