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Abstract

Motivation: High plasticity of bacterial genomes is provided by numerous mechanisms including horizontal gene
transfer and recombination via numerous flanking repeats. Genome rearrangements such as inversions, deletions,
insertions and duplications may independently occur in different strains, providing parallel adaptation or phenotypic
diversity. Specifically, such rearrangements might be responsible for virulence, antibiotic resistance and antigenic
variation. However, identification of such events requires laborious manual inspection and verification of phyletic
pattern consistency.

Results: Here, we define the term ‘parallel rearrangements’ as events that occur independently in phylogenetically
distant bacterial strains and present a formalization of the problem of parallel rearrangements calling. We imple-
ment an algorithmic solution for the identification of parallel rearrangements in bacterial populations as a tool
PaReBrick. The tool takes a collection of strains represented as a sequence of oriented synteny blocks and a phylo-
genetic tree as input data. It identifies rearrangements, tests them for consistency with a tree, and sorts the events
by their parallelism score. The tool provides diagrams of the neighbors for each block of interest, allowing the detec-
tion of horizontally transferred blocks or their extra copies and the inversions in which copied blocks are involved.
We demonstrated PaReBrick’s efficiency and accuracy and showed its potential to detect genome rearrangements
responsible for pathogenicity and adaptation in bacterial genomes.

Availability and implementation: PaReBrick is written in Python and is available on GitHub: https://github.com/ctlab/
parallel-rearrangements.

Contact: olga.bochkareva@ist.ac.at or nikita_alexeev@itmo.ru

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Large-scale deletions and inversions affect different levels of
chromosome organization, and are mostly deleterious (Darling
et al., 2008; Repar and Warnecke, 2017). Nevertheless, beneficial
rearrangements are also known, such as those that lead to the acqui-
sition of new function, phenotype switching or rapid genome reduc-
tion (Brandis and Hughes, 2020).

Such beneficial rearrangements may occur independently in dif-
ferent strains, which leads to instances of parallel adaptation to new
environments or phenotypic diversity (Seferbekova et al., 2021).
Phenotypic diversity in clonal populations is shaped by a mechanism

©The Author(s) 2021. Published by Oxford University Press.

of reversible alternation between genetic states known as phase vari-
ation (Trzilova and Tamayo, 2021). Such reversible large-scale
DNA inversions affecting complex bacterial phenotypes including
antibiotic resistance were found in many human pathogens and
were associated with persistent infections (Guérillot er al., 2019;
Irvine et al., 2019). Moreover, antigenic variation has been
described in the human pathogen Streptococcus pneuwmoniae
(Shelyakin ez al., 2019; Slager et al., 2018), which targets reversible
inversions affecting surface antigens, encoded by phtB and phtD
genes, previously considered to be good vaccine candidates.
Therefore, the identification of phase variation in pathogenic bac-
teria can enhance the understanding of the molecular basis of
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pathogenicity and serve as a useful tool for detection of specific
genes of interest.

Presently, the identification of parallel rearrangements providing
adaptation or phenotype switching is performed by laborious
manual inspection of complex phylogenetic and genomic data
(Bochkareva et al., 2018; Seferbekova et al., 2021; Shelyakin et al.,
2019). The pipelines used in such studies involve the construction of
phylogenetic trees, identification of synteny blocks, and in-house
scripting to identify parallel synteny block inversions and deletions
on the phylogeny. However, to our knowledge, there are no tools
that allow for consistent and statistically rigorous analysis of syn-
teny blocks on precomputed phylogenies.

Here, we develop a strategy for computational prediction of paral-
lel rearrangements and analysis of genomic repeats. Our method,
called PaReBrick, identifies and visualizes parallel rearrangements in
bacterial genomes (Fig. 1). We characterize PaReBrick’s efficiency and
accuracy and show its potential to detect genome rearrangements re-
sponsible for pathogenicity and adaptation in bacterial genomes.

2 Approach

2.1 What is parallel rearrangement?

We say that an evolutionary event is consistent with a tree if we may
associate it with a particular branch on a tree (Fig. 2a), otherwise
we call the event parallel (Fig. 2b and c). More formally, consider a
character which state was changed by the evolutionary event; the
character is consistent with a tree if any two strains sharing the char-
acter state have a common ancestor with the same character state.

In this article, we analyze two classes of evolutionary events:
balanced genome rearrangements, those that change the order of
synteny blocks but do not cause deletions or duplications, and
unbalanced genome rearrangements, those that affect block copy
number. We note that several balanced genome rearrangements may
operate on the fragment between the same synteny blocks. We asso-
ciate a character to a set of rearrangements operating on the same
fragment. For the unbalanced rearrangements, we just associate a
character to each block copy number. To find parallel rearrange-
ments, we test all the introduced characters for consistency using the
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Fig. 1. The PaReBrick pipeline: (a) PaReBrick takes a collection of strains and a phylogenetic tree as input data. Each strain is represented as a sequence of oriented synteny
blocks, and corresponds to a leaf of the tree. The tool splits the blocks to (b) common single copy and (c) CNV block content. (d, e) For each character, the tool assigns a char-
acter state to each strain and (f) maps characters into the tree. (g) For each character, the tool tests if it is consistent with the tree; if not, it claims it is parallel and computes its

parallelism score
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Fig. 2. Examples of characters. Phylogenetic tree’s leaves are colored to reflect states
of the characters. (a) Consistent character, state was changed once in common an-
cestor of strains 1-5. (b) Inconsistent character with low parallelism score; state was
changed independently two times, the inconsistency may be easily explained by
error in the tree construction. For instance, if the strains 1 and 3 formed a clade and
strain 2 was an outgroup, then the character would be consistent. (c) Inconsistent
character with high parallelism score, state was changed multiple times in the tree at
distant branches.

Fitch’s algorithm. Note that, we consider an appearance of two (or
more) parallel rearrangements just by chance extremely unlikely.
Indeed, we expect that the number of potential sites which may be
involved in rearrangements is order of magnitude larger than the
number of observed rearrangements. This assumption can be consid-
ered as a genome rearrangement analogue of the infinite site model.
So we report all the discovered parallel rearrangements since any of
them may have biological meaning.

To range characters with different degrees of inconsistency, we
introduce a parallelism score (see Section 3.2). Specifically, input
data may include various types of artifacts, such as misalignments as
well as genome sequencing and assembly errors, generating errors in
phylogeny reconstruction. Therefore, it is useful to the user to have
a degree of confidence through a parallelism score, which takes into
account how often the corresponding character changed its state
and how far in the tree these changes happened. For example, in
Figure 2b, the rearrangement is observed independently two times,
but the corresponding nodes in a tree are close to each other. In this
case, the character will have a low parallelism score because incon-
sistency may be caused by incorrect topology of a specific tree clade,
especially if the branches are short. In contrast, in Figure 2c, the re-
arrangement occurred independently in several distant nodes, so
there is higher confidence that this is an actual parallel event.

2.2 Pipeline description

PaReBrick takes a collection of strains and a phylogenetic tree as in-
put data. Each strain is represented as a sequence of oriented synteny
blocks, and corresponds to a leaf of the tree. To test rearrangements
for being parallel, we first associate them to characters which are
based on synteny blocks data. To do so, we split all blocks (Fig. 1a)
into common single-copy blocks (Fig. 1b, balanced case) and blocks

with CNV (copy number variations) (Fig. 1c, unbalanced case).
Then, we construct characters for balanced and unbalanced rearrange-
ments independently (Fig. 1d and e) (see Section 3.1). We test obtained
characters for consistency with a tree (Fig. 1g) by mapping those charac-
ters into phylogenetic tree (Fig. 1f) and range the inconsistent characters
according to the parallelism score (see Section 3.2).

3 Materials and methods

3.1 Characters assignment

Characters for unbalanced rearrangements. To analyze indels and
duplications, we consider all blocks which are present in different
copy numbers in the strains (CNV blocks). We associate a character
with each block B and assign to each strain a character state equal
to the number of copies of B presented in this strain (Fig. 2c).

Genome rearrangements may occur on different evolutionary scales
and overlap that may lead to block linkage evolution. For example, if a
long fragment was inserted into some ancestral genome and after that
its different pieces were deleted in several descendants, then the resulting
blocks would have similar but not identical occurrence patterns. To
take this phenomenon into account, PaReBrick automatically clusters
the blocks. For clustering, we define the proximity measure between
blocks as a combination of the similarity of their occurrence patterns
and the typical genomic distance between them in the strains (see
Supplementary Appendix D for more details). This step also improves
readability of the results and reduces output size.

Characters for balanced rearrangements. To analyze balanced rear-
rangements, we concentrate on common single-copy block content, that
is, we consider only those blocks present in each strain exactly once.

We represent each strains’ genome as a circular sequence of syn-
teny blocks. Each block (say, block 1) is represented by its tail (1¢)
and head (1h). Consecutive blocks (say, blocks 1 and 2) are linked
by an adjacency (1h — 2t) (Fig. 2b). We say that an adjacency is con-
sensus if it is presented in the majority of strains.

We associate a character with each consensus adjacency. To as-
sign a character state to a strain we check this adjacency’s status in
the strain (if it is presented or broken). In other words, for each con-
sensus adjacency, we construct a character and associate with it all
rearrangements that affect this adjacency.

More formally, we run the following procedure. We construct a
breakpoint (multi)graph for the collection of strains’ genomes. The
vertices of the graph correspond to the ends of synteny blocks. For
each strain S, we add all its adjacencies to the graph as edges with
label S. So, if we have m strains on # common blocks, the graph
would have 27 vertices and 71 edges (see Supplementary Fig. S1d).

We note that an inversion between two strains, say P and Q, corre-
sponds to a 4-cycle in a breakpoint graph. The 4-cycle consists of two
P-adjacencies and two Q-adjacencies (see Supplementary Fig. S1). The
2-cycles in the breakpoint graph correspond to the case then both
strains have the same adjacency, and other configurations corresponds
to breaks—more complex rearrangements or series of inversions.

We associate a character with each consensus multi-edge (u, v)
and assign the character state to each strain § according to
the classification below (see Supplementary Appendix A.2 for
examples):

1. The strain has the adjacency (u, v);
2. The strain does not have the adjacency (u, v). We distinguish
two options here:

a. Character state of S is classified as an inversion (of u—v) with
w-z if there is a 4-cycle u,v,w,z in the breakpoint graph
with the following properties. The vertices w and z are adja-
cent to the vertices u# and v (respectively) in the strain S, and
they are adjacent to each other in some strain P which is hav-
ing adjacency (u, v).

b. Character state of S is classified as a break (of u—v) if there is
no such a 4-cycle. In this case the breakage is a result of mul-
tiple rearrangements and cannot be explained by a single

inversion.
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3.2 Consistency testing and parallelism score

We test each character for consistency with the phylogenetic tree
with the standard Fitch’s algorithm (Fitch, 1971). If a character is
consistent with the tree, we claim that there is no parallel rearrange-
ment associated with it. Otherwise, we claim that there is a parallel
event corresponding to the character. To range the inconsistent
characters, we compute their parallelism scores which take into ac-
count the number and the phylogenetic positions of the state
changes.

To do this, first of all we reconstruct for each character ¢ the
character states in the inner nodes with a modified version of max-
imum parsimony search algorithm (see Supplementary Appendix B).
For inconsistent character, the reconstruction of inner nodes’ states
can be not unique, but the algorithm finds a deterministic and rea-
sonable solution. Note that, we do it independently for each charac-
ter to compute the parallelism score only, and we reconstruct
neither the structure of ancestral genomes nor evolutionary
scenarios (which is not our goal).

After that, for each state s of character ¢ we find the set of all the
vertices V; on a tree where it appeared: V; = {v|state(v) = s& state
(ancestor(v)) # s}.

Assume that some character state is inconsistent with a tree if
|Vs] > 1 (see Supplementary Appendix C for examples). We note
that the inconsistent character is a character with at least one incon-
sistent state.

We define the parallelism score of a character ¢ as a sum of
inconsistencies for all states:

PS(c) = Z Inconsistency(s),

st state of ¢

where state inconsistency is calculated as the sum of the distances
between all pairs of its independent appearances:

Inconsistency(s) = Z d(ancestor(u), ancestor(v)),
uveVy

where d(u, v)—is distance between nodes on a phylogenetic tree (see
example on Fig. 3).

We also introduce the break score to rank the rearrangements
resulted from multiple breakages, see Supplementary Appendix C.2
for details.

3.3 Neighborhood visualization

As various molecular mechanisms might be responsible for varia-
tions in block content, we provide a diagram of the neighbors for
each block in each genome where it is present (see Fig. 4). For easier
comparison of their context in different genomes, all blocks’ copies
are rotated on the same side and grouped into columns based on
similarity of their neighbors. If tandem copies of a block are present,
all copies are visualized. This visualization aims for the best read-
ability of blocks’ context data and therefore does not reflect the
order of the loci in genomes nor blocks’ length. Meanwhile, it allows
to detect horizontally transferred blocks and to distinguish between
copies of a block. For multi-copied blocks, this visualization reveals
inversions in which these repeats are involved.

4 Results

4.1 Data preprocessing
Phylogenetic tree. There are many implemented approaches to con-
struct phylogenetic trees which are usually based on concatenated
alignment of homologous genes. In our study, we use the
PanACoTA pipeline (Perrin and Rocha, 2021) which includes all
steps for phylogenetic tree construction including genome annota-
tion and orthologs detection. Thus, intermediate results can be fur-
ther used for biological annotation and interpretation of parallel
rearrangements.

Synteny blocks. We understand by synteny blocks a decompos-
ition of genomes into non-overlapping highly conserved segments.

Strain 6

Strain 7

Strain 10
0.25
(b) @i, StrainlandStrain5
0.4
0.15 “ Strain1and Strain7
0.25
0.15 Strain 5 and Strain 7

Inconsistency(®) =025+01+0.4+015+025+015=13

Strain 3 and LCA(Strains 8,9)
Inconsistency(”)=0.4+01=0.5

Fig. 3. Example of calculation of parallelism score of a character. (a) The phylogen-
etic tree is colored to reflect states of the character (shown in blue, green and white).
For this character, white state is consistent, while blue and green states are inconsist-
ent and contribute to parallelism score. (b, ¢) Inconsistency of a state is calculated as
a sum of the distances between all pairs of its independent appearances. Parallelism
score of a character is equal to a sum of inconsistencies of its states: PS(c) =

1.3+0.5=1.8

Synteny blocks can be defined on different scales depending on the
field of study, and the scale is usually controlled by the threshold of
minimal block length. Synteny blocks are often constructed based
on seeds (also called anchors), with most methods using the ‘seed-
and-extend” approach. Homologous genes, locally collinear blocks
or any multiple whole-genome alignment results can be used as
seeds. In our study, we use an efficient multiple whole-genome align-
ment tool SibeliaZ (Minkin and Medvedev, 2020) to obtain locally
collinear blocks and its submodule maf2synteny (Kolmogorov et al.,
2014) to construct synteny blocks.

4.2 Application to Streptococcus genomes

First, we applied the PaReBrick tool to complete genomes of
S.pneumoniae as an antigenic variation via large-scale inversion be-
tween repeats in PhtB and PhtD genes has been previously described
in this species (Shelyakin ez al., 2019; Slager et al., 2018). The com-
plete assemblies of S.pyogenes were downloaded from the NCBI
RefSeq database, all plasmids were excluded. Indeed, our tool
assigned the highest parallelism scores to the adjacencies affected by
this inversion (Supplementary Fig. S6). PaReBrick detected nine
strains across the phylogenetic tree that have this fragment inverted,
only five of them were previously identified in (Shelyakin et al.,
2019). Moreover, PaReBrick detected additional rearrangement
events affecting these adjacencies in several strains.

Then, we used the PaReBrick tool to detect and classify parallel
rearrangements in 219 S.pyogenes genomes (see Supplementary
Appendix E in Supplementary Material) downloaded from the
NCBI RefSeq database. The whole project including the input and
output of the tool is available at the Github repository: github.com/
ctlab/parallel-rearrangements.
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Fig. 4. The genomic context of block #2, containing the rRNA gene operon. For each strain and each copy of the block, the upstream and the downstream neighboring block
are shown. It revealed a variation of number of tandem copies in the first loci and a parallel inversion between copies in the third and the fifth loci. For better visibility, the sub-

tree is shown

Table 1. Summary table for the adjacencies in S.pyogenes affected
by balanced rearrangements, only characters with parallelism
score more than zero are shown

Adjacency Mean break length (nucleotide) Parallelism score
124h-21h 7894 6.57
125t-22t 16751 6.37
101h-103t 30744 0.013
51h-52¢ 20481 0.013
135h-136t 1665 0.0002
16h-17t 3363 0.0002

Note: The highest parallelism scores were assigned to the adjacencies
124h-21h and 125t-22t (two first lines in the table) that are affected by the
same parallel inversion. The parallelism score assigned to 124h-21h is slightly
higher than the score assigned to 125t-22t since there are extra events affect-
ing the first adjacency but not the second one (Fig. 5).

In total, we analyzed 217 synteny blocks, 125 of them present
exactly once in each strain. Among six adjacencies involved in paral-
lel rearrangements (Table 1), the highest parallelism scores were
assigned to the adjacencies 124h-21h and 125t-22¢ affected by
1.4 Mb parallel inversion occurred 51 times across the tree (Fig. ).
In all strains, these adjacencies contain the multi-copied block with
a rRNA operon, indicating its involvement in the recombination.
The mean length of adjacencies (7-15 kb) is consistent with the op-
eron length, which also validates the observation. These data closely
resemble previously described inversions that have been shown to
affect the underlying phenotype, including inversion of the fragment
between rRNA genes in Pseudomonas aeruginosa affecting resist-
ance to oxidative stress, central metabolism and virulence (Irvine
et al., 2019). Thus, these data indicate that it is feasible to computa-
tionally detect parallel genomic events in closely related strains, pu-
tative associated with phase variation in bacterial populations.

For 65 out of 217 blocks, we revealed parallel insertions, dele-
tions and multiplications (Table 2); the highest scores were assigned

to phage insertions (Supplementary Fig. S7). Visualization of gen-
ome context for these blocks revealed their independent acquisition
by different S.pyogenes lineages. In some strains, these insertions
occurred two or three times in different loci (Supplementary Fig.
§8). The block containing the rfRNA operon also has high parallel-
ism score. Indeed, while S.pyogenes genomes contain six copies of
the block in five different loci, a few strains lost one of the tandem
copies or gained up to four copies of the operon. (Fig. 4,
Supplementary Figs S9 and S10). Visualization of blocks’ locations
within the genomes revealed that the parallel inversion typically
occurred between a pair of repeats placed symmetrically across the
origin (Fig. 6).

4.3 Running time

Our pipeline is based on a sequence of polynomial algorithms, and
its complexity depends on the number of strains s and the number of
blocks b. The step of constructing characters for unbalanced rear-
rangements has complexity O(s) for each block. Testing a character
for consistency with a tree has complexity O(s) as well. The overall
complexity of the clustering step is O(b*(b +s)) for building dis-
tance matrices and for hierarchical clustering itself. The step of con-
structing characters for balanced rearrangements takes O(s) for each
adjacency. The total number of adjacencies is in between the num-
ber of blocks b (if all strains have same block order) and its square
b2, but does not exceed bs.

In practice, this means that for the S.pyogenes dataset with 219
strains, the whole process takes 54 seconds on a laptop with Apple
M1 CPU, and the trees’ rendering consumes the majority of the com-
putational time, 36 of 54 seconds.

5 Discussion

Modern sequencing technology produces massive amounts of gen-
omic data, providing exceptional opportunities to investigate whole-
genome organization and interactions of different components
(English et al., 2012; Madoui et al., 2015). Several strategies are
widely used for assembly validation such as long read (re)sequencing
and PCR contiguity verification. Nevertheless, some of the detected
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Fig. 5. The adjacency with the highest parallelism score in S.pyogenes. The tree is colored to reflect the states of the character assigned to 124h-21h (the first line in Table 1).
White state corresponds to the presence of this adjacency, while green, blue and orange reflect different inversions that affect this adjacency. While orange state is strain-specific
and unique, green and blue states are inconsistent. Green state reflects the inversion of 1.4 Mb fragment between 124h-21h and 125t-22t adjacencies containing rRNA gene

operons

rearrangements may be caused by inaccuracies in gap closure proce-
dures. In turn, if the reference genome was used for gap resolving,
some strain-specific genome rearrangements might be missed. Thus,
for particular computational observations, further experimental val-
idation may be required.

Genomic repeats of different nature may play the role of sub-
strate for recombination. Recent studies have sparked a renewed
interest in large-scale phase variation, as it may affect complex bac-
terial phenotypes and modulate expression of a set of genes
(Trzilova and Tamayo, 2021). Pathogenic bacterial species use this

strategy for ensuring survival (Huang et al., 2020). Phase variation
might be responsible for chronic infections, providing multi-
virulence, antibiotic resistance and antigenic variation (Guérillot
et al., 2019; Irvine et al., 2019; Slager et al., 2018). While particular
cases are described, reversible large-scale inversions have been not
investigated systematically. The PaReBrick tool allows for computa-
tional identification of phase variation through analysis of parallel
inversion in closely related strains. Systematization and verification
of the observed cases is the key to understanding new molecular
mechanisms in pathogens.
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Table 2. Summary table for the blocks in S.pyogenes affected by
unbalanced rearrangements, only the first seven lines are shown

Block Cluster Parallelism score Mean block copies ~ Annotation®
166 0 6.01 0.38 Prophage

159 1 4.65 0.35 Prophage

157 2 4.01 0.43 Prophage

156 2 3.46 0.36 Prophage

155 2 3.19 0.36 Prophage

172 3 2.15 0.11 Prophage

2 4 1.94 5.92 RNA gene operon

Note: The blocks with the highest parallelism scores contain phage inser-
tions; blocks #1535, 156, 157 are assigned to the same cluster.

?Annotation was performed manually.
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Fig. 6. Relative positions of five loci containing rRNA gene operons in chromosomes
of S.pyogenes. The detected parallel inversion typically occurs between a pair of
symmetric repeats: for the presented S.pyogenes strain BSAC_bs472 the distances
from the origin to these repeats are 258 996 and 265 532 (based on rRNA block
coordinates); and for 50% of all analyzed strains the corresponding repeats are
located even more symmetrically. The inner blue-orange circle shows GC-skew, 0
Mb corresponds to origin of replication (ori). The second circle represents the anno-
tated genes, the green fraction of the chromosome is involved in parallel inversion.
The borders of the inversion are formed by inverted copies of the rRNA gene operon
located at the same distance from the ori

6 Conclusion

The PaReBrick tool has great potential to allow researchers to ad-
dress wider research questions in evolutionary, molecular and med-
ical fields. The approach might be used for the study of rapid
emergence of new bacterial phenotypes, understanding the molecu-
lar basis of antibiotic resistance mechanisms and formation of small
colony variants, and the study of the selective forces in genomic evo-
lution underlying complex phenotypes. The application of this ap-
proach and the concomitant understanding of connections between
detected genome rearrangements and medically relevant phenotypes
may contribute to the efficient development of drugs and vaccines.
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