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Syntenies are genomic segments of consecutive genes identified by a certain conservation in gene content and order.
The notion of conservation may vary from one definition to another, the more constrained requiring identical gene contents
and gene orders, while more relaxed definitions just require a certain similarity in gene content, and not necessarily in the
same order. Regardless of the way they are identified, the goal is to characterize homologous genomic regions, i.e.,
regions deriving from a common ancestral region, reflecting a certain gene co-evolution that can enlighten important
functional properties.
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| 1. Introduction

Genes are the basic units of heredity containing the genetic information responsible for the functioning of a cell. During
evolution, they are mutated, duplicated, lost and passed to organisms through speciation, the evolutionary process by
which a population evolves to become a distinct species, or Horizontal Gene Transfers (HGT), largely shaping the
evolution of bacteria, where genes are passed from one species to another. In addition, their order on the genome is
modified through various rearrangement events, such as inversions, transpositions or translocations. See Figure 1(1) for

an evolutionary history of gene sequences involving a variety of rearrangement, duplication and loss events, and Figure
1(2) for an evolutionary history of a single gene family also involving a HGT event.
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Figure 1. (1) An evolutionary history of syntenic regions, inspired by Figure 4 in I, representing the evolution of tRNA
repertoires in the Bacillus genus. The tree represents the speciation history of a set of Bacillus species. Each colored
arrow represents a block of tRNAs, following the operon subdivision available for B. cereus. Two arrows of the same color
represents a duplicated block. Gray rectangles indicate the segment affected by an inversion. Notice that blocks
orientation (indicated by the orientation of the arrow) does not reflect the reality, it is just given to illustrate the effect of an
inversion, which not only inverts the order, but also the orientation of the blocks. (2) An evolutionary history of a single-
gene family (for example, a set of arrows of one given color in the set of bacterial genomes) belonging to the set of
genomes 2={A,B,C}. The gene family N'={al,a2,b1,b2,c1} is such that a gene xi belongs to the genome X. The evolution of
the gene family inside the species tree S is represented up, and the induced gene tree T is represented bellow. This
evolutionary history involves a duplication (represented by a rectangle), losses (dotted lines) and a HGT event
(represented by a horizontal line in S and a cross in T).

Although mutations modifying genomic contents (gene gain and loss) and rearrangements modifying gene orders play a
concerted role in shaping gene families, they are usually considered separately: gene gain and loss in the context of
inferring the evolution of a given gene family, and rearrangements in the context of understanding genome evolution. In
other words, in contrast to rearrangements, gain and loss events are usually considered to be single gene events.



For a given gene family I with gene copies located in a set X~ of genomes, a gene tree T for [ (representing the evolution
of the gene sequences through nucleotide or amino acid mutations) and a species tree S for X, the reconciliation
approach [2] consists of inferring the evolution of '

by embedding T into S and explaining the incongruence between the two trees from duplications, losses or HGT events
that would have obscured the speciation scenario. Reconciliation is based on the assumption that each gene family
evolves independently. Although this hypothesis holds for genes that are far apart in the genome, it is clearly too
restrictive for those grouped into syntenies, i.e., forming a set of homologous chromosomal regions, meaning that they are
deriving from a common ancestral interval, with approximately the same gene content and order. Although convergent
evolution should not be excluded, such co-linear sequences of genes are more plausibly the result of a concerted
evolution from a common ancestral region, rather than of an independent set of gene duplications that would have
generated the same gene organization in different genomic regions.

The neuropeptide Y-family receptors [3], the Homeobox gene clusters [4,5,6], the FGFR fibroblast growth factor receptors
[7,8], the genes of the opioid system [9,10,11] or the major histocompatibility complex encoding numerous
immunologically vital genes playing an imperative role in controlling the vertebrate adaptive immunity [12], are a few
examples of genes organized in syntenies in human, as well as in numerous vertebrate genomes. Many of these gene
families, appearing in potentially quadruplicated regions in human and other mammalian genomes, have been considered
to be evidence of the “2R hypothesis” [13] assessing two rounds of whole genome duplication events in the evolution
leading to the contemporary vertebrate genomes. Transposed duplications copying genes or chromosomal segments from
an original locus to a new one also play an important role in the evolution of syntenies. Being able to make the difference
between the two modes of evolution is also important [14].

Operons in bacteria, containing adjacent genes that are transcribed together into a single mRNA sequence, is another
example of genes organized in syntenies [15]. This organization provides a valuable source of information. For example,
genes belonging to the same metabolic pathway were found to be organized in similar operons in microorganisms of
different phylogenetic lineages, such as Escherichia coli and the Gram-positive Bacillus subtilis [16]. Notice that as
horizontal transfers between bacteria of the same or different proteobacterial branches play a major role in shaping
bacterial operons, an evolutionary model for studying the origin and evolution of operons cannot avoid considering
transfer events.

From an algorithmic point of view, research has focused mainly on the evolution of single-gene families based on
sequence divergence and single-gene gain/loss on one side [17], and on the inference of ancestral genomes based on
gene content and order of extant genomes on the other side [18]. For the latter branch of research, the considered
methods can be grouped into distance-based methods labeling ancestral nodes in a way minimizing total branch length
over the phylogeny, and synteny-based (or mapping) methods first inferring a collection of relations between ancestral
genes in terms of adjacencies, and then assembling this collection into Contiguous Ancestral regions (CARSs) [19]. This
latter method can be seen as generating ancestral syntenies (conserved regions) from a set an extant genomes.

| 2. Syntenies Defined as Gene Orders

The term “synteny”, first introduced in 1971 [22], arose from the need to refer to Human genes located on the same
chromosome, but with a genetic distance that could not be determined by the frequency of recombination inferred from
the new gene mapping methods. As recalled in [23], synteny means “same thread” (or ribbon), a state of being together in
location, as synchrony means being together in time. Thus, according to the original definition, saying that two genes are
syntenic only means that they are located on the same chromosome. Today however, the term is largely used by
biologists in an evolutionary meaning to design genes or chromosomal segments with a common evolutionary ancestry,
i.e., homologous genes, or regions of contiguous genes.

For example, CoGe (https://genomevolution.org/wiki/index.php/Synteny (accessed on 8 April 2021)), a platform for
performing comparative genomics research, defines a synteny as a valid deduction that two or more genomic regions
derived from a single ancestral region. Inferring “syntenic blocks” usually relies on inferring pairs of chromosomal regions
with a similar gene content and order. The SynMap tool of CoGe identifies such blocks by finding sets of homologous
gene pairs and merging them into regions.

Such synteny blocks or regions that are more conserved than average in the genomes can reveal regulatory or functional
interactions between the involved genes, or combination of alleles that are advantageous when inherited together.
Conversely, breakage of conservation in gene order or gene content is an important footprint of the evolution of genomes
through global rearrangements [24,25,26] that can be used to infer phylogenetic trees [27].



Two chromosomal regions with identical gene content and order can clearly be labeled as syntenic. However, because
syntenic regions are largely remodeled during evolution, it is usually necessary to relax this strict conservation
requirement, allowing for a certain gene content or gene order disruption. Notice that genes are usually represented as
signed (“+” for the 5'-3' strand and “~" for the 3'-5' strand) units, where the sign or orientation of a gene indicates on
which of the two complementary DNA strands the gene is located.

Thus, ranging from a strict definition in terms of conserved segments with identical gene content, order and orientation
[25] to the most relaxed one in terms of being located on the same chromosome, the notion of two regions being syntenic
has been defined in several ways, also depending on the evolutionary events being considered. In fact, during evolution,
syntenic regions evolve independently through local gene rearrangements or local events modifying their gene content,
such as tandem duplications adding genes or, conversely, losses removing genes. They also evolve collectively through
transpositions and translocations splitting a single synteny into two syntenies, or conversely joining two syntenies into
one; new syntenies are created through transposed duplications [28] or whole genome duplication, or conversely lost [29].
They are also passed to organisms through speciation or HGTs (see Figure 1).

From a combinatorial point of view, various formal definitions of synteny blocks, also called gene clusters have been
introduced to allow identifying them in a set of genomes [20,30] (see Figure 2). Notice first that although we define

syntenies as sequences of genes, from a combinatorial or an algorithmic point of view, any other marker or unit can be
considered instead of genes. The notion of common intervals [31,32,33] refers to conserved segments in which we relax
the conditions that genes appear in the same order or the same orientation. Formally, given K genomes represented as
permutations on an alphabet Z, a common interval is a subset S of Z such that in each genome, all the genes in S are
contiguous, i.e., grouped together with no other gene in between them, but not necessarily in the same order. In particular,
strong common intervals, defined as common intervals that do not overlap with any other common interval [34], have rich
combinatorial properties [30]. A more relaxed definition of synteny blocks account for possible gaps between genes. A first
formal model of max-gap clusters was introduced in [35] under the name of gene teams: Given K genomes, a gene team
is a maximum subset A of a set of genes I such that in each genome, any gene in A is separated by at most é genes from
another gene of A. Common intervals and max-gap clusters completely ignore gene orders. A compromise between gene
content and gene order conservation is given in [36,37] where two genes adjacent in one genome are required to be
separated by at most é genes in another genome.
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Figure 2. Pairs of regions where genes (or blocks) of the same family are represented by the same color. (1) Two
identical permutations; (2) Two common intervals; (3) A d-team (maximum chain of common genes separated by at most
J foreign genes) with 6=1; (4) Two gene orders on different alphabets and with gene duplicates.

| 3. The Sorting by Rearrangement Problem

In 2003, Pevzner and Tesler [ developed the notion of synteny blocks as chromosomal segments represented as
permutations, that can be converted to identical permutations through micro-rearrangements. The GRIMM-Synteny
algorithm [ constructs synteny blocks from a dot-plot of anchors representing similarities between genes or non-coding
regions, and chaining them ignoring micro-rearrangements.

The Sorting by Rearrangement Problem consists of inferring a rearrangement history of minimum cost, for a given model
of evolution, allowing the transformation of a permutation X into another permutation Y. For a unitary cost of operations,
we call Rearrangement Distance between X and Y the minimum number of allowed operations transforming one synteny
into the other.

Given two permutations, the Sorting by Rearrangement Problem has been shown to be solvable in linear time for the
inversion, translocation (including chromosomal fusion and fission), inversions+translocation distances 56 as well as
for the SCJ (Single-Cut-or-Join) 4 and the DCJ (Double-Cut-and-Join) distance [, where an SCJ event breaks or creates
an adjacency, and a DCJ event breaks two adjacencies and reconnects their extremities in any possible manner. SCJs
and DCJs are artificial events unifying most rearrangement events (inversions, transpositions and translocations) in a



single model. On the other hand, computing the transposition distance between two permutations has been shown NP-
hard [&, although efficient bounded heuristics exist, the best algorithm so far having an approximation factor of 1.375 [0,

| 4. Accounting for Gene Gain and Loss

In the above section, we restricted the review to the papers considering syntenies (or genomes) as permutations on the
same alphabet (same set of genes). However, gene loss and gene duplication can also modify the content of synteny
blocks.

As for gene losses, they are relatively easy to integrate in the sorting by rearrangement algorithms. More precisely, for the
case of syntenies represented as two permutations on two different alphabets (some genes occurring exclusively in one of
the two sequences), the inversion+indel problem which consists of computing the minimum number of inversions,
insertions and deletions (indels) transforming one synteny into the other, has been shown equivalent to the DCJ+indel
distance computation when the breakpoint graph representing the two syntenies has no “bad components” [11122]
Moreover, linear time extensions of the DCJ distance computation to the DCJ+indel distance computation have been
developed 231141 | addition, an extension of the MGRA algorithm, which reconstructs the ancestral genome of multiple
genomes using a multi-color breakpoint graph, has been extended to MGRA2 22! allowing for indels.

However, when duplicates are allowed in syntenies, an extra degree of difficulty is introduced as the one-to-one
correspondence between gene copies is not established in advance. In this case, all pairwise rearrangement problems
become hard 8l A review of the methods used for comparing two ordered gene sequences with duplicates can be found
in 4. These methods are grouped into two main classes: those following the Match-and-Prune model, aiming at
transforming strings into permutations to minimize a rearrangement distance between the resulting permutations [81191120]
(2] and those following the Block Edit model, introduced in its most general form by Lopresti and Tomkins 22, which
consists of covering the two compared syntenies with pairs of blocks to minimize several certain block operations. Such
operations can be substitutions, inversions, transpositions, but also duplications. To maintain the symmetry of the resulting
distance, a “block uncopy” (symmetrical to a duplication) is also considered.

As reviewed in 12, almost all versions of the Block Edit model are NP-hard. Moreover, even ignoring rearrangements and
asking for an optimal sequence of duplications and losses transforming a synteny into another is shown APX-hard even if
the number of occurrences of a gene inside a genome is bounded by 2 23], Exact exponential-time algorithms based on
Integer Linear Programming (ILP) 24123l and a polynomial-time heuristic based on dynamic programming 28 have been
developed for this model, the latter being extended to rearrangements (inversions and transpositions), in addition to
duplications and losses. The implemented OrthoALign software [l has been applied, in a phylogenetic framework, to infer
the evolution of transfer RNA repertoires in the Bacillus genus. Recently, an ILP formulation for the DCJ-Indel distance of
“natural genomes”, i.e., where any marker may occur an arbitrary number of times in any of the two genomes, has been
developed &, Notice that the problem is slightly easier to handle for balanced syntenies, (i.e., two syntenies containing
the same number of occurrences of each gene) though still NP-hard. For computing the DCJ distance of balanced
genomes, an integer linear programming (ILP) formulation has been developed 28, as well as a linear time approximation
algorithm using the adjacency graph (an alternative representation of the breakpoint graph) 22, with approximation factor
O(k) where k is the maximum number of occurrences of any gene in the input genomes.

Finally, more complex evolutionary models have been considered BYBY ynifying the study of various problems on
sequence alignment (nucleotide substitutions), rearrangements, duplications and homologous recombinations. These
models are tractable only under some strict conditions, such as the hypothesis of no breakpoint re-used in B9, or under
strict combinatorial constraints of the “history graph” introduced in B,

| 5. Accounting for Gene Trees

The aforementioned methods for inferring the evolution of a set of syntenies only consider syntenies’ contents and gene
arrangements, while ignoring the evolution of each gene family through nucleotide and amino acid substitutions and indels
affecting their sequences. A plethora of methods exist for reconstructing gene trees from sequence divergence. Classical
methods use a distance, maximum likelihood or Bayesian approach for inferring the gene tree best representing a
sequence alignment (e.g., PhyML B2, RAxML B3], MrBayes 34)), while others use a species tree, in addition to a multiple
sequence alignment, to model gene gains and losses inferred from the reconciliation between gene and species trees
(e.g., TreeBeST B8, phylDog B8, ALE B7). Several gene tree databases from whole genomes are available, including
Ensembl Compara 28], PhylomeDB B9 or Panther 49,
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