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��� ��	 ��	����� �� ��	 ��

�������� ��� �� ���	 ��� ��� ��!��� �	 ����������	���� ��� ����� ����	 �	� ���	� ��������

������	 ��� ��� ��� ��	��� ���� � ��� ���������� ������������ �����	����� ���������

�� ���	������� ����������� �� �
��������� �����	���" ��� ���������� '� ���������
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���� ���� ��� �� ����� ���� �����!�� �� ���	���� �����" #� ����
���� �� ����%� ����

��������� �� ����� ��� �������� �� �����!�� �� �������� �� ����� �	 �����	 �� ���

������� ��� �� !��� ���������	��� ��������	 ��� 	���� ������ �� �������	���� ��

����� ����� ��� ������� ����	��	 ���� ��	�	�� ��� ��� 
��	����� ��� �������� �� �����
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0.00389/6 = 6.483 · 10−4

a c db ac d b

ba c d

a c db
same topology

di erent 
topologies

4

n Tn Trn
2 1 1
3 1 3
4 3 15

n Tn−1 ∗ (2n− 5) Trn−1 ∗ (2n− 3)

10 2 027 025 34 459 425
20 ∼ 2.22 ∗ 1020 ∼ 8.20 ∗ 1021
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2Université de Lyon, Université Lyon 1, CNRS, Laboratoire de Biométrie et Biologie Évolutive UMR5558, Villeurbanne, France
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Abstract

DeCoSTAR is a software that aims at reconstructing the organization of ancestral genes or genomes in the form of sets of neigh-

borhood relations (adjacencies) between pairs of ancestral genes or gene domains. It can also improve the assembly of fragmented

genomes by proposing evolutionary-induced adjacencies between scaffolding fragments. Ancestral genes or domains are deduced

from reconciled phylogenetic trees under an evolutionarymodel that considers gains, losses, speciations, duplications, and transfers

as possible events for gene evolution. Reconciliations are either given as input or computedwith the ecceTERA package, into which

DeCoSTAR is integrated.DeCoSTARcomputes adjacencyevolutionary scenariosusinga scoring schemebasedonaweighted sumof

adjacency gains and breakages. Solutions, both optimal and near-optimal, are sampled according to the Boltzmann–Gibbs distri-

butioncenteredaroundparsimonious solutions, and statistical supportsonancestral andextant adjacencies areprovided.DeCoSTAR

supports the features of previously contributed tools that reconstruct ancestral adjacencies, namely DeCo, DeCoLT, ART-DeCo, and

DeClone. In a fewminutes, DeCoSTAR can reconstruct the evolutionary history of domains inside genes, of gene fusion and fission

events, or of gene order along chromosomes, for large data sets including dozens of whole genomes from all kingdoms of life. We

illustrate the potential of DeCoSTAR with several applications: ancestral reconstruction of gene orders for Anopheles mosquito

genomes, multidomain proteins in Drosophila, and gene fusion and fission detection in Actinobacteria.

Availability: http://pbil.univ-lyon1.fr/software/DeCoSTAR (Last accessed April 24, 2017).

Key words: gene order, software, reconciliation, protein domain, evolution, gene fusion/fission, rearrangements.

Introduction

Colocalization of genes along a chromosome, or combina-

tions of domains within a gene are genomic features that

evolve and can be gained or broken by rearrangements. We

will use the term gene to designate an evolutionary unit (a

gene or a domain or any smaller or larger module), andwe call

adjacency the link between two genes. An adjacency thus

represents either the link between two contiguous genes on

a chromosome, or the link between two domains of a protein,

or may also represent the link between two genes fused into a

single gene. The evolution of adjacencies is usually modeled

differently for different scales (Pasek et al. 2006; Ma et al.

2006; Wu et al. 2013; Stolzer et al. 2015), complex gene

histories are rarely handled in ancestral organization recon-

struction, and models integrating fusions and fissions of

genes are called for (Haggerty et al. 2014).

GBE
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We describe a software, DeCoSTAR, which reconstructs

putative ancestral states of adjacencies, for example, ancestral

domain structures of a modular protein, as well as chromo-

some organizations of whole ancestral genomes, or fusion/

fission histories or modular genes, when genes have complex

histories made of gain, duplication, transfer, speciation, and

loss events.

The input of DeCoSTAR consists in a species tree, a set of

extant gene families—each in the form of one or several gene

trees—and extant adjacencies between pairs of extant genes.

The gene trees and the species tree follow the reconciliation

framework that is described by Jacox et al. (2016). (Reconciled

gene trees are rooted gene treeswhose nodes are associated to

an evolutionary event, such as speciation, gene loss, gene du-

plication, or lateral gene transfer, and to a position in the spe-

cies tree. Numerous methods exist to build reconciliations, see

Åkerborg and Sennblad [2009], Bansal et al. [2012], Stolzer

et al. [2012], and Szöllosi et al. [2015] for example.) The species

treemay be dated or not, and gene families may be provided in

the form of a gene tree sample, a single gene tree, or directly a

fully reconciled gene tree. Reading direction (orientation) of

genes on the chromosome may be given or not. Accordingly,

ancestral genes are directed or not in ancestral organizations.

The output consists of adjacencies between ancestral genes

along with evolutionary scenarios composed of gains and

breakages of adjacencies. DeCoSTAR optimizes on a linear

combination of the number of gains and breakages of adja-

cencies along the species tree. It can sample among optimal

solutions, and thus give a statistical support to each inferred

adjacency. It can also sample in the space of suboptimal solu-

tions using a Boltzmann–Gibbs distribution centered on the

optimal solutions. As an option, it is possible to propose, based

on the adjacencies in other species, adjacencies that are not in

the input between extant genes; these new adjacencies can

be used to improve the assembly of extant genomes.

Note that input adjacencies depicting the linear organiza-

tion of chromosomes do not guarantee the same linear orga-

nization in ancestral genomes.We provide in the distribution a

linearization method (Manuch et al. 2012) to transform the

output in a linear organization if needed.

An example of input and output for DeCoSTAR is depicted

in figure 1where the evolution of three gene families linked by

some adjacencies is represented: The adjacencies follow the

evolutionary path of the genes they link and undergo specia-

tions (fig. 1A), are transferred (fig. 1B), disappear because of a

gene loss (fig. 1C) or adjacency breakage (fig. 1D), and are

gained (fig. 1E).

Features and Implementation

DeCoSTAR supersedes (with the exception of the ability of

DeClone [Chauve et al. 2015] to compute the exact expecta-

tion of the frequency of a property of interest using a variant

of the inside–outside algorithm) and combines all the features

of DeCo (Bérard et al. 2012), DeCoLT (Patterson et al.

2013), DeClone (Chauve et al. 2015), and ART-DeCo

(Anselmetti et al. 2015). The generalization of all these

methods offers novel capabilities, including the

Boltzman–Gibbs sampling of ancestral adjacencies in

the presence of transfers from error-prone/partial

genome assemblies. The integration with the software

package ecceTERA dedicated to reconciliations (Jacox

et al. 2016) adds novel features, such as the possibility

of taking unrooted gene trees or undated species trees as

input. As a novelty, it also fully handles gene orientations

whenever available, and provides statistical supports of

ancestral adjacencies by sampling among optimal

solutions.

DeCoSTAR is a C++program requiring the Bio++ library

(Gueguen et al. 2013) and the Boost library (BOOST 2003)

to be installed. It is a command-line program whose various

options and input can be specified on the command line or

given in a parameter file. It handles newick format for trees

and recPhyloXML (Gence 2016) format for trees and

reconciliations.

A detailed documentation of DeCoSTAR options, input and

output formats is available in the supplementary material

(Supplementary Material online) and is included within the

distributed version of the software.

FIG. 1.—A species tree (light blue), three reconciled gene trees (black,

red, and green) (losses are orange squares; duplications are green squares)

and a set of extant and ancestral adjacencies linking genes (white). (A) An

adjacency is inherited by both sister species after a speciation occurs. (B) An

adjacency between the red and green gene is transferred, and so are both

extremities of this adjacency. (C) The red gene undergoes gene loss and

thus both adjacencies it was a part of disappear. (D) The adjacency be-

tween the red and black genes disappears due to an adjacency break on

the branch leading to the leaf. (E) An adjacency is gained between the

black gene and the newly acquired red gene.
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Algorithm

Given a set of adjacencies between extant genes, DeCoSTAR

partitions it into homologous families. Two adjacencies a1a2
and b1b2 are homologous if a1 and b1, respectively a2 and b2,

have a common ancestor i1, respectively i2, such that i1 and i2
are in a different gene tree or, if they are in the same gene

tree, one is not an ancestor of the other. This relation is tran-

sitive, yielding a partition of the full set of input adjacencies

into families.

For each family of homologous adjacencies, a minimal cost

adjacency history, that is, a history that minimizes the number

of adjacency gains and adjacency breakages weighted by their

respective costs, is computed. This is done in a dynamic pro-

gramming matrix following a generalization of the propaga-

tion rules described in Patterson et al. (2013) (see table 1 and

below where we introduce the notation we use).

Once the dynamic programming matrix of has been com-

puted, backtracking on this matrix permits to produce an evo-

lutionary history for the family of homologous adjacencies. This

history takes the form of ancestral adjacencies (linking ancestral

nodes of the gene trees) and the events they undergo. Events

may occur to individual genes or to pairs of genes linked by an

adjacency, in which case it is called a coevent. A coevent implies

that the events from two different reconciled gene tree nodes

are part of a single event spanning multiple genes.

DeCoSTAR allows multiple backtracks of the dynamic pro-

gramming matrix in order to form a sample of adjacency his-

tories, either within optimal solutions or according to a

probability space defined by a Boltzmann–Gibbs distribution

centered on the optimal solutions.

Each propagation rule is translated into a specific term in a

dynamic programming equation for the reconstruction of an-

cestral states. The complete set of rules (19 rules, whose com-

binations cover all the cases encountered by the algorithm)

implemented in DeCoSTAR is the result of a complete rewrit-

ing of a combination of rules taken in the previous softwares,

aggregating them in more general rules. For comparison

DeCoLT (Patterson et al. 2013), a less general algorithm,

used a set of 23 rules.

For two genes a and b, we note c1(a,b) and c0(a,b) the cost

of, respectively, having an adjacency and having no adjacency

between a and b. We call a1 and a2 (respectively, b1 and b2)

the children of a (respectively b) (NB: if a [respectively b] only

has one child, then a2 [respectively b2] does not exist).

We denote by Gain the cost of a single adjacency gain. We

denote by Break the cost of a single adjacency breakage. Two

gene tree nodes a and b (from the same gene tree or not) are

said to be comparable if they are in the same species, if they

are in the same time slice when relevant, and if one is not an

ancestor of the other. Otherwise they are said to be

incomparable.

If the events at a and b (deduced from the gene tree/species

tree reconciliations) occurred simultaneously (which is only

possible if they are comparable), we call them synchronous.

Otherwise we call them asynchronous and have to take into

account if the event at a occurred before the one at b or the

opposite.

The different formulas of the propagation rules are combi-

nations of different cases where a and b are comparable,

synchronous and how many children they have.

The different case formulas are presented in table 1. In the

asynchronous cases, only the number of children of the events

that happens first (a in the figure) matters.

An exception to these rules occurs in the specific case

where a and b or their children are considered to be in an

extinct or unsampled lineage of the species tree (Szöllosi et al.

2013). In these specific lineages event of adjacency breaks are

not counted in the cost function.

If a and b both are leaves, the score associated to the pres-

ence of the adjacency relies on the adjacencies given as an

input. If the scaffoldingmode is used, then the formulas at the

leaves follow the ones described in (Anselmetti et al. 2015), as

described in table 2.

If Boltzmann sampling is used, then the formulas undergo

the same changes described in Chauve et al. (2015). Namely,

every occurrence of the+operator becomes a product, minðÞ
functions become sums, and any event cost EventCost be-

comes e�
EventCost

T , where T corresponds to a pseudo-tempera-

ture (the higher the temperature, higher the probability for

nonparsimonious scenarios to be sampled). The costs between

two leaves also follow a similar transformation.

Results

We tested DeCoSTAR on several biological data sets in order

to demonstrate its versatility in various contexts. The first ex-

ample shows a combination of options previously imple-

mented separately: Boltzmann sampling on the adjacencies

and the inference of new extant adjacencies in 18 mosquito

genomes under an evolutionary model where only duplica-

tions and losses are allowed.

The two other data sets show the application of DeCoSTAR

in a context different from gene order reconstruction: protein

modular architecture evolution, shown on a set of drosophila

genes in which we reconstruct ancestral adjacencies between

protein domains, and a history of fusions/fissions between

bacterial genes in the presence of transfers. Note that such

applications where previously discussed (see, e.g., the conclu-

sion of Patterson et al. [2013]), but had never been

demonstrated.

Eighteen Anopheles

We selected 14,940 gene families in 18mosquito species from

Neafsey et al. (2015). Gene trees were constructed with

RAxML (Stamatakis 2014) and corrected with ProfileNJ

(Nouhati et al. 2016) (keeping all branches with a 100%

Duchemin et al. GBE
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Table 1

Description of the Propagation Rules under Different Situations
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Synchronous Asynchronous (a before b)

c0ASY NCH(a, b) = min(
c0(a1, b) + c0(a2, b),
c1(a1, b) + c0(a2, b) +Gain,
c0(a1, b) + c1(a2, b) +Gain,
c1(a1, b) + c1(a2, b) +Gain)

c1ASY NCH(a, b) = min(
c0(a1, b) + c0(a2, b) +Break,
c1(a1, b) + c0(a2, b),
c0(a1, b) + c1(a2, b),
c1(a1, b) + c1(a2, b) +Gain)

c0ASY NCH(a, b) = min(
c0(a1, b),
c1(a1, b) +Gain)

c1ASY NCH(a, b) = min(
c0(a1, b) +Break,
c1(a1, b))

c0SY NCH(a, b) = min(
c0(a1, b1) + c0(a2, b1) ,
c1(a1, b1) + c0(a2, b1) +Gain,
c0(a1, b1) + c1(a2, b1) +Gain,
c1(a1, b1) + c1(a2, b1) + 2 ∗Gain)

c1SY NCH(a, b) = min(
c0(a1, b1) + c0(a2, b1) +Break,
c1(a1, b1) + c0(a2, b1),
c0(a1, b1) + c1(a2, b1),
c1(a1, b1) + c1(a2, b1) +Gain)

c0SY NCH(a, b) = min(
c0(a1, b1),
c1(a1, b1) +Gain)

c1SY NCH(a, b) = min(
c0(a1, b1) +Break,
c1(a1, b1))

c0SY NCH(a, b) = min(
c0(a1, b1) + c0(a2, b1) + c0(a1, b2) + c0(a2, b2) ,
c1(a1, b1) + c0(a2, b1) + c0(a1, b2) + c0(a2, b2) + 1 ∗Gain ,
c0(a1, b1) + c1(a2, b1) + c0(a1, b2) + c0(a2, b2) + 1 ∗Gain ,
c0(a1, b1) + c0(a2, b1) + c1(a1, b2) + c0(a2, b2) + 1 ∗Gain ,
c0(a1, b1) + c0(a2, b1) + c0(a1, b2) + c1(a2, b2) + 1 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c0(a1, b2) + c0(a2, b2) + 2 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c1(a1, b2) + c0(a2, b2) + 2 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c0(a1, b2) + c1(a2, b2) + 2 ∗Gain ,
c0(a1, b1) + c1(a2, b1) + c1(a1, b2) + c0(a2, b2) + 2 ∗Gain ,
c0(a1, b1) + c1(a2, b1) + c0(a1, b2) + c1(a2, b2) + 2 ∗Gain ,
c0(a1, b1) + c0(a2, b1) + c1(a1, b2) + c1(a2, b2) + 2 ∗Gain ,
c0(a1, b1) + c1(a2, b1) + c1(a1, b2) + c1(a2, b2) + 3 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c1(a1, b2) + c1(a2, b2) + 3 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c0(a1, b2) + c1(a2, b2) + 3 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c1(a1, b2) + c0(a2, b2) + 3 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c1(a1, b2) + c1(a2, b2) + 4 ∗Gain )

c1SY NCH(a, b) = min(
c0(a1, b1) + c0(a2, b1) + c0(a1, b2) + c0(a2, b2) + 2 ∗Break ,
c1(a1, b1) + c0(a2, b1) + c0(a1, b2) + c0(a2, b2) + 1 ∗Break ,
c0(a1, b1) + c1(a2, b1) + c0(a1, b2) + c0(a2, b2) + 1 ∗Break ,
c0(a1, b1) + c0(a2, b1) + c1(a1, b2) + c0(a2, b2) + 1 ∗Break ,
c0(a1, b1) + c0(a2, b1) + c0(a1, b2) + c1(a2, b2) + 1 ∗Break ,
c1(a1, b1) + c1(a2, b1) + c0(a1, b2) + c0(a2, b2) + 1 ∗Break + 1 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c1(a1, b2) + c0(a2, b2) + 1 ∗Break + 1 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c0(a1, b2) + c1(a2, b2) ,
c0(a1, b1) + c1(a2, b1) + c1(a1, b2) + c0(a2, b2) ,
c0(a1, b1) + c1(a2, b1) + c0(a1, b2) + c1(a2, b2) + 1 ∗Break + 1 ∗Gain ,
c0(a1, b1) + c0(a2, b1) + c1(a1, b2) + c1(a2, b2) + 1 ∗Break + 1 ∗Gain ,
c0(a1, b1) + c1(a2, b1) + c1(a1, b2) + c1(a2, b2) + 1 ∗Gain ,
c1(a1, b1) + c0(a2, b1) + c1(a1, b2) + c1(a2, b2) + 1 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c0(a1, b2) + c1(a2, b2) + 1 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c1(a1, b2) + c0(a2, b2) + 1 ∗Gain ,
c1(a1, b1) + c1(a2, b1) + c1(a1, b2) + c1(a2, b2) + 2 ∗Gain )

In the case where a and b
both are (comparable) losses:
c1(a, b) = 0
c0(a, b) = 0

In the case where a and b
are incomparable:

c1(a, b) = ∞
(no adjacency for incomparable genes)

c0(a, b) = min(
c0ASY NCH(a, b) ,
c0ASY NCH(b, a) )

(a is before b and b before a)

In the case where a and b
are comparable:

c1(a, b) = min(
c1ASY NCH(a, b) ,
c1ASY NCH(b, a) ,
c1SY NCH(a, b) )

c0(a, b) = min(
c0ASY NCH(a, b) ,
c0ASY NCH(b, a) ,
c0SY NCH(a, b) )
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bootstrap support and correcting the others to minimize du-

plications and losses in a reconciliation with a species tree).

A sample of 100 solutions was generated according to a

Boltzmann distribution with temperature 0.05. As the ge-

nomes are not fully assembled, we added the possibility of

proposing extant adjacencies (the scaffolding mode).

Combining these two options (sampling and extant adjacen-

cies proposition) is a specificity of DeCoSTAR as they were

hitherto only available separately.

This treatment provides a comprehensive history of dupli-

cations, losses and rearrangements of Anopheles, in addition

to novel propositions for the scaffolding of extant genomes:

187,870 ancestral adjacencies and 16,193 new extant adja-

cencies were generated, all with a posterior probability which

corresponds to their frequency in a sample. Figure 2 depicts

the connectivity of genes with other genes in the same extant

or ancestral species and thus gives an insight on the shape of

extant and ancestral genomes in the input and output. In the

input (see the black line), most genes have exactly two neigh-

bors with adjacencies weighted 1, but some have one or zero

neighbors because of incomplete assemblies. In the output,

extant genomes are better scaffolded (less genes with zero or

one neighbor, more with two) but ancestral genomes may

show some conflict (genes with three neighbors or more) be-

cause adjacencies evolved independently in the model.

Fly Protein Domains

DeCoSTAR can also be applied to protein domain architecture.

When doing so, gene trees become domain trees, evolving

along a species tree. Proteins are not modeled explicitly but

are rather formed by groups of domains linked together. Thus,

the resolution slightly differs from a similar previous approach

proposing to reconcile domain trees with gene trees (Stolzer

et al. 2015). For example, the transfers of domains from one

gene to another result in a sequence of adjacency gains and

breakages, while they were modeled as singular events there.

We exhibit an example of such an application on the protein

domain families described in Wu et al. (2012). It features

22,867 protein domain families in nine fully sequenced fly

genomes. Of these, we kept the 12,906 protein domain fam-

ilies that have at least one extant copy that is part of an extant

multidomain protein. Protein domain families were aligned

using MUSCLE (Edgar 2004) and their trees were inferred

using RAxML (Stamatakis 2014) with the appropriate model

(inferred using the RAxML perl helper script for finding the

best protein substitution model). The adjacencies used as

input reflect neighborhood relationship between domains of

the same extant protein.

There are in average 5,278 proteins per extant species in

the input data set with an average protein size of 2.030 do-

mains. DeCoSTAR was used to infer ancestral adjacencies

forming an average of 4,977 proteins per ancestral species,

for an average protein size of 2.188 domains. As with the

validation on the Anopheles species data set, some ancestral

protein domains have been erroneously inferred with more

than two neighbors, leading to the presence of some nonlin-

ear proteins in the ancestral species. Nonlinear proteins should

be seen as several linear proteins erroneously linked together.

Their presence decreases the total number of proteins and

Table 2

Description of the Score between Leaves

NOTE.—The two parameters Fadj and SPI used in the scaffolding modes, respectively, account for the position of the genes in their contig and the repartition of poorly
assembled genomes in the species tree; both parameters are described with more details in the supplementary material, Supplementary Material online. The scaffolding
mode and score given option can be used simultaneously as they affect a different set of adjacencies: respectively, the adjacencies absent from the input and the adjacencies
given in the input.
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increases the average number of protein domains per protein,

which would explain the difference in average number of

proteins and average protein size between extant and ances-

tral species.

A Fusion–Fission History in Actinobacteria

Adjacencies can be used to denote the fact that two genes are

fused into one. To illustrate this, we use a set of three gene

families from the HOGENOMdatabase (Penel et al. 2009) that

we, respectively, call A, B, and C. In all Actinobacteria present

in HOGENOM, theA and B genes are always present together,

but never with C genes. Furthermore, in a profile alignment,A

and B both align on disjoint, consecutive regions of C, covering

nearly 98% of its length. We use this signal as the marker that

A and B genes fused in order to give C genes.

To reconstruct the history of this system, we manually cut

each C gene into its parts that, respectively, aligned with A

and B, added them to the alignment of the family with whom

they aligned and put an adjacency between the newly formed

gene so that we could account for the fact that they fused.

We used an option of DeCoSTAR that specifies that an

adjacency at the root of its history should not be penalized

by a gain, as we do not make any assumption about the

ancestral fissioned or fusioned state (which is not the case

for ancestral genome reconstruction for example, where an

adjacency can always be considered as gained in some root

branch of the phylogeny). Moreover, we set the event costs so

that an adjacency break (corresponding to a fission event),

costs four times as much as an adjacency gain (corresponding

to a fusion event), following the results of (Kummerfeld and

Teichmann 2005; by default, from the gene order context, an

adjacency gain costs twice as much as an adjacency break).

The results obtained with DeCoSTAR are represented in

figure 3. It exhibits three adjacency gains (represented by an

upper G on the figure), which correspond to three indepen-

dent fusion events between gene families A and B.

Conclusion

There exists an extensive set of bioinformatics tools aiming at

reconstructing the history of an evolutionary unit, as a gene or

FIG. 2.—Density of the distribution of the degree of all genes inferred by DeCoSTAR on the 18 Anopheles data set. The degree of an extant or ancestral

gene is the sum of the weights of all adjacencies containing this gene. For extant genomes in the input (black line), this value can only be 0, 1, or 2. For

genomes in the output, extant (red line) or ancestral (green line), all values are possible because adjacencies have scores between 0 and 1, and a gene can

belong to an arbitrary number of adjacencies. The difference between the black and red lines are due to the scaffolding: genes with 0 or 1 neighbor are

linked to other genes as an output of DeCoSTAR. In ancestral genomes, some genes have degree three or slightly more.
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a domain or a gene concatenate. But they all make the as-

sumptions that, inside a unit, all sites have the same history,

and that two units are independent. The inter or intra unit

organization is rarely modeled, with the effect of missing an

evolutionary view on what the living is essentially made of:

organization and interaction. Here, we propose to depict this

interaction in the form of adjacencies between units, where

the units can be genes, gene domains, or parts of genes

having different histories like in the case of fusions or fissions.

We present a software—DeCoSTAR—that generalizes several

algorithms published by our group, is easy to install and to use,

allows a wide range of genomic events such as duplications,

transfers, losses, rearrangements, and can deal with poorly

assembled genomes. We demonstrate the utility of this soft-

ware on a diverse set of very large biological data sets where

taking the interactions between units into account is crucial.

We show that a single methodological framework can ac-

count for diverse situations whichwere previously approached

separately by ad-hocmethods. Up to changes in propagation

rules, the same principle can also be used to reconstruct an-

cestral states of any binary relationship, such as protein inter-

action, regulation, or coexpression.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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Jacox E, Chauve C, Szöllo00 si GJ, Ponty Y, Scornavacca C. 2016. ecceTERA:

comprehensive gene tree-species tree reconciliation using parsimony.

Bioinformatics 32:2056–2058.

Kummerfeld S, Teichmann S. 2005. Relative rates of gene fusion and

fission in multi-domain proteins. Trends Genet. 21:35–30.

Ma J, et al. 2006. Reconstructing contiguous regions of an ancestral

genome. Genome Res. 16:1557–1565.

Manuch J, Patterson M, Wittler R, Chauve C, Tannier E. 2012.

Linearization of ancestral multichromosomal genomes. BMC

Bioinformatics 13:S11.

Neafsey DE, et al. 2015. Highly evolvable malaria vectors: the genomes of

16 anopheles mosquitoes. Science 347(6217):1258522.

Nouhati E, et al. 2016. Efficient gene tree correction guided by species and

synteny evolution. PLoS One 11(8):e0159559.
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Abstract

Background: We propose the computational reconstruction of a whole bacterial ancestral genome at the
nucleotide scale, and its validation by a sequence of ancient DNA. This rare possibility is offered by an ancient
sequence of the late middle ages plague agent. It has been hypothesized to be ancestral to extant Yersinia pestis
strains based on the pattern of nucleotide substitutions. But the dynamics of indels, duplications, insertion
sequences and rearrangements has impacted all genomes much more than the substitution process, which makes
the ancestral reconstruction task challenging.

Results: We use a set of gene families from 13 Yersinia species, construct reconciled phylogenies for all of them,
and determine gene orders in ancestral species. Gene trees integrate information from the sequence, the species
tree and gene order. We reconstruct ancestral sequences for ancestral genic and intergenic regions, providing
nearly a complete genome sequence for the ancestor, containing a chromosome and three plasmids.

Conclusion: The comparison of the ancestral and ancient sequences provides a unique opportunity to assess the
quality of ancestral genome reconstruction methods. But the quality of the sequencing and assembly of the
ancient sequence can also be questioned by this comparison.

Background
Extant species are derived from a process of evolution and
diversification from species now disappeared. These spe-
cies are called ancient in general and ancestral if they left a
descendant. Ancestral genomic sequences can be esti-
mated through computation from a set of extant sequences
related by a phylogeny and a model of evolution [1], while
ancient genomic sequences in general can be sequenced
from the remains of dead organisms [2].

Ancestral genome reconstruction
Ancestral genome reconstruction can consist in predicting
a gene content in ancestral species [3], and for each gene
its sequence [1]. While originally used to study proteins or

isolated genes, ancestral genome reconstructions are now
robust at a scale larger than the gene, for fragments where
no rearrangement have occurred [4]. Methods for infer-
ring ancestral gene orders have also been explored [5-8].
Together, these methods open the way to the reconstruc-
tion of complete ancestral genomes, including their
sequences.
Obtaining ancestral sequences can allow, through the

study of physical properties of the reconstructed mole-
cules, the inference of the paleoenvironnements in which
these molecules evolved [9]. These methods also allow
access to an oriented and ordered view of molecular
events along the history of life. Moreover, they offer a bet-
ter understanding of this history and can further our
knowledge of the mechanisms linking organic sequences
to their functions [10].
Despite this, ancestral sequence reconstruction suffers

from several limits. Along with the study of molecular
evolution, it relies on the validity of models and their
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fundamental hypothesis. Furthermore, given that we are
interested in a phenomenon often distant in time, it is
at best difficult to obtain proofs validating proposed pre-
dictions. Thus, the validation of ancestral reconstruction
methods is often limited to robustness tests, or simula-
tions that themselves rely on the validity of the models
of evolution [1].

Ancient genome sequencing
Ancient DNA sequences is another way to have an access
to the past history of living organisms. Under certain con-
ditions it is possible to obtain genetic material through the
sequencing of the remains of an organism. Ancient DNA
sequencing began in the middle of the 80s with the clon-
ing and sequencing of fragments of mitochondrial DNA in
a museum specimen of Equus quagga, an extinct equine
species that disappeared in the XIXth century [11]. The
advent of PCR methods [12] and high-throughput sequen-
cing [13] followed by what is called third generation
sequencing [14] allowed the sequencing of several extinct
animals [15-17], ancient unicellular eukaryotes [18,19],
bacteria [2,20,21], metagenome [22], or virome [23].
The ancient sequences disclose a new source of infor-

mation concerning the evolution of lineages of interest.
They have already been used, among other things, to
understand the dynamic of extant populations of the
genus Homo [24-26], or other animals [27], to correct
and recalibrate phylogenies [17], or to better understand
past pandemics [18,19,2,20,21].
However, along with the problems specific to sequen-

cing technologies, ancient DNA sequencing is limited by
the post-mortem chemical degradation of DNA molecules
throughout time. Thus, like fossils, ancient sequences are
scarce while, unlike them, limited to recent times.

Yersinia pestis
Classified among Enterobacteriaceae, Yersinia pestis is the
bacterium thought to be responsible for the bubonic pla-
gue and the pneumonic plague. It diverged from the
Yersinia pseudotuberculosis lineage, in part through the
acquisition of two plasmids [28]. It has been demonstrated
that strains of Yersinia pestis caused the black death of
1347-1353 AD that is thought to have killed between a
third and half of the European population at that time and
persisted in Europe until the middle of the XVIIIth century
[29]. An ancient genome has been extracted and
sequenced [2]. It was the first whole ancient bacterial gen-
ome. Based on a substitution pattern compared to extant
Yersinia species, it has been hypothesized to take place on
the extant species phylogeny in the vicinity of a known
speciation node leading to two set of extant, sequenced
and annotated strains of the bacterium (see Figure 1).
The existence of several sequenced and annotated extant

genomes as well as the relatively short evolutionary time

separating them make their ancestor a good candidate for
an ancestral reconstruction including both sequence and
gene organization along the chromosome and the plas-
mids. However despite the short evolutionary time, while
substitutions are quite rare [2], there is a very active
dynamics of rearrangements, insertion sequences propaga-
tion, duplications, copy number variation (see Figure 2),
which makes the problem challenging.
The late-medieval ancient genome, likely close to that

ancestor, offers a validation opportunity for the ancestral
reconstruction method. We achieve here this recon-
struction and perform the comparison.
Note that a sequence of the same genome was proposed

recently by Rajaraman et al. [30], but was not issued from
ancestral reconstruction. The contigs of the ancient gen-
ome were scaffolded with a method including the phylo-
geny of relatives, and some parts of the assembly could be
corrected, but what we present here is not using at all the
ancient sequence in the reconstruction phase, it is done
only from independent extant data.

Methods
An overview of the method, including species tree con-
struction, gene tree construction and reconciliation,
gene order inference and gene tree corrections accord-
ing to this gene order, and eventually genic and inter-
genic sequence prediction, is illustrated on Figure 3.

Data set
The data consists in 13 Yersinia annotated genomes
(Figure 1) from which we extract 3772 homologous pro-
tein gene families containing at least two genes, using the
HOGENOM database [31]. Of these, 1971 have exactly
one copy per extant strain. This step corresponds to part
A in Figure 3.

Species tree
Using Muscle [32] (default parameters), we aligned the
1971 families, concatenated the variable sites of all align-
ments and obtained a phylogenetic tree using PhyML [33]
(100 bootstraps, otherwise default parameters) that we
rooted by separating the pestis from the pseudotuberculosis
clades, according to a consensus in the literature. In our
tree the branch separating the two clades is well sup-
ported, as well as the branches surrounding the ancestor
that we wish to reconstruct (see Figure 1). This step corre-
sponds to part B in Figure 3.

Gene trees
All gene families sequences were then aligned using Prank
[34] and one gene tree per family was computed using
PhyML (100 bootstraps, otherwise default parameters).
Because we are aligning recently diverged strains of the
same organisms [35], the sequences often have not
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Figure 1 Yersinia pestis and pseudotuberculosis phylogeny. Tree obtained using a 1971 universal gene families concatenate. Bootstrap
values are figured on the branches. For readability, the figured branch length is the inverse of the ten-logarithm of the real branch-length. The
ancestral species of interest to us is figured as a red diamond. The late medieval ancient genome hypothetical position is figured in gray and
dashed.

Figure 2 Dotplot between the sequence of two extant strains of Yersinia pestis: CO92 and KM10. Both strains are descendants of the
ancestor we focus on. Data was obtained by aligning the sequence of strain KIM10 on the sequence of strain CO92 using megablast (default
parameters, only hits with a length >102.5 were kept).
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Figure 3 Protocol used to obtain the ancestral gene order and sequence of a Yersinia pestis ancestor. A) Extraction and filtering of gene
families from extant genomes and alignment. B) Reconstruction of the species tree using a concatenate of the variant positions of 1971 universal
gene families. C) ML reconstruction of gene trees followed by the collapse of any non-supported branch (bootstrap <99) and the resolution of
the created polytomies using the species tree as a guide. D) Inference of ancestral gene adjacencies using DeCo. E) Detection and correction of
wrongly inferred gene trees based on the ancestral adjacency graph linearity. F) Reconstruction of the ancestral sequence of each gene
adjacency from their extant descendants. G) Alignment of the consecutive ancestral adjacency sequences to assemble the ancestral genome.
Similar colors indicates homology. Dots represent a gene as a node in an adjacency graph while oriented segments represent a gene as a
sequence.
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diverged enough to allow an unambiguous tree recon-
struction. So we collapsed all branches with a support
lower than 99 and then used ProfileNJ [36] to solve the
created polytomies. ProfileNJ reconstructs species tree
branches instead of collapsed branches and chooses
among several solutions with a Neighbor-Joining formula.
Distances for the Neighbor-Joining part were computed
with bppdist, a Bio++ suite software [37] (GTR + Γ(4)
model).
ProfileNJ also roots the gene trees according to “Last

Common Ancestor” reconciliation method, annotating
internal nodes with duplications or speciations, and
choosing a root minimizing the number of duplications.
Reconciled gene trees depict the history of the gene

family, including all ancestral genes, uniquely defined by
the reconciliation.
This step corresponds to part C in Figure 3.

Gene families filtering
From the 3772 gene families, some were discarded
because they showed signal of a process that we do not
handle well in our pipeline, gene transfer. Transfer was
suspected when a branch in the reconciled gene tree
would correspond to at least 4 independent losses in the
species tree. We also removed the families with more
than 5 genes in the black death ancestor, suspecting
insertion sequences, which are poorly handled by the
method. We also removed families containing genes
fully included in other genes: as we model the evolution
of gene orders, these would be difficult to handle. We
eventually removed families when the reconciled gene
tree did not contain a gene in the ancestor we want to
reconstruct.
The final data set contained 3656 families. Note that

when removing gene families from the study, we do not
necessarily give up the reconstruction of parts of the
ancestral sequence. We just define the removed parts as
intergenic. As we also reconstruct intergenic sequences,
this simply modifies the resolution at which we are able
to detect rearrangements.

Extant gene order and adjacencies
Each gene is a segment of a chromosome or a plasmid and
has a start and an end position on it. We identify these
positions as the extremities of the gene. A start position
may be greater than an end position: the order of the
extremities defines the orientation of the gene. We model
each genome by a graph, whose nodes are gene extremi-
ties of genes in that genome. We put an edge, called an
adjacency between pairs of extremities of a same gene.
Additionally if genes AA′ and BB′ are consecutive (A and
A′ are the extremities of the first gene, appearing in that
order on the chromosome or plasmid, and B, B′ are the
extremities of the second gene), we put an adjacency

between A′ and B. So extant genomes are sets of disjoints
cycles in a graph, modeling chromosomes and plasmids.
Gene extremities can be clustered into families, inher-

ited from gene families, and also inherit the reconciled
gene tree.

Ancestral gene order
Ancestral adjacencies between gene extremities were
inferred using DeCo [7]. It models the evolution of an
adjacency between two gene extremities following a parsi-
mony principle, i.e. minimizing the number of gains and
breakages of adjacencies, due to rearrangements. It takes
as input the species tree, all gene trees, and extant adjacen-
cies, and proposes a set of ancestral adjacencies between
ancestral gene extremities defined by the reconciled gene
trees. This step corresponds to part D in Figure 3.
DeCo assumes that adjacencies evolve independently.

This means in particular that ancestral gene extremities
can be involved in an arbitrary number of adjacencies.
Ancestral gene extremities and adjacencies are not neces-
sarily made of cycles as extant genomes, so we call this
object an adjacency graph. Figure 4 shows the obtained
adjacency graph at this step. While most of it shows a lin-
ear or circular structure, there are some gene extremities
with too many adjacencies, others with not enough.
There can be several reasons for the adjacency graph not

to be a collection of paths and cycles, as we would expect
if the data and methods were perfect. Incorrect gene trees

Figure 4 Ancestral adjacency graph obtained using DeCo on
the set of 3656 gene families. Each node is colored according to
its number of neighbors: green for two (ideal, linear case), turquoise
for one (where one adjacency has been lost), orange for three and
gray for four (when an error in the number of ancestral copies
creates conflict in the ancestral gene order).
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are probably the major source of such discrepancies, while
others may come from uncertainties in adjacency history
inference.
We transform the adjacency graph into a genome (i.e. an

adjacency graph that is a collection of paths and cycles),
first by correcting gene trees, by operations we call zipping
and unzipping, then by removing a minimum number of
adjacencies so that the remaining graph is a genome.

Correcting gene trees
This step corresponds to part E in Figure 3 and a more
detailed picture is on Figure 5.
Unzipping
Each ancestral gene extremity of a gene g should have at
most two adjacencies. If one has more than two, a first
hypothesis can be that in the real ancestral genome, the
gene g was duplicated in two copies, and each copy
would carry some of the adjacencies of g.
If in one extant species, there are two homologous

copies of the gene g, and their extremities share the
homologs of the adjacencies attributed to an extremity
of g, then we perform the unzipping operation.
It consists in making two genes out of g by modifying

the gene tree T of the gene family containing g. Only
the subtree rooted at g is changed, into a subtree rooted
at a new duplication node with two descendants: g and
a new gene g′. Then the two subtrees rooted at g and g′
are reconstructed, first by assigning all leaves to g or g′
according to their neighborhood; Then by constructing
subtrees on these leaves using ProfileNJ. In the case
where some leaves can’t be assigned to either g or g′
using their neighborhood (i.e. their extant neighbors are
not descendant of any of the ancestral neighbors), then
leaves are assigned to one of the two set of leaves
according to their mean phylogenetic distances with
them. Where there is a tie (for instance if all sequences
are identical, all distances are null), the leaf is randomly
assigned to one of the two leaf-set.
Figure 5A gives an example of an unzipping operation

on the ancestral adjacency graph and on the gene tree.
If the unzipping procedure increases the number of

adjacencies incident to a gene extremity of a gene h in the
immediate neighborhood of g in the adjacency graph, then
the unzipping procedure is applied to h as well, and then
to its neighbors, until the region is linearized.
Zipping
Another possible reason for a gene g to be involved in
more than two adjacencies is that two of these adjacencies
gh and gh′ concern two paralogs h and h′ which in reality
should form only one gene. In that case we perform a
zipping operation, similar to the one described in [38].
Let hd be the last common ancestor of h and h′ in their

gene tree. Suppose it is assigned to species s, whose des-
cendants are s1 and s2. It is a duplication node, and we

turn it into a speciation node by giving it two descendant
nodes h1 and h2, and assigning its descendant leaves to
either one of them, depending on whether they are genes
from descendants of s1 or s2. Then subtrees rooted at h1
and h2 are reconstructed using ProfileNJ.
Figure 5B gives an example of a zipping operation on

the ancestral adjacency graph and on the gene tree.
Zipping produces a new ancestral gene hd instead of two

paralogues h and h′. We propagate the same operation to
the neighbors of the ancestral gene hd in the adjacency
graph if they are themselves supernumerary paralogues.
Note that for zipping and unzipping, the propagation

mechanism allows the treatment of several consecutive
nodes, such that a large segmental duplication containing
multiple genes can be dealt with as long as there exists a
node to start the unzipping move (e.g. at one extremity of
the segmental duplication).
Cutting
Zipping and unzipping are tested independently for each
ancestral node with more than two neighbors. Each of
them should decrease the number of gene extremities
with more than two adjacencies. The operation that
decreases it the most is kept.
If none of zipping and unzipping succeeds in removing

all such supernumerary adjacencies (it is possible that
none of the hypotheses applies), then we remove as few
adjacencies as possible so that only gene extremities with
at most two adjacencies remain. This is achieved using a
maximum matching technique described in [39].

Ancestral sequence reconstruction
Ancestral sequences have to be reconstructed by pieces,
because they need a multiple alignment free of rearran-
gements. The pieces have to be glued together, and in
order to avoid between pieces border problems, pieces
have to overlap. This is why we reconstruct an ancestral
sequence for all pairs of genes which are connected by
an adjacency. Then pairs are aligned together on their
common gene, and merged.
We orient each adjacent gene pair with a first and a sec-

ond gene, each gene should be once the first gene of a
pair, and once the second in another pair. We use the
gene tree of the first gene as a guide, to construct a multi-
ple sequence alignment with the extant sequences that
contain this adjacent pair (thus, the sequences contains
both genes and the sequence between them when they are
neighbors in an extant species, and only the first gene of
the adjacency when they aren’t), and the ancestral
sequence using Prank [34].
Gene sequences at the ends of contigs are reconstructed

alone using their own tree. In consequence each inter-
gene sequence is reconstructed once and each gene
sequence is reconstructed twice and at least once with its
own tree. We assemble the obtained ancestral sequences
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Figure 5 Illustration of the unzipping and zipping on gene trees and adjacency graphs. A) Prior to linearization (left of the black arrow), the
gene g exists in one copy in the ancestor (vertical gray line on the tree) and two independent duplications occurs in its descendants (green hollow
squares). In the ancestral adjacency graph above each of g extremities displays two neighbors. Unzipping (right of the black arrow) modifies the tree
so that there are two ancestral copies g and g′ each corresponding to a different path in the ancestral adjacency graph (losses in the tree are
displayed as red crosses). B) Prior to linearization (left of the black arrow), two ancestral copies of the same gene h and h′ exist in the ancestor (vertical
gray line on the tree; losses in the tree are displayed as red crosses). In the ancestral adjacency graph above the extremities of h and h′ each share a
neighbor, forming a non-linear pattern. Zipping (right of the black arrow) modifies the tree so that there only one ancestral copy hd followed by
independent duplications in its descendants (green hollowed squares), forming one linear path in the ancestral adjacency graph.
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by aligning (using Smith & Waterman’s algorithm) the
ones sharing a gene and then making the consensus
sequence of that alignment, favoring the sequence recon-
structed with the tree of the aligned gene.
For instance, consider the ancestral path ABC (where

A,B and C are genes), we reconstruct the ancestral
sequence of A using its own tree, AB using A’s tree, BC
using B’s tree and C using its own tree. Afterward the
ancestral sequence of A is aligned with the ancestral
sequence AB, favoring the sequence of A when comput-
ing the consensus. Then the sequence AB is aligned
with the sequence BC, favoring the sequence BC in the
consensus (as both sequences align on gene B and BC
used B’s tree for the reconstruction). Finally, the
sequence ABC is aligned with the sequence C, favoring
C in the consensus.
A graphical view of these steps are given in Figure 3,

parts F and G.
Note that, as stated before, the ancestral sequence

reconstruction needs a multiple alignment free of rearran-
gements. This means that the size of the recombination
events that can be taken into account for ancestral
sequences reconstruction depends on the density of the
markers (here, the gene extremities of 3656 gene families)
used in the ancestral order reconstruction step.

Results
The shape of the ancestral genome
We perform the whole process of ancestral gene order
reconstruction for three data sets: the whole set of filtered
families, the set of D free families, without duplication and
the DL free families, without duplication nor loss.
Ancestral gene order is computed with the whole set,

but it gives fragmented paths in the adjacency graph. The
fragments are progressively assembled using the D free
and DL free gene orders.
The ancestral gene order was reconstructed for the

chromosome (3342 genes) and the three plasmids (pCD:
74 genes, pMT: 87 genes, pPCP: 5 genes). The plasmids
pCD and pPCP were obtained as circular elements in
the adjacency graph, while the plasmid pMT was repre-
sented by one linear fragment. The chromosome was
obtained as three linear components. To join these com-
ponents, we ran DeCo on their six extremities using a gra-
dient of adjacency gain/loss costs ratio (from 1/10 to 10/1)
and scored each potential adjacency by the number of
times it was observed. We then applied a weighted maxi-
mum matching technique [40] to extract the best possible
order between the fragments (only one optimal solution
remained).
The ancestral gene order is different from all extant

genomes. For example it is an intermediary between the
two extant strains CO92 and KIM10. Figure 6 B and C
show the gene order comparison between the ancestral

genome and two extant ones, while a comparison
between the two extant ones is shown on Figure 6A. The
isolated dots on the dotplots of Figure 6B and C are
probably reconstruction errors. While they could be
explained as small rearrangements, they probably are arti-
facts of the adjacency graph linearization method, like a
leaf falsely associated to a subtree in an unzipping event
for instance.
The ancestral sequences of the plasmids pCD, pMT and

pPCP were entirely reconstructed, for a total of respec-
tively 100.1 kb, 67.7 kb and 9.6 kb. Concerning the ances-
tral chromosome, a total of 4.7 Mb of ancestral sequence
was reconstructed, which is close to the size of the extant
chromosomes of Yersinia pestis strains (e.g. 4.7 Mb for the
strain Antiqua). A lack of signal in extant genomes due to
convergent rearrangements, prevented the reconstruction
of four ancestral adjacencies. Because of these, the ances-
tral chromosome sequence is actually composed of four
disjoint fragments (their sizes are respectively 3.44 Mb,
0.67 Mb, 0.40 Mb and 0.19 Mb).
The reconstructed ancestral sequences are avalaible in

Additional file 1.

Comparison to the ancient genome
Using Megablast [41] we aligned the 2134 ancient Yersinia
pestis contigs obtained by Bos et al.[2] (avalaible at http://
paleogenomics.irmacs.sfu.ca/FPSAC/, last accessed 19 june
2015) against the obtained ancestral genome, including
chromosome and plasmids.
We examine 2179 hits of length >102.5bp from 2087

contigs (see Additional file 2 for the bimodal distribution
of hit lengths which justifies this threshold). The others
are full of repeated elements, making the comparison diffi-
cult. As a consequence the examined hits all match to the
chromosome and none to the plasmids.
Gene order
These hits show a quasi-total congruence between the
organization of the ancient and ancestral sequence.
Figure 7 represents the correspondence between the two
in the form of a dotplot, where contigs of the ancient gen-
ome are concatenated according to the ancestral sequence.
Three isolated dots deviate from the central line. Two of
them concern large repeated regions, that is, the whole
contigs match at several places. Only one seems to be a
real discordance between the two genomes. Two contigu-
ous regions of the contig hit on two different ancestral
sequence fragments. This chimeric contig (number 8335
in [2]) had already been observed by Rajaraman et al. [30]
in their scaffolding of the ancient genome. This stretches
the proximity and the differences between the two
approaches. Indeed, the latter, called FPSAC, takes as
input the ancient contigs and the extant genomes, frag-
ments the contigs according to their alignments to extant
genomes, and orders fragments. Here we don’t use at all
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the ancient contigs and start from extant genes. So we are
independent of the extraction and assembly methodology
for the ancient sequence, and we can compare to it. More-
over, all our sequences are computationally reconstructed,
which was not the case of those obtained with FPSAC.
So at a large scale, there is only one difference which

can be an assembly error in the ancient sequence or a
derived mutation of the ancient bacteria, because the
ancient configuration is not supported by extant
genomes.
Sequences
At a finer scale, differences are more numerous.
Approximately 81% of the 2084 contigs with a hit are
exact matches to the ancestral genome. We examined
some of the remaining and found that the differences
could be explained by three kinds of error sources in
the ancestral or ancient sequences:

• Lack of sufficient data for ancestral reconstruction:
it is the case if only one of the two children which
branches off the ancestor, in addition to an out-
group, support the presence of a sequence. In that

case there is no comparison point to infer some
bases, and some are inferred differently than in the
ancient sequence.
• Lack of a good model of evolution at an intermedi-
ary scale, like duplication of small elements. They
are here included in alignments and indel models,
which do not account for repetitions.
• Assembly errors in the ancient sequence.

Consider for example the ancient contig number 497
where a mismatch occurs when aligned with the ances-
tral sequence. The mismatch is situated in an intergenic
region of the ancestral genome that is present in one
descendant of the reconstructed ancestor and two out-
group Yersinia pestis species. Consequently, the ances-
tral sequence was reconstructed using a tree where the
node of interest was along a branch, missing a compari-
son point (i.e. another descendant) to choose between
its descendant allele and the outgroup allele.
Consider also the ancient contig number 8849 which

aligns with one mismatch to the reconstructed ancestor.
At the position of the mismatch, all extant (group and

Figure 6 Dotplot between the ancestral genome and two extant strains of Yersinia pestis: CO92 and KIM10. Both strains are
descendants of the ancestor we focus on. Data was obtained using the extant adjacency graphs of strains KIM10 and CO92 and concerns genes
order. Vertical and horizontal lines separate the different molecules (here the chromosome and the plasmids). A) dotplot between the gene
orders of the two extant strains KIM10 and CO92. B) dotplot between the gene orders of the ancestral genome and the extant strain CO92. C)
dotplot between the gene orders of the ancestral genome and the extant strain KIM10.
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outgroup species) sequences bear the same allele and
thus the reconstructed ancestral sequence bears it too.
However, the ancient contig bears another allele at that
position. If we consider the ancient contig as correct,
then this difference would be an original mutation on
the ancient strain. Such an hypothesis could be checked
by mapping the ancient reads to their contigs in order
to assess the validity of that specific allele. However, we
note that the original study [2] that used read data to
call SNPs did not detect any that were specific to the
ancient strain.
There are also differences that are more structural in

kind. For example 43 contigs show some structural dif-
ferences with the ancestral genome. On 39 of them, the
ancient contig displays two contiguous or slightly over-
lapping hits that are more distant on the ancestral gen-
ome (on 21 occasions, they are more than 300 bp apart
in the ancestral sequence), as in Figure 8A. On 4 ancient
contigs, contiguous regions are shown as overlapping in
the ancestral genomes, as in Figure 8B.
Such discrepancies can sometimes be explained by

errors in the ancient sequence, especially in regions
where repetitions occur. For instance, the case illu-
strated on Figure 8A, is seen on the contig number
8335 obtained by Bos et al.[2] (which is also the

chimeric contig but this discrepancy is independent).
Around position 1860, that ancient contig displays one
occurrence of a 20-mer. However, the reconstructed
ancestral sequence has two consecutive occurrences of
that 20-mer. This region is situated in an intergenic
region, so it has been reconstructed by an alignment of
an adjacency with its two flanking genes. The extant
species (descendant of the reconstructed ancestor or
not) which have this gene adjacency all display two
occurrences (in favor of the ancestral reconstruction) at
the exception of Yersinia pestis strain CO92, the Yersi-
nia pestis reference genome which was used to map the
ancient reads in [2]. While the fact that we did not use
the raw reads obtained in [2] prevents us to draw any
definitive conclusion, this appears to be an error in the
ancient sequence assembly, caused by a derived muta-
tion in the genome used as a reference.
Conversely, it happens that similar patterns are better

explained by errors in the reconstructed ancestral
sequence. Such a case occurs on the locus where the
ancient contig number 5613 maps. The situation is also
similar to Figure 8A. Two contiguous regions hit at a dis-
tance of 1315 bp on the reconstructed ancestral sequence.
The sequence separating the two hits in the ancestor is
only supported by one extant descendant (Nepal strain)
and the other extant descendants match the ancient contig
in only one long hit. This seems to be an error due to the
absence of an evolutionary model allowing big insertions.
Prank models indels but 1315 bp is not really an indel but
is rather an insertion of what should perhaps have been an
evolutionary unit. It seems that the indel model prefers
losing several times such a long DNA segment rather than
inserting it once in a terminal branch of the phylogeny. So
we can expect a small number of such false additions in
the ancestral sequence.

Discussion
A complete reconstruction of an ancestral genome at
the nucleotide level requires to take into account evolu-
tionary events at several scales: nucleotide substitutions,
indels, duplications, losses, recombinations, transfers,
transposable elements propagation, rearrangements.
Each level is handled by dedicated bioinformatics tools
which are rarely used together.
We associated here gene content/sequence/order tools

in order to attempt the reconstruction of a whole ancestral
bacterial genome, including a chromosome and three plas-
mids. We chose an organism from the Yersinia pestis
clade because of a recently published ancient sequence.
Despite being relatively recent at the evolutionary scale
(650 years), the evolution at all levels, and in particular in
genome structure and organization, makes the problem
difficult. The difficulty can come from numerous events
(rearrangements, insertion sequence dynamics), but also

Figure 7 Dotplot between the late medieval Yersinia pestis
genomes and the reconstructed ancestral sequence. The
reconstructed chromosome was aligned to the 2134 ancient
contigs, using megablast (default parameters, only hits with a
length >102.5 were kept). Contigs are concatenated according to
the reconstructed sequence, so the agreement is partly due to the
fragmented nature of the ancient sequence. The contigs with hits
departing from the diagonal are circled in red.
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from scarce events (substitutions) that prevent recon-
structing gene trees from sequences because of a lack of
information.
We did not only assemble existing tools that handle

evolution at different levels, but also report methodolo-
gical novelties, like the zipping and unzipping processes
to modify gene trees and linearize adjacency graphs.
Using synteny information to construct gene trees is
rarely achieved [36] and linearizing often only use cut-
ting operations [39].
We cannot explicitly handle recombination events or

gene transfers, duplications at levels different from the
gene, and propagation of insertion sequences. Some tools
exist to reconstruct gene content or order in the presence
of transfers [3,42], but not equivalent to ProfileNJ [36],
which we used because of a lack of signal from the
sequences in many gene families. It has not been devel-
oped for transfers apparently for algorithmic purposes
[43]. Transfers will probably limit the quality of the
sequence, which at recombination points will be recon-
structed with a wrong gene tree. We expect these limits to
be rare, as we found only little evidence of gene evolution
clearly discordant with the species tree.
Another limit of this method is that it handles evolu-

tion at three different scales: sequence, gene content,
gene order, while evolution happens at a continuum of
scales, some part of it we don’t explicitly model. This is
for example the case for small duplications: gene dupli-
cations are handled but if they are smaller than genes,
duplications will be part of sequence evolution, where

the models and alignements take indels into account
but not duplications. This is also the case of insertion
sequence propagation. If insertion sequences are anno-
tated as genes, their dynamics is sometimes so fast that
parsimony duplication/loss principles are not accounting
for it, even within a very small amount of time. If inser-
tion sequences are taken in intergenic regions, they will
again be handled inside alignments and yield a small
amount of false positives.
A small part of the sequence is not reconstructed

because of convergent rearrangements which have wiped
the traces of some intergenic sequences. These convergent
rearrangements also introduce one ambiguity in the ances-
tral gene order. It is possible that it reflects an ancestral
polymorphism which has differently been resolved in dif-
ferent lineages.
Polymorphism, and the absence of it in our ancestral

genome, is another limitation of such an approach. The
ancient population was probably composed of several var-
iants, and the 650 years might not be sufficient to sort out
all of it. So we are not sure that a single organism carried
the genome we reconstruct, but it might be a consensus of
several genomes.
Yet these limits concern probably a very small percen-

tage of the sequence, which is largely reconstructed with
a total match to the ancient sequence. Beyond the meth-
odological challenge and the interesting comparison
with an ancient genome, the goal of such a reconstruc-
tion is not to find an application in synthetic biology,
but to understand the evolution of this dangerous

Figure 8 Different hit patterns for ancient contigs on the ancestral sequence. A) Contiguous or overlapping hits are more distant on the
ancestor. B) Contiguous or distant hits are closer together (or overlapping) on the ancestor.
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pathogen. Substitutions, which apparently are only a
minor part of the story, are often the only marker of
evolution (for example in [2]) because of a better avail-
ability of performing tools.

Conclusions
In conclusion, we report here the reconstructed ances-
tral bacterial genome of an ancestral Yersinia pestis. The
reconstruction is achieved using already published soft-
ware and methods but also introduces methodological
novelties, especially concerning ancestral adjacency
graph linearization, leading to the obtention of larger
reconstructed ancestral chromosome fragments.
The comparison of the reconstructed ancestral gen-

ome with an ancient sequence provides the opportunity
to assess the quality of the reconstruction. It appears
that while the reconstruction methods display some
limits for events spanning more than a few nucleotides
and smaller than a gene (for instance, a gene domain
duplication), they yield good results concerning small
(substitutions, short indels) and gene-scale events(for
instance, gene duplications or rearrangements spanning
at least a gene).
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xing all families but one

propositions

One proposition chosen 
on the basis
of its global score

same method, with a di erent family

Base solution: 
optimize families independently

Iterate accross 
all gene families

Global score optimization scheme
OR no change

Scurrent Snew Temperature

Temperature
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Z(u, x) = ZNoSoL(u, x) + ZspeciationOutLoss(u, x)
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Z(u, α) =∑
π∈Πu

(
PCCP (π|u)wS ∗ ZbifurcationOut(π, α)

)

+ZNeutral(u, α) + ZtansferBack(u, α)
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ZNoSoL(u, x) =∑
π∈Πu

(
PCCP (π|u)wS∗(Zspeciation(π, x)+Zduplication(π, x)+ZspeciationOut(π, x)

))

+Zneutral(u, x) + ZspeciationLoss(u, x) + Zleaf (u, x)
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Zspeciation(π, x) =(Z(π[1], x1) ∗ Z(π[2], x2)
)
+(Z(π[2], x1) ∗ Z(π[1], x2)
)

Zduplication(π, x) =(Z(π[1], x) ∗ Z(π[2], x) ∗ δ)

Zneutral(u, x) =
Z(u, x1)

ZspeciationLoss(u, x) =(Z(u, x1) ∗ λ
)
+(Z(u, x2) ∗ λ
)

Zleaf (u, x) =
1 , if the leaf of u maps to x
0, otherwise

ZspeciationOut(π, x) =(Z(π[1], x) ∗ Z(π[2], αx)
)
+(Z(π[2], x) ∗ Z(π[1], αx)
)

ZspeciationOutLoss(u, x) =(Z(u, αx) ∗ λ−ZNoSoL(u, x) ∗ τ
)

ZbifurcationOut(π, α) =(
Z(π[1], α) ∗ Z(π[2], α)

) ZtansferBack(u, α) =∑
x∈S(tsα)

(
ZNoSoL(u, x) ∗ τ

)
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A B C

D E F

• cAdup = cdup + Adup

• cAtr = ctr + Atr

• cAloss = closs + Aloss

cdup closs ctr

R

C



C = topology + reconciliation+ co− event′ =

wS ×−log
( PCCP (T )

PCCP (Tmax)

)
+

(
cdup.nNAdup + closs.nNAloss + ctr.nNAtr

)
+

(
cAdup.nAdup + cAloss.nAloss + cAtr.nAtr

)
+

� ����� wS� PCCP (T ) ��� PCCP (Tmax) ���� �	����
 ������ �� 
�� �������� ����
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Z(u, x) =
∑

R∈R(u,x)

B(R)
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• Aδ = e−
cAdup

T

• Aτ = e−
cAtr
T

• Aλ = e−
cAloss
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d=0 d=0

d=0

d=0 d=0

d=1 d=1

d=1

d=1

d=2

d

Z(u, x) =
∑

0≤d<xD

(
Z(u, x, d)

)

x

Z(u, x, 0) =

Zd−dependant(u, x, 0) + Zd−independant(u, x) + ZspeciationOutLoss(u, x)

Z(u, x, d) = Zd−dependant(u, x, d)

Zd−dependant(u, x, d) Z(u, x, d)

d

Zd−dependant(u, x, d) =∑
π∈Πu

(
PCCP (π|u)wS ∗ (Zduplication(π, x, d) + ZspeciationOut(π, x, d)

))

+Zneutral(u, x, d)

Zd−independant(u, x, d) Z(u, x)

d Z(u, x, 0)

Zd−independant(u, x) =



Zspeciation(π, x) =(Z(π[1], x1) ∗ Z(π[2], x2)
)
+(Z(π[2], x1) ∗ Z(π[1], x2)
)

Zduplication(π, x, d) =(
Z(π[1], x, d) ∗

∑
0<i≤d

(Z(π[2], x, i)
) ∗ δ

)
+

(
Z(π[2], x, d) ∗

∑
0<i<d

(Z(π[1], x, i)
) ∗ δ

)
+

(
Z(π[1], x, d− 1) ∗

∑
0<i≤d−1

(Z(π[2], x, i)
) ∗Aδ

)
+

(
Z(π[2], x, d− 1) ∗

∑
0<i<d−1

(Z(π[1], x, i)
) ∗Aδ

)

Zneutral(u, x, d) =
Z(u, x1, d)

ZspeciationLoss(u, x) =(Z(u, x1) ∗ λ
)
+(Z(u, x2) ∗ λ
)
+(Z(u, x1) ∗Aλ
)
+, if x2L > 0(Z(u, x2) ∗Aλ
)
, if x1L > 0

Zleaf (u, x) =
1 , if the leaf of u maps to x
0, otherwise

ZspeciationOut(π, x, d) =(Z(π[1], x, d) ∗ Z(π[2], αx)
)
+(Z(π[2], x, d) ∗ Z(π[1], αx)
)

ZspeciationOutLoss(u, x) =(Z(u, αx) ∗ λ
)
+(Z(u, αx) ∗Aλ
)
, if xL > 0

ZbifurcationOut(π, α) =(
Z(π[1], α) ∗ Z(π[2], α)

) ZtansferBack(u, α) =∑
x∈S(tsα)

(

ZNoSoL(u, x) ∗ τ+
ZNoSoL(u, x) ∗Aτ , if xT > 0

)

d
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split of the gene tree no split of the gene tree
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∑
π∈Πu

(
PCCP (π|u)wS ∗ (Zspeciation(π, x)

))

+ZspeciationLoss(u, x) + Zleaf (u, x)
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���� 	�� ������� ����	
��� �� �������

������ ��� ������ �� 	
��	� ���� ��
 �� �	����� 	� �
 ��� �����

')*



speciation 
to dead lineage
and loss

transfer back
to the lineage



BC ADEFGH BC ADEFGH

u x d

O(|S ′| ∗ |G| ∗dmax) dmax

d

min()

dmax



��� �����	�

������ ��	
����� � �
���
 	
��� ��� ������	 �� �������� ��� � ���� �� ���
� ����

�� ���
���
�
 �����	��	 �� ����� �� ������ ���� ��� ������������ �� ������ �������

�������� ���� ��� 	
��� ������	��	 �	 �����	 ���� 	���� ��� ��� ���� ����	 
�����

�	 ��� �
���
 	
��� ��
���	�	 ��� �
	� ������ �	������	 �� ���
���
�
 ���	���	� ��

�����
�
�� � �� ������	��� �� ��� 	���	 �� 
���� ��
��
�
������	 �����	 ��
��	�� �	 �

��������� ������� ������	 ���� 
��	���� ���� ����
��	 �����������
� ��

 ���� ��

������	������ ���	� ����� ���� �
���

� 
�� ��

 	�������� ����� ����

����� �����	
�	

� ���
��� ��� ������	 � ����
���� �� ����� �����	��	� ���  �	� ��� ��� 	��	��	

�� ���� ����
��	 ���
���� ����� � 	�� �� 36 �����
	 ��� ���� �������� ���� ���

!�	���
 "������ ������	� ���
��	� #$ �� %�
����� &'() * +,���	 �� ���� &'()-��

��� ����� �����	�� 
����	����	 �� ��� ����� �����	�� �	�� �� .�/

0	� �� ��� +&'(1-

��� �	 
����	�� �� ���� ����
��	 ���� ��� �23!425 ������	� ���
��	� ') * +6���


�� ���� &''7-� ���
���� ����� 28 ����� 	��
��	� ���	 ����� �����	��� ��
��� ��� ���

�����
��� ���	� ��

���	 ���������
 ���� ����	���	�

8��� ��� 
���
��� 	�� �� ���� ����
��	 �� ��� ������	�	� � ���
��� ���  
���	 ��

��� ���� ����
��	� ���  �	�  
��� 	�
�
� ����
��	 ���� ���� � ���� 
��� �� �� 
��	�

��
� �� ��� 	��
��	 �13 	��
��	 ��� ��� �����
��� �����	��	� 14 ��� ��� �����
 �����

���	  
��� ���	 �� �������� ��� ���� ����
��	 ���� ��� ��
� ���	��� �� � ��� 

���	

��� ���	� ��	���� ���
� ������ ���
� ���� ���� 
�		�	 �� ��
� 	��� � ���
���� ��

��� 	��
��	 ����� ��� 	�
���  
��� ���� ��
� ��� ����
��	 ���
� ���� �� ��	� �	

���� ����	 �	 ���
� ��� ������ �� 	��
��	 �72 ��� �����
	� 56 ��� ������� ���	

	�
���  
��� �	 ���� �� ���� ��
� ����
��	 ���	� ���
����� �	 ��� ��� 
���
�9 ���

��� ���� ��� �������	�	 �� � ���	�������	 ��� :��	�����	�������	� ��
��
�
������

�	 ���	����
� ��	 ����
��	 ���� 
��	 �� ����	 ��� 	����	�� �� ���� � ������ ���� ��

���
�
����� ��� ����	��� ��� ���	 � ���� 
���
�9 ��	������

8�� �

 ����� �����	��	 ��� ��;�
��
��	 �	�� 
����	���� �� ������������� �
���

� 
�����	����

(1'



Ornithorhynchus anatinus
Monodelphis domestica
Macropus eugenii
Echinops telfairi
Procavia capensis
Loxodonta africana
Dasypus novemcinctus
Choloepus ho manni
Erinaceus europaeus
Sorex araneus
Tursiops truncatus
Bos taurus
Sus scrofa
Vicugna pacos
Equus caballus
Canis lupus
Felis catus
Pteropus vampyrus
Myotis lucifugus
Oryctolagus cuniculus
Ochotona princeps
Ictidomys tridecemlineatus
Cavia porcellus
Dipodomys ordii
Mus musculus
Rattus norvegicus
Tupaia belangeri
Otolemur garnettii
Microcebus murinus
Tarsius syrichta
Callithrix jacchus
Macaca mulatta
Pongo abelii
Gorilla gorilla
Pan troglodytes
Homo sapiens

������ ��	
� �
� ������� ���� ���� �� �
� ��������� ���������� ���� �
�� ����
�����
 �����
� ��� ��� ����������� 
����

��� ��������� 	�
����
�

�� ��������� ������� �
��� ��������� ������� �� ������� ������� ��������  �������

������� 
! �� "������� #$	% & '(���� �� ���� #$	%)*� +�� �� 6 695 ��������� 5 180 ������,

���
 -����� ��� ��� �� �
��� . ��������� �/� ��������� ���������� �����������, 500

��� 1 000 �������, �
���� ���� ���������

��� ���
 �������� ���� ��������� . ��� � ������ �� 10 000 ��������� �����  ��������

����� .0���� '���,�� �� ���� #$	1)* �� �
� ����� ��� �
� ������������ �� �
��� 223

��������������

�
� ������� ���� ���� ���������� �� �
� ������� ��������� ������� ����� ��

�
�/� �� ������ ��	
�

��� ���
 �� �
��� �/� ���������� ��4�������� /
��� �5������� ���� �
� �������� ��

����� ����� �
���������  �� ��4�������� ���������� �� � ����
����
��� ���������

�
���*� �
� ��������� ������� �������� �� �
�� �������� ���������� �� �
� ����

������� �� ������� ��� ��� ��� ����������, /��� ���������� /
��
 
�� �����6������

�� ����� �� ��4��������� .����� ������� �� �� ���, ����� ��� �������� �� �
��� �������

��� �
� ������ �� ��4�������� ��� ������ ������ ���� 3 �� 529 �� �
� ���� ��� /��


500 ���� ��������� ��� ���� 14 �� 1 079 ��� �
� ��� /��
 1 000 ���� ��������  /
���

	1	



������ ���� ��	
 	���	� 
�������� �� ����� �� ������ �� ����� ���
 ��������� ��

������������ ������ ��� �������� ���	
��� � ��		 ����
��� ��� �����	���� ������ ��

������ !� ����� ������ �"���� ��#�������� ��� ��� ��
�	���� ��� ���� � ���� $���

 ���	����� �� ��� %&'()* ��� �����	���

��� �����	 
����
��


+�� �� ��� 11 295 ���� ����	��� ���� �� ��� ����� ����,��� �� �-.		/�� �� ��� %&'()*�

1 974 ������ ����� � ���	��� ���� 0	�����

+�� �� ����� 1 974� � ����
�� ��� 72 ����	��� ����� ��������� ���� ���� 1 300

�	���� ������� ��� �����,��,������� ���	���������� �� ��� ������ � ��� �� ����	�

��� ��	������ ��������� �� ��� 0��� ��� �� �		 ����� ����� �� ��,�
�	����� $��� ���

������� ����� ����	��� ��������� ��� ��� ��1 ������������ ��� �������	������ ���

��� ��		����� �������� ���	� ��� ����	� ���� �� 	��� ���� 102� �� �����
 ���

��� ��1 ������������ �� ���� ��	����� ���� ����	��� �� ����������� ����� �� �

���������� 3�
����� ����	� �� 10 000 ������ �� ��������� �� %�-.		/�� �� ���� &'()*�

��� ������� ���� �	�� ����������� �� ��� 4���� ����  ��������� �� %�-.		/�� �� ����

&'()* ��� ���� �� ����� �� 4����� 5�(6�

 �#�������� ��� ���� ����,��� ���� �������� ����� ��� ����� ����� �������� �	���

������������ ��������� �� ��� 7+289+: ���������

����� �����	
 ��� �	����
 ��
����	

;�	��� �����0�� ���������� �
 ������	 ��	����� $��� ��� ���� ���� � ����� ��,

��� ������ �� ������-������� ���� ����	����� ��� �������	������� �������� ����� ���

�8! �	������� $���� ����� ������������� �� ��� ��� � ��� �� ��� �	���	 ������ ����

����� � ������� ��#�����
 ��������� ����� ������ ! ��� ���� ������ ��,�
�����

;���� �8! ��� ��� ����������� ���� ��� ������	 ��	����� #����	
 ��"���-��

��� ����	��
 ��� �������	������ ����� �� ��� ����� ������� ��
 ������� ������ ���

��#�����
 ��� ��,�
��� ����� $�� ���� �� ���� �8! �� �������� �� ���� ���� �����

���� ��
 ������ ��	����� ��		� �� ����� �"����� � ��� �� ��� ����	��
 ��� �������	������

���� ����	 �� ���� �� ��� ������	 ��	������ �� ���� ��� ������ �� ��� ����� �����
�����

$����� ����������� ��� ��� ��#�����
 ��� ��,�
��� ����� �� ��� �	���	 ������

������ ���� 1 300 ���	�
 �����
��
	 �� � ����� ���
���� �� �������
���� �
��������
 �
 �� �
 ����
���
 ��� 
����� �� ���	�
 ���
� ��� ��� ���������
 ���� 10 �����
 �1 023 ���	�
��

()&



Puccinia graminis
Cryptococcus neoformans
Ustilago maydis
Schizosaccharomyces pombe
Neurospora crassa

Penicillium chrysogenum wisconsin
Aspergillus clavatus
Neosartorya scheri
Aspergillus fumigatus 
Aspergillus fumigatus
Aspergillus terreus
Aspergillus avus
Aspergillus oryzae
Emericella nidulans
Aspergillus niger
Aspergillus niger cbs 513.88
Yarrowia lipolytica 
Lachancea thermotolerans
Ashbya gossypii 
Kluyveromyces lactis
Zygosaccharomyces rouxii
Candida glabrata
Saccharomyces cerevisae
Komagataella pastoris
Debaryomyces hansenii
Sche ersomyces stipitis
Candida dubliniensis
Candida albicans

������ ��	
� �
� ������� ���� ���� �� �
� ������ ��������� ���� �
�� ���� �����

�����
� ��� ��� ����������� 
����

����� �����	
 ����
�	� ��
�����
� �� �������� ��� 
����� ���
�

�
��� �������� ���� ��������� �� �
� �������� ���������� 500 ��������� ����

��������� �� �� �� �
� �������� �������� � ����� �� ������!����� �� �� ��"�� ����

����������� ���� �
��
 ������� �� �� ���� �
� ������ ������!����� ��������� �����

���� ������� �� �� �#����� �������

$ �������� ������� ��%����� �� �
� ���
�� ���� �� ������� ��� �������� &��� �
�

�������� �������'� ������� �������� �� ������ ���������� �������� ����� �
� (()

������������ �������� ����� �
� (() ������������ ��� �������������� ��� ��������

����� �
� (() ������������ �������������� ��� ��������� &�� ���
�� ������������'

���
 � ����� ������� $ ������������ ����� �� �
�� �� ������� ��	 ��	
�� ���

��	
�����
�

$ ���� ���������� ����� �
��� $ �*����� 1 �������� ������ ������� ����
�� ����

������ ��� ����
�� �
��� $ �*����� 10� $ ������������ ���� �
��� ���������� � ������

��� �� ��������

��� �
� ���� ��� �������� ���
��� &�������� ����� �
� (() ������������ ���

�������������� ��� �������� ����� �
� (() ������������ �������������� ��� ���������

	+�



���� � ����	 
����
�� � �	��	�����	 �����	�	� �	�	����	 ��	 	��	��	� �	�������


��� ������� ��������
 �
 �����	� ���������� ��� ��	�	 � �	��	� ��� ���������� �

� ���� ��	 ��	��	�����	 �
 0.5� ��� � ��� ��	 ��	��	�����	 �
 2����

����� ��	� � �	
	� �� � �	���� �� ���	
� ��
���
 ����� �� ����	������ �� ����

����� ����� ��	 �� ������!����� ��� �	������������� ���� 1 �������� �	� �	�	 
����


��� � �	��	�����	 �
 0.5 
�� ��	 ����������

� ������	� � ���"�	 �������� ����� ���	 �������� �!����	� 
��� �#$% 
�����	�

!
 &	��'�%$� ��� ��(	 	��� �	���� �	�
��� �� ���
 ����	����	 ������ �
 �����

��)����� �� �����!�	 �� 4 ������ ��	 ���� �	�	 �	�
���	� �� � �	�(��� ������	�

�� �����	 � ���	 ���������� �	�	� !	����	 ��	 ��*	�	�� �	����� �� ��� ���	 ��	

���	 �����	���
 ��� ���� � ����� �������� ����	� ���� ��	 �	���� 	����
	��� ��	

����	� �	��	�����	 
�� ��	 ���	�����	 �
 �	� ��������� �� 0 ����
 ��������� �����

�������
 �	��	��	 ��	 ����	 ��	 ����	��� %
�	� ��	�	� � ������	 ��	 ��*	�	�� �	�����

�� �	��� �
 ��	 ������ �
 ������)����� ��	
 ����� 
�	�� ������ ���� +�	� ���	 ���	

!	��	� �	����� �	���� �� ���	� ���!�� ����	���

�����	� ,�-. ��� ,�-/ ���� ��	 	�������� ��	 ��	 ���!�� ����	 ������ ������

�
 ������)����� ����� ��*	�	�� �	����� 
�� ��	 ����������� �
 �	� ���������� ��	

����	� ����	�������� �� ��	 ������� �������� ��	 ��� ����	� !	����	 ��	
 �	�	

���!�	 �� ������	 ��
 �������� ���� ��� ���	��	� ���
�� ��	 ���!�� ����	 �	����	�

��	 ���	��

�����	 ,�-. ����� ���� ��������� �	� ��������� ���� ������	� �� ������!������

��� �	������������ 0�����
 ���� ���� ��	� ������ ���	�	���� ���� � ��� �	��	�����	

�	�� �� � ���	� ����	 �	��	��	 ���� ������	���� �� ������!������ ����	� 1��	�	��

���� � ����	� �	��	�����	 �� �	��� �� ��!�������� ���!�� ����	 ������	�	����

�����	 ,�-/ ����� ���� ��������� ��	�	 ���
 1 �������� �� � ���	 ��	 ���	

�������	���
 �	�
��� ����	 ���� ��������� ��	�	 10 ��������� �	� �	�	 
����
 ��	

���	 �� ���
 ���� ��	 ��� ���+��������� �	�	 !	����	 ��	
 �	�	 ��	 ��	 ���� 
�	��	�

��	 !	�� ����	 ������	�	���� ��	 ����	��	 �� ������������� ���	 �	� ����� � ��
��

�	�� ������ ����� !	 ���	 �� 4 ����� ���	� ��	�	 ���+���������� ������	� ��	�

�	����� ���	 ���	�� �� ����	����	� !
 � 
���	� ���!�� ���� ������)����� ���

������ ���� ���� 	��� 
�� ������
�
	 �� ��� ���
������� ���� 	������
�� ������� �� 
�� ��

����
� � 
��
���� �����	�
� �� ��� ������ ������
���
 ����� ����� � ���
���	 ��� ��
����� �� 	�����
� �����	� �� �
������ ��� ������ ����� �


� ����
 ����
� �� ����� ����� ���� �� ���������� ������� �� �����
�� ��� ��� 	�����
��� ������
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Scaffolding mode

DeCoSTAR can be used to infer some extant adjacencies, typically to account for badly assembled
genomes. In this case, the cost to put a new adjacency between two leaves (of the same species) is
defined by the formulas:

c1(a, b) = −T ∗ log(p)
c0(a, b) = −T ∗ log(1− p)

Where: p = Fadj ∗BP
T = Break

SPI∗log( 1−BP
BP )

)

And: BP = #ctg−#chr
2∗#ctg∗(#ctg−1)

#ctg : number of contigs

#chr : expected number of chromosomes

Fadj is defined as follow. We make the assumption that a genome’s organisation is linear: a
gene can have at most two neighbors.

If the extremity of the adjacency a (respectively b) already has two neighbors (ie. is in the
middle of a contig), then this adjacency is not possible: Fadj = 0 (leading to c1(a, b) = ∞ )

If both extremities of the adjacency already have one neighbor, Fadj = 1.
If the extremity of the adjacency a (respectively b) already has one neighbor and the extremity

b (resp. a) has no neighbors, then Fadj = 2, to account for the fact that a could be either one of
the two neighbors of b.

If both extremities of the adjacency have no neighbors, Fadj = 4, to account for the different
senses in which the two genes a and b could be linked together.

In the special case where DeCoSTAR is used with oriented adjacencies, a and b aren’t genes,
but extremities of genes (ie. a gene start or stop). We consider that gene extremity is always linked
to the other extremity of the same gene. As a consequence, Fadj is always computed considering
that a and b have one more neighbor than before.

SPI, or Scaffolding Propagation Index, is a parameter that accounts for the ditribution of
poorly assembled genomes along the species tree. More precisely, it is the size of the clade c where
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DeCoSTAR can still infer new adjacencies even though the adjacency has no extant homologues in
c (ie. the only extant adjacency that support the new one is on the outgroup of this clade).

Data-sets

18 Anopheles genomes

The species tree is taken from (Fontaine et al., 2015) , and constructed from a concatenate of genes
on the X chromosome. Gene families have been obtained from (Neafsey et al., 2015). There are
17 780 gene families in the database, and we discarded gene families with only 1 gene, families
containing a gene included in another gene, and a few families which did not pass an alignment
quality filter (no resulting site after GBlock). This resulted in 14 940 families. Gene trees were first
inferred by RaxML with Muscle alignments as input, then corrected with ProfileNJ, keeping only
100% bootstrap support branches. Adjacencies were then computed as the set of consecutive genes
on the same scaffold. DeCoSTAR was used with scaffolding mode and Boltzmann sampling with a
temperature of 0.05.
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Patterson, M., Szöllősi, G., Daubin, V., and Tannier, E. (2013). Lateral gene transfer, rearrangement, reconciliation. BMC

Bioinformatics, 14(Suppl 15), S4.
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DeCoSTAR’s Documentation

DeCoSTAR: Detection of Co-evolution version 1, 24/11/2016
Given a species tree S, a set of gene family (unrooted) tree distributions G, a set of extant

adjacencies A and a set of costs for adjacencies events (adjacency gain and adjacency breakage),
DeCoSTAR can compute:

• reconciled gene trees R from the gene trees in G, such that these forms a most parsimonious
reconciliation between S and G according to the TERA algorithm described in [1].
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• an history of the given adjacencies in A along the reconciled gene trees R such that this
history minimizes an adjacency gains and breakages cost(with respect to their relative costs);
according to the models described in [2][3].

The history of adjacencies comes in the form of one or several adjacency trees (phylogenetic
trees in which nodes represents adjacencies between the nodes of gene trees). We refer to such an
history as an adjacency forest. Note that DeCoSTAR can, but usually does not output adjacency
forest but instead provide lists of inferred adjacencies in ancestral species.

Rather than an adjacency forest minimizing the number of adjacency gains and breakages,
DeCoSTAR can sample adjacency forests in such a manner that adjacency forests with a lower
adjacency cost have a higher chance to be sampled. This is done according to the algorithm
described in [4], extended to include transfers.

It is also possible to use DeCoSTAR to infer adjacencies in extant species as described in [5] by
using the scaffolding mode.

There are three required parameters. The first is the species tree file (species.file), which
contains a tree in newick format. The second is a file containing the names (one per line) of files con-
taining gene tree distributions with one distribution per gene family (gene.distribution.file).
Even if each gene tree distribution only contains one tree (for instance if you used a maximum
likelihood approach to get that tree), DeCoSTAR ask for one file per gene family. The third is a
file containing the extant adjacencies (adjacencies.file). There must be one adjacency per line.
An adjacency correspond to a couple of leaves names separated by a space.

Description of the software parameters

The parameters that are boolean (ie. whose default is true or false) should be specified using 0 or
1 (for, respectively, false and true). Parameters must be given using the format <name>=<value>
(note the absence of ’-’ before the option name as well as the absence of space after the ’=’. For
instance, a typical command line might look like:

DeCoSTAR species.file=my.sp.tree.txt gene.distribution.file=my/distribs.txt adjacencies.file=adjs.tx

For a non dated (but with transfer) analysis where the cost of a single adjacency gain is 3 (the
other events will have their default costs).

Input parameters:

• species.file required. Species tree file (newick). NB: default behavior wants it to be
ultrametric if transfers are used (use dated.species.tree=0 to circumvent)

• parameter.file no default value. A file with input parameters (one per line)

• gene.distribution.file required. Gene distribution files file (one file name per line)

• adjacencies.file required. Adjacencies file (one adjacency per line; leaf names separated
by a space)

• dated.species.tree default : true. The species tree is ultrametric and dates will be used
to subdivide the trees in time slices.
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• char.sep default : ’_’. Character separating gene names in gene tree files. One character
only. Caveat : I you decide to use char.sep=’|’, be aware that the character ’|’ is also
used as a separator in the newick output of reconciled trees (if you use write.newick=1 ).

• ale default : false. Gene tree distribution are ALE files

• already.reconciled default : false. Gene tree distribution are reconciled gene trees in
recPhyloXML format. Will skip the reconciliation phase

• rooted default : false. Specify that the root of the given gene trees must be kept. This option
turns off amalgamation when switched on.

Reconciliation parameters:

In its default form, DeCoSTAR performs the reconciliation of gene families using the TERA algo-
rithm [1]. As such, it include some of the algorithm’s options.

The options that concern reconciliation are:

• with.transfer default: true. Allows transfers in the reconciliation and adjacency histories
reconstruction.

• dupli.cost default: 2. cost of a single gene duplication

• HGT.cost default: 3. cost of a single Horizontal Gene Transfer

• loss.cost default: 1. cost of a single gene loss

• try.all.amalgamation default: true. try all possible amalgamation when reconciling gene
trees. Otherwise only the best tree (ie. The most frequent) of the distribution is used.

• Topology.weight default: 1. In the case of amalgamation, this is the weight associated to
the topology part of the score guiding the reconciliation

Not all options are included. In the case were some specific, non-included, options are re-
quired, it is recommended to perform the reconciliation independently using ecceTERA (or any
other reconciliation software) and then to directly give the reconciliation to DeCoSTAR (using
already.reconciled=1).

Basic adjacency history parameters:

• Again.cost default: 2. Cost of a single adjacency gain

• Abreak.cost default: 1. Cost of a single adjacency breakage

Adjacency history sampling parameters:

• use.boltzmann default: false. Use Boltzmann sampling for the adjacencies history computa-
tion.

• boltzmann.temperature default: 0.1. Temperature to use in the Boltzmann sampling (if
used)

• nb.sample default: 1. Number of samples to get from the adjacency matrix. NB: it can be
used together with use.boltzmann or not.
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Adjacency history assembly related parameters (scaffolding mode [5]):

• scaffolding.mode default : false. Use scaffolding algorithm to improve extant genomes
scaffolding/assembly.

• chromosome.file no default value. A file containing the number of chromosome in each each
species (one species per line, each line comprised name of the species followed by the number
of chromosome, separated by a tabulation)

• adjacency.score.log.base default :10000. Used in the case where the adjacency file also
contains a score between 0 and 1. Base of the logarithm applied to this score.

• scaffold.includes.scored.adjs default : false. Used in the case where the adjacency file
also contains a score between 0 and 1 AND scaffolding.mode is true. If true, include the
adjacencies with a score ¡ 1 in the computation of the number of contigs.

Advanced adjacency history parameters:

• C1.Advantage default: 0.5. Between 0 and 1. Probability to choose C1 (presence of adja-
cency) over C0 (absence of adjacency) in case of a score tie at the root of an equivalence
class

• all.pair.equivalence.class default: false. Compute adjacency histories for all pair of
gene families (even if they share no adjacencies).

• bounded.TS default: false. Use bounded time slices in adjacency history computations (only
if the species tree is dated)

• always.Again default: true. Always put an adjacency Gain at the top of an equivalence class
tree

• absence.penalty default: -1. If set to -1 (the default), nothing changes. Otherwise, specify
the cost of having an adjacency at a pair of leaves which are not part of the list of adjacencies
given at initialization

• substract.reco.to.adj default: false. If set to 1, the weighted cost of a reconciliation
event will be used to favor co-event in the adjacency matrix computation. Unavailable for
Boltzmann computation.

• Reconciliation.weight default: 1. Weight of the reconciliation events when substract.reco.to.adj=1

• Adjacency.weight default: 1. Weight of the adjacency events when substract.reco.to.adj=1

Output parameters:

• verbose default: 1. Show progress and timing.

0: nothing is reported short of error.
1: basic report (default).
2: various information about reconciliation, adjacency matrix and backtracking
3: maximal amount of information
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• write.newick default: false. Use newick format rather than phyloXML-like format for
ouputs.

• hide.losses.newick default: false. If true, losses and the branches leading to them will be
removed from newick formatted output.

• write.adjacencies default: true. Write the adjacencies inferred in ancestral species in a
file.

• write.genes default: false. Write the genes inferred in ancestral and extant species.

• output.dir default: none. Directory to print files in.

• output.prefix default: none. A prefix to prepend to all output files.

• write.adjacency.trees default: false. Write the inferred adjacency trees.

Input formats:

The default parameters assume an ultrametric dated (i.e., with branch lengths), binary species tree.
An undated species tree is input using dated.species.tree=0.

The gene trees are expected to be unrooted and in a newick format (unless the rooted option
is used). Leaves names should be composed of the name the the species in which the leaf is and
the gene name, linked by a separator (by default, this separator is ’_’ and can be changed using
char.sep). Rather than gene trees, the user may supply ale files instead (specified with ale=1),
which are files that sum up a gene distribution in the form of conditional clades probabilities. Such
files can be obtained with the ale [6] software. If the gene family ave already been reconciled (for
instance if you don’t want to use the same method as DeCoSTAR), they can be provided instead
of the gene tree distributions (with already.reconciled=1) . Reconciled trees should be provided
using the recPhyloXML format (see http://phylariane.univ-lyon1.fr/recxml/ for a description of
the format).

The adjacencies given in the file (adjacencies.file) may present two additional fields describ-
ing the orientation of the genes forming the adjacencies. These orientations are specified using the
’+’ and ’-’ character (respectively for a sense and anti-sense gene). This will cause DeCoSTAR
to treat the extremities of a gene as two different entities when it comes to adjacencies (but not
reconciliation : the two extremities of a same gene have the same history).

Additionally, the adjacencies given in the file (adjacencies.file) may have a third field that
should be a number between 0 and 1. This number will be used as a score denoting the confidence
that the adjacency really exists (1 meaning that the adjacency is certain; 0 that the adjacency is
not possible) that DeCoSTAR algorithm will take into account, allowing the possibility to create
adjacency histories without this adjacency. This is an advanced functionality, and it is linked to
the option (adjacency.score.log.base) which determine the base of the logarithm that is used
to go from this 0-to-1 score to a parsimony cost.

If both orientation and score are specified for an adjacency, they should come in that order:
orientation, then score; such that a valid line could look like:

g1 g2 + + 0.9

Rather than being all provided in the command lines, arguments can be given in a file spec-
ified with the parameter.file argument. In that file, parameters can be given using the format
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<name>=<value>. Any parameters given on the command line will take precedence and the dupli-
cated parameter will be ignored.

Output formats:

If the output.dir option has been used, all file will be written in the specified directory. Otherwise
they are written in the current directory.

If write.adjacencies is set to true (it is by default), DeCoSTAR will output the a file contain-
ing the adjacencies inferred at ancestral speciation nodes and leaves such that each line represent
an adjacency. The fields of these lines are separated by spaces and correspond to, in order:

• the species the adjacency is in

• the gene forming the first extremity if the adjacency

• the gene forming the second extremity if the adjacency

• the orientation of the first extremity if the adjacency (as described in the input format section)

• the orientation of the second extremity if the adjacency (as described in the input format
section)

• the eventual score given to that adjacency at input (NB: ancestral adjacency have an input
score of 0)

• the frequency of observation of the adjacency (ie. how many time the adjacency was observed
across all sample divided by the number of samples)

If write.genes is set to true (it is set to false by default), DeCoSTAR will output a file describing
all extant and ancestral genes. Each line correspond to one gene and begins with the code of the
species the gene is in followed by the gene name followed by the list of the gene’s extant descendants
(all separated by spaces).

DeCoSTAR will also output the species tree and will create a reconciliations.suffix file. If
write.adjacencies.trees is set to true (it is set to false by default), then an adjacencyTrees.suffix
file will also be written. Here suffix is either ’xml’ or ’newick’ depending on the chosen output
format. These files contain respectively the reconciled tree of each gene family and the adjacency
trees computed from the extant adjacencies.

By default, all trees are written in XML format. The species tree follows a classical phyloXML
format. The reconciled gene tree are in the recPhyloXML format (see http://phylariane.univ-
lyon1.fr/recxml/ for a detailed description of the format).

Adjacency trees follow a format close to the recPhyloXML one, adapted to include adjacency
related events. As each node represent an adjacency, its given name is actually the name (or the id,
if they have no name) of the two genes it links, separated by ’-’. Each clade has a <eventsAdj>

tag that contains an ordered list of event the adjacency has undergone. Each event has a coevent
property. If the coevent property is set at \1", then this indicate that the event spanned both end
of the adjacency at the same time. If it is set at \0", then it means that the event only spanned one
end of the adjacency. There is an additional event when compared to recPhyloXML: the adjBreak
event which marks an adjacency breakage. Furthermore, the different adjacency equivalence class
families (ie. a group of adjacencies linking gene from the same couple of gene families) are grouped
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together under the <EquivalenceClassFamily> tag which specifies which gene families are linked.
If several samples were done, then an additional <sample> tag is present.

If the option write.newick has been activated, reconciled gene trees and adjacency trees will
be written in a newick format where reconciliation or adjacency information will be written in place
of the bootstrap.

This information consists in the name of the gene (or its id in the case of an internal node),
or the name of the two genes it links for adjacency trees, followed by the event associated with
the node, the species it is in and the time slice it occurs at (if applicable). These fours fields are
separated by a ’|’ character. For reconciliation trees, events may be:

• Extant : for leaves

• Spe : speciation

• Loss : gene Loss

• Dup : gene duplication

• SpeOut : speciation to an extinct/unsampled lineage (otherwise called SpeciationOut)

• Reception : transfer reception

• Null : no event (to account for time slices)

• BifOut : bifurcation in an extinct/unsampled lineage (otherwise called BifurcationOut)

For adjacency trees, the following events are added:

• any reconciliation event might have the prefix \co-" marking the fact that both extremities
of the adjacency underwent the same event at the same time (for instance, a co-duplication
means that the two adjacent genes were duplicated together)

• Breakage : adjacency breakage

The trees linking different gene families are separated by an information line beginning by ’>’

and specifying which families are linked and, if necessary, the sample the trees belong to.
NB: in this model of reconciliation, lateral gene transfer are modeled as a process where a gene

first undergoes a speciation to an extinct or unsampled lineage of the species tree (otherwise called
SpeciationOut) where it evolves for a certain time before being transferred from this unsampled
lineage to a sampled lineage (ie. a branch) of the species tree (transfer reception). See [1] or [5] for
a more detailed view of this process when applied to reconciliation inference.

NB2: adjacency trees do not explicitly contain any adjacency gains because any adjacency gains
actually gives rise to a new adjacency tree. In other words, there is an implicit adjacency gain at
the root of every adjacency tree.
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HyLiTE: accurate and flexible analysis of gene
expression in hybrid and allopolyploid species
Wandrille Duchemin1,2, Pierre-Yves Dupont1, Matthew A Campbell1, Austen RD Ganley3 andMurray P Cox1*

Abstract

Background: Forming a new species through the merger of two or more divergent parent species is increasingly

seen as a key phenomenon in the evolution of many biological systems. However, little is known about how expression

of parental gene copies (homeologs) responds following genome merger. High throughput RNA sequencing now

makes this analysis technically feasible, but tools to determine homeolog expression are still in their infancy.

Results: Here we present HyLiTE – a single-step analysis to obtain tables of homeolog expression in a hybrid or

allopolyploid and its parent species directly from raw mRNA sequence files. By implementing on-the-fly detection of

diagnostic parental polymorphisms, HyLiTE can perform SNP calling and read classification simultaneously, thus

allowing HyLiTE to be run as parallelized code. HyLiTE accommodates any number of parent species, multiple data

sources (including genomic DNA reads to improve SNP detection), and implements a statistical framework optimized

for genes with low to moderate expression.

Conclusions: HyLiTE is a flexible and easy-to-use program designed for bench biologists to explore patterns of gene

expression following genome merger. HyLiTE offers practical advantages over manual methods and existing

programs, has been designed to accommodate a wide range of genome merger systems, can identify SNPs that arose

following genome merger, and offers accurate performance on non-model organisms.

Keywords: Hybrid, Allopolyploid, Homeolog, RNA-seq, Read assignment

Background
While evolution is usually a gradual process, the cre-

ation of a new species through the merger of different

parent species occurs near instantaneously [1]. Although

increasingly recognized as an important process in the

evolution of many biological systems [2-5], how different

gene copies (homeologs) are expressed following genome

merger remains a major outstanding question [6,7]. Most

studies have been restricted to observing just a few genes,

thus limiting the ability to study interactions between

competing gene regulation systems [8]. High throughput

mRNA sequencing now permits whole-genome screen-

ing of hybrid and allopolyploid gene expression [9,10].

However, identifying the parental origin of mRNA reads

remains challenging, especially for researchers without

advanced bioinformatics skills [11].

*Correspondence: m.p.cox@massey.ac.nz
1Statistics and Bioinformatics Group, Institute of Fundamental Sciences,

Massey University, Palmerston North, New Zealand

Full list of author information is available at the end of the article

To fill this gap, we have developed HyLiTE – Hybrid

Lineage Transcriptome Explorer – to produce tables of

homeolog expression data from raw mRNA read files in

a single step. HyLiTE automatically i) maps reads to a

reference genome, ii) masks gene regions with low read

coverage, iii) identifies polymorphisms that are diagnos-

tic of parental lineages, iv) classifies reads to parental

types, and v) produces detailed summary reports of gene

expression in both the hybrid or allopolyploid and its par-

ent species. The final product – tables of homeolog read

counts – can be used immediately for downstream anal-

yses (such as determining differential expression between

biological conditions, and between the new species and its

parents).

Implementation
The primary design directives behind HyLiTE were i)

ease of use, ii) runtime efficiency, and iii) use with non-

model organisms (which encompasses most hybrid and

allopolyploid species). Other key features include:

© 2015 Duchemin et al.; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative

Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and

reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain Dedication

waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise

stated.
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• Accommodating any number of parent species (for

instance, three-parent allopolyploids such as modern

hexaploid wheat) [12].
• The ability to study systems with both haploid or

diploid parents, thus allowing hybrids or

allopolyploids with different homeolog and allelic

copies.
• Using gene references from any species closely

related to the study system (hybrid and allopolyploid

species often lack good genome resources).
• Accommodating any number of biological replicates

(and boosting SNP identification by combining

information across replicates).
• Identifying new polymorphisms that have arisen

within the hybrid or allopolyploid (especially

important in species derived from older merger

events).
• Improving SNP calling by using (optional) genomic

DNA information in addition to high throughput

mRNA sequences.
• Providing statistical validation of SNP calls and

automatically masking ‘polymorphisms’ with low

statistical support.
• An experimental feature that identifies putative

chimeric genes (i.e., genes in which the homeologs

have recombined within the hybrid or allopolyploid)

[13], but see Additional file 1 for details on current

limits of accuracy.

The standard HyLiTE analysis, which will be adequate

for most users, comprises a single, short command line.

However, advanced users have complete flexibility to

override individual steps. For instance, by default, Bowtie2

is used for read mapping, but HyLiTE can be run with

any mapping software that returns the standard SAM

mapping format.

Because HyLiTE analyzes each gene independently, the

software has low RAM requirements and runtime is linear

with the number of genes under study. This indepen-

dence between genes also allowsHyLiTE to be parallelized

via optional executables (see project website for details;

http://hylite.sourceforge.net). HyLiTE regularly autosaves

the run state, and analyses can therefore be stopped

and re-started from the last checkpoint. Extensive docu-

mentation about the algorithms implemented in HyLiTE,

software validation and benchmarking against alternative

pipelines is provided in Additional file 1.

Results and discussion
Output

Themain output of HyLiTE comprises a list of read counts

for each homeolog in each biological replicate. Using pres-

ence and absence of diagnostic parental SNPs, reads are

classified as i) derived from a given parent, ii) consistent

with two or more parents (i.e., lacking diagnostic SNPs),

or iii) unknown (i.e., masked due to low read coverage).

The last two classes are equally uninformative for deter-

mining homeolog expression, but can distinguish whether

improvements may be possible with additional sequence

data (the ‘unknown’ category) or whether part of the

gene is simply uninformative for ancestry (no diagnos-

tic parental SNPs identified). Finally, each read is marked

with an additional flag if one or more new SNPs are

detected within the hybrid or allopolyploid.

Software comparison

A major point of difference between HyLiTE and alter-

native approaches (e.g., PolyCat [14]) is its robust sta-

tistical assessment of SNP calls and automatic masking

of ‘polymorphisms’ with low statistical support. Due to

the substantial error rate of high throughput sequencing

technologies, sequencing errors can easily be confused

with genuine polymorphisms in genes with low expres-

sion (and hence, low read coverage). The probability that

a polymorphism at any given nucleotide position is a SNP

rather than an error is given by a binomial distribution

conditioned on the coverage level. Nucleotides with cov-

erage less than this threshold are masked, but because

coverage varies widely across even a single gene, typically

only small, uninformative regions of any given gene are

masked. This ‘dynamic masking’ substantially improves

the accuracy with which reads are assigned to homeologs

for genes with low to moderate expression. Detection of

expression levels can be improved further by including

genomic DNA reads due to the accuracy this imparts to

SNP calling (see Additional file 1 for details).

Worked examples

Fungi. Species in the fungal genera Epichloë and Neo-

typhodium, already well known for their symbiotic rela-

tionships with grasses in temperate pastoral systems, are

increasingly becoming the dominant model system for

studying genome merger in fungi [9,15,16]. The most

well studied example is Lp1, an economically important

allodiploid asexual species formed from the union of a

haploid sexual species, E. typhina, and a haploid asex-

ual species, N. lolii (∼5% divergence). As HyLiTE had

not yet been developed, the Cox et al. study instead

applied a two-reference approach: gene references were

generated separately for E. typhina and N. lolii using

ancestry informative SNPs, and homeolog expression was

then ascertained via high stringency mapping. Although

estimates of gene expression are highly correlated (r =
0.83,P � 0.0001), HyLiTE assigns an average of five

times as many reads to homeologs as the two-reference

approach, an improvement almost entirely due to reduced
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gene masking (Figure 1A). 86% of reads are assigned

to homeologs, with the remainder classified as parental

uninformative or unknown. PolyCat [14] assigned fewer

reads to homeologs (Figure 1B), particularly for genes

with low to moderate expression (see Additional file 1 for

details).

Figure 1 Comparison between HyLiTE and A) the results of the

Cox et al. study [9] and B) PolyCat [14] for Epichloë fungal data.
The black lines indicate the total number of reads that map to each

gene, ranked by expression level. Green points indicate the number

of reads assigned to homeologs by HyLiTE. Red points in A) indicate
the number of reads assigned to homeologs in the Cox et al. study,
while blue points in B) indicate the number of reads assigned to

homeologs by PolyCat. The substantial improvement in read

assignment by HyLiTE was obtained using its default settings.

Plants. To show application to a plant system, we

also analyzed gene expression in a natural cotton allote-

traploid, Gossypium hirsutum, together with diploid rep-

resentatives of the A (G. arboreum) and D (G. raimondii)

genomes (∼3% divergence) [10]. Assignment accuracy

was tested by classifying known reads from the two

diploid species. HyLiTE assigned reads to homeologs with

a very low error rate (1.6%; see Additional file 1 for

details). It also identified 46,206 new SNPs specific to G.

hirsutum.

Animals. Finally, we analyzed gene expression in a syn-

thetic allotetraploid fish derived from diploid goldfish

(Carassius auratus) and diploid common carp (Cyprinus

carpio) (∼6% divergence) (NCBI BioProject accession

number: PRJNA82763). The very small number of reads

available per gene (an average of only 15) caused HyLiTE

to reject most SNP calls and therefore classify the major-

ity of reads as parentally uninformative. However, the

reads for which sufficient information was available to

assign parental ancestry showed a very low error rate

(0.22%).

Conclusions
The formation of a new species from the merger of two

or more different parent species is important in the evo-

lutionary history of many eukaryotic lineages. Hybrid and

allopolyploid species carry multiple copies of each gene

(homeologs), and while homeolog expression levels can

be determined from high throughput RNA sequence data,

assigning reads is extremely challenging. Here, we have

developed HyLiTE to automate the process of moving

from raw mRNA sequence files to tables of homeolog

expression in a hybrid or allopolyploid and its parent

species. This single-step analysis is specifically designed

for ease-of-use, particularly for non-computational scien-

tists. HyLiTE therefore allows gene expression patterns

to be explored on a whole-genome scale even for species

with very complex patterns of genome merger.

Availability and requirements
Project name: HyLiTE

Project home page: http://hylite.sourceforge.net
Operating systems: Linux, OS X, Windows

Programming language: Python
Other requirements: None

License: GNU GPL v. 3.0

Any restrictions to use by non academics: None

Additional file

Additional file 1: Algorithms, validation and benchmarking.

Documentation of algorithms, software validation and benchmarking

against alternative pipelines.
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ADDITIONAL FILE 1

HyLiTE: Supplementary Materials
Wandrille Duchemin, Pierre-Yves Dupont, Matthew A Campbell, Austen RD Ganley and Murray P Cox

1 Algorithm for Detecting SNPs
Error model

A single nucleotide mismatch in a read relative to the reference can have two causes: either a genuine polymor-

phism, or an error introduced by the sequencing technology.

Consider a unique ε, the probability that an error is generated on a read by the sequencing technology at a

given position. Every base in a read has probability ε
3 of being an error. (The denominator is three because,

for any given position, one base is the reference, while the other three bases are tested independently as being

either SNPs or errors).

The distribution of errors along reads is not uniform. However, for a given coordinate in a gene (with the

exception of boundary conditions at gene extremities), the corresponding position in aligned reads does tend

to be uniformly distributed. Further, it is common practice to trim bases from reads when quality scores drop

below some low threshold, thus guaranteeing a minimum level of sequence quality for the entire read [1]. We

favor the SolexaQA package to perform this trimming (http://solexaqa.sourceforge.net).

It follows that the occurrence of a specific incorrect base (i.e., a base that does not represent the true geno-

type) at a given coordinate in the reference gene follows a binomial law with parameters

p = ε
3

n = number of reads (from the same organism, but across all genomic DNA and RNA samples) mapping at

that position (i.e., the local coverage)

If the number of reads carrying an observed mismatch is a statistical outlier under such a binomial law, the

variant can be considered a SNP rather than an error. (Note that the reverse does not necessarily hold: a gene

with low expression might produce so few reads that a true SNP cannot be distinguished from sequencing error.

See section 4 on the benefits of using genomic DNA reads to improve expression estimates below).

Parameter Values

Using the SolexaQA package [1], the error rate ε of the Cox et al. dataset [2] was determined to be 0.02. (This

value is typical of current Illumina sequence datasets; unpublished results). Therefore

p =
ε

3
=

0.02

3
(1)

The value n was determined as the number of reads at each coordinate along the gene (i.e., the local coverage).

The statistical threshold α was determined in the following way. As testing for the presence of SNPs is

performed at every coordinate in every gene, a very large number of independent statistical tests are necessarily

run. Therefore, the standard statistical α (e.g., 0.05 or 0.01) must be corrected for multiple testing. Because a

priori we do not know the number of tests m that need to be performed, other than m 	 1, we employ the

Rough False Discovery Rate (RFDR) to correct our α in the limit m → ∞

αadjusted =
α(m+ 1)

2m
(2)
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Figure S1 Decline in the Minimum Detected Expression Ratio (MDER) with increasing
coverage. Upper panel: coverage from zero to 200; lower panel: enlargement of region showing
coverage from 10 to 50.

and for large m

αadjusted ≈ α

2
(3)

It follows that a global probability threshold of 0.01 would require an adjusted α = 0.005. However, we note

that there are currently major concerns around statistical testing in scientific research, particularly around low

P value thresholds. Therefore, following the guidelines of Johnson et al. [3], we advocate for a more conservative

α of 0.001.

Minimum Coverage Rates

The local coverage rate n is a key parameter that allows us to distinguish between genuine SNPs and errors. As

the binomial law is discrete, small values of n return probability estimates of whether a mismatch is a genuine

SNP (or an error) in choppy, discrete steps (see Figure S1). Because the local coverage n changes along the

gene, we have developed an algorithm that determines the lower limit of n for which the binomial law returns

probabilities with poor reliability.

Consider, for example, local coverage of just two reads. The expected number of errors is effectively zero,

which implies that a true error at that gene coordinate would be called as a SNP. This is obviously undesirable.

For haploid organisms, only one genotype is expected at any gene coordinate. Given binomial probabilities,

coverage of three reads is sufficient to detect genuine SNPs with high reliability. If coverage is less than three

reads, the gene coordinate is masked and is not used to classify reads to parental types.
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For polyploid organisms, multiple genotypes are possible. Further, RNA-seq data does not guarantee equal

representation of each allele (either by chance, or because the different alleles do not have the same expression).

Therefore, we consider the ratio of expression between the least expressed allele and the sum of the remaining

alleles. Consider, for example, that one allele in a parent is expressed ten times, while the other is expressed

only once. The expression ratio would be 1
10 = 0.1. This lets us define the Minimum Detected Expression

Ratio (MDER) as the limit below which a SNP on the least expressed allele could be detected as an error. So,

for given α, p and n, the MDER corresponds to the expected occurrence of a specific error (εexp) divided by

n− εexp

MDER =
εexp

n− εexp
(4)

Figure S1 (upper panel) shows the improvement in MDER with increasing coverage. (The limit tends to

p as n → ∞). Note that the ‘choppy’ curve results from the discrete nature of the binomial law. In short,

however, the higher the coverage, the better a large difference in expression level between parental alleles can

be distinguished. Figure S1 (lower panel) shows an enlargement of the upper panel, with a focus on coverage

levels that are currently in a more cost effective range.

At 20-fold coverage, the MDER is 0.18 (exactly 3
17 ), which only improves (i.e., declines) as the coverage

increases. We propose this value as a minimum coverage level for polyploid species. Put differently, an MDER

greater than or equal to 3
17 (i.e., a minor allele frequency greater than or equal to 0.15) will always allow

SNPs to be detected with high reliability if the coverage level is greater than or equal to 20. Under default

settings, gene coordinates with coverage lower than 20 reads are masked. Both of these thresholds (haploid and

polyploid) can be changed by the user.

Implementation

With the statistical framework for SNP detection in place, describing the SNP calling algorithm implemented

in HyLiTE is relatively straightforward. At a given gene coordinate for a given organism:

1 Temporarily aggregate all genomic DNA and RNA reads. Thus, the local coverage becomes the sum of

local coverages across the different samples.

2 Count every genotype and compare the values obtained to their expected counts under the binomial

distribution.

3 Select the k best genotypes (where k is the ploidy of the organism).

4 Consider each statistically validated genotype that differs from the reference as a true SNP.

Note that temporarily combining data across samples increases the total coverage available for an organism,

decreases the MDER, and therefore reduces the number of gene coordinates that need to be masked. (See

section 4 on the use of genomic DNA reads to improve RNA read classification).

For example, at a given gene coordinate with reference A, a hybrid or allodiploid might have two biological

replicates with counts:

sample1: A:14 T:1 G:54 C:2

sample2: A:5 T:0 G:14 C:0

After temporarily aggregating the two replicates, the counts become:

A:19 T:1 G:68 C:2
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The total coverage is 90 reads, which greatly exceeds the minimum suggested coverage threshold for polyploids

(n = 20). According to the binomial distribution at this coverage level, calling a SNP requires the same

mismatch to be observed in at least five reads. Therefore, only two possible genotypes remain: A and G.

(Correspondingly, the observed mismatches at T and C are called as sequencing errors). Because the organism

is diploid in this example, up to two possible genotypes can be present at the same gene coordinate and both

of the called genotypes are retained. As A is the reference state, we conclude that a SNP exists with the

alternative state G, and that both A and G states are present.

Alternative Coverage Thresholds

We show above that the default coverage thresholds used by HyLiTE offer a good trade-off between sensitivity

and reasonable coverage goals. However, users are encouraged to tune these thresholds depending on their

biological questions and the quality of their sequence data. This can be easily managed by changing the two

options ‘–min coverage haploid’ and ‘–min coverage polyploid’ in the HyLiTE command line.

Users can also change the desired α value and expected error rate by employing an alternative parameter file

with the command flag ‘–alternative params’. The alternative parameter file would look similar to this:

#SNP detection

MIN_COVERAGE_HAPLOID = 3 # alternative minimum coverage for haploid organisms

MIN_COVERAGE_POLYPLOID = 20 # alternative minimum coverage for polyploid organisms

EXPECTED_ERROR_RATE = 0.02/3 # alternative total error rate

ALPHA = 0.001 # alternative alpha value

2 Algorithm for Classifying Reads
The primary purpose of HyLiTE is to determine the parental origin of high throughput RNA reads from a

hybrid or allopolyploid. The following sections describe how this goal is achieved.

Fingerprints

We define the sequence of SNPs present, absent or masked (due to poor coverage) at specific coordinates along

a gene as a ‘fingerprint’. Specifically, we distinguish two types of fingerprint:

• Parent fingerprints: where information about the presence, absence and masking of SNPs are stored,

gene-by-gene, for each parent.

• Child fingerprints: where every read in the hybrid or allopolyploid has its own fingerprint, referencing

presence or absence of every SNP on that specific read.

Note that child fingerprints do not allow masking. As noted above, we encourage poor quality read segments

to be trimmed from the dataset (e.g., using the ‘DynamicTrim’ function of the SolexaQA package [1]).

Read Tagging for Diploid Parents

Diploid parents can have up to two fingerprints at each SNP position to allow for allelic heterozygosity. Ac-

counting for this heterozygosity is achieved locally through read tagging (viz. linkage analysis).

Read tags have three possible values: unassigned, gene copy 0, and gene copy 1. Each parent is initiated with

an unassigned tag. When a heterozygous position is detected, the algorithm first looks for existing reads with

an assigned tag. (Note that HyLiTE steps through each gene from beginning to end, and therefore processes

multiple reads in parallel). If no earlier read has an assigned tag (as occurs when starting a new gene), gene

copy 0 or 1 is assigned arbitrarily to the allele, and each subsequent read carrying that SNP variant is given
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the same tag. However, if one or more reads have already been tagged (i.e., they have already been assigned

to an allele), HyLiTE determines which allele coincides with which tag and then propagates those earlier tags

to all reads bearing the same genotype at the new gene coordinate.

Algorithm

HyLiTE detects SNPs sequentially along the gene for each organism simultaneously. This means that when

HyLiTE moves to a new gene coordinate, all leftward SNPs have already been detected in both the parents

and the hybrid or allopolyploid descendant. This is an important characteristic: as soon as a read from the

hybrid or allopolyploid has been processed, all SNPs (present, absent and masked) have already been detected

and referenced in every organism. Thus, HyLiTE can immediately classify that read.

After removing masked SNPs (i.e., SNPs with poor coverage in at least one parent), the remaining SNPs

can be denoted by 0s and 1s, where 0 indicates the absence of a SNP and 1 indicates its presence. The same

process can be performed for SNPs in each parent.

Consequently, classification comes down to a series of comparisons between the parent and child fingerprints.

For reasons of computational speed, these are treated as a list of boolean values and analyzed with bitwise

operators. The process is:

1 Eliminate any child-specific SNPs, as these cannot help (but can hinder) comparison of the parent and

child fingerprints. If any SNP is eliminated, set an ‘N’ flag showing that there is at least one ‘new’

non-ancestral SNP on the read.

2 For remaining SNPs, perform a bitwise XNOR operation between the child fingerprint and the fingerprint

of each parent.

3 If this XNOR operation returns a list composed only of ones for any parent (i.e., the fingerprints match

perfectly), consider the read as coming from this parent.

4 If no perfect match is found, recursively try to ‘recombine’ parent fingerprints until a perfect match is

found.

If multiple parents exhibit a perfect match after step 3, the read is classified as equally consistent with coming

from more than one parent. For step 4, the ‘crossing’ operation is simply implemented as an OR operation

between parent XNOR results. Scenarios that imply recombination between fewer parents are preferred.

Worked Examples

Simple Example

Consider a read r from an allodiploid with two haploid parents, P1 and P2. Let r span coordinates 35 to 124 on

gene1. The coordinates of SNPs in this region, with absence/presence/masking information for the allodiploid

read r and parents P1 and P2 is:

position r P1 P2

40 1 1 -1

52 1 0 0

65 1 1 1

96 1 0 1

113 1 1 1

Where ‘1’ signifies the presence of the SNP, ‘0’ signifies its absence, and ‘-1’ signifies a masked SNP (i.e.,

coverage falls below the allowed threshold for that organism at that gene coordinate).
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The first step eliminates the masked SNP at position 40. The fingerprints for each organism then appear as

follows:

r: 1111

P1: 0101

P2: 0111

The SNP at position 52 is child-specific (i.e., it is found only in the allodiploid, but neither of its parents).

This SNP is removed and the new SNP ‘N’ flag raised. The fingerprints now appear as follows:

r: 111

P1: 101

P2: 111

An XNOR operation is performed between the fingerprint of the allodiploid read r and the fingerprints of each

of the parents:

r XNOR P1: 101

r XNOR P2: 111

In this step, r XNOR P2 yields a result with all values 1, while r XNOR P1 yields a mixture of 0s and 1s. We

therefore conclude that P2 is the likely origin of the allodiploid read r.

The category assigned to r is ‘(P2)+N’, indicating an origin in parent P2, as well as the presence of a new

child-specific SNP in the allodiploid. (Note that the use of parentheses seems redundant in this simple case,

but quickly becomes crucial when dealing with multiple parents).

Complex Example

Consider a read r from an allotriploid with three parents, P1, P2 and P3. All preliminary steps, including

removal of masked and child-specific SNPs leads to the fingerprints:

r: 1101

P1: 1011

P2: 1110

P3: 0001

The XNOR operations yield:

r XNOR P1: 1001

r XNOR P2: 1100

r XNOR P3: 0011

None of these results contains only 1s , so r is likely a chimeric read (i.e., the result of recombination event(s)

between two or more parental types). First, we test for biparental crossovers by performing a bitwise OR

operation between pairs of results produced by the previous XNOR operation:
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Category Unknown E. typhina-like N. lolii-like E. typhina or N. lolii E. typhina/N. lolii chimeric reads
Manual 45 76 133 0 1
HyLiTE 22 73 130 1 29

Table S1 Comparison of manual read classification versus read classification by HyLiTE. Each
column corresponds to a different read class, as defined by HyLiTE. E. typhina and N. lolii are
the haploid parents of the allodiploid, Lp1. Note that due to the reduced accuracy with which
chimeric reads are detected, these are reported by HyLiTE as ‘parentally uninformative’.

P1 + P2: 1101

P1 + P3: 1011

P2 + P3: 1111

One result yields only 1s and therefore indicates that the allotriploid read r likely derives from recombination

between the sequences of parents P2 and P3. Note that the resulting classification – (P2+P3) – actually implies

the bitwise operation (r XNOR P2)OR(r XNOR P3). Note that due to poor accuracy rates (see validation

sections), chimeric reads are reported as ‘parentally uninformative’.

3 Validating Read Classification
To determine the accuracy with which HyLiTE assigns reads to parental types, we adopted a combination of

simulation and manual validation approaches. Assignment accuracy was tested for hybrids and allopolyploids

with both haploid and diploid parents.

Haploid Parents

We analyzed a dataset from the fungal allodiploid system described in the main text [2]. EfM3.000420 is a gene

1.1 kb in length with regions of both good and poor coverage, thus allowing us to assess the functionality of

HyLiTE in both positive and negative conditions. Real RNA reads for the gene EfM3.000420 were extracted,

classified automatically with HyLiTE, analyzed manually by visualizing the reads in the Integrative Genomics

Viewer (IGV) [4] and then assigned to parental types one-by-one.

Both analyses identified regions where poor coverage in one of the parent species demanded masking. This

typically occurs at the ends of genes, but can occur internally as well. EfM3.000420 was masked over bases

1–242, 630–648 and 854–1101 (where coordinate 1101 is the end of the gene). Low RNA read coverage in the

parent species required nearly half of the gene to be masked. (Note that genomic DNA reads would circumvent

this masking problem, as described in section 4 below). 35 SNPs were detected in the remaining unmasked

regions. Both HyLiTE and the manual annotation identified exactly the same set of SNPs.

These 35 SNPs were used to classify reads to parental types, as quantified in Table S1. The manual classifi-

cation very closely matches the classification made by HyLiTE. The main difference is that HyLiTE classified

a number of reads as chimeric (i.e., recombinant reads between the E. typhina and N. lolii parent sequences).

When these reads were examined further, we identified the following mitigating conditions:

• 14 reads were located close to the masked region 630–648 and showed poor quality read alignment (i.e.,

they were artifacts of Bowtie2 mapping errors, not HyLiTE).

• 12 reads were located near a SNP found only in the E. typhina parent, but not in the descendant al-

lodiploid.

The few remaining misallocated reads were present in low complexity regions where indels and sequencing

errors are common. While these types of error can be identified by eye, neither the mapping software Bowtie2



Duchemin et al. Page 8 of 12

nor HyLiTE can make such subtle distinctions. Features of this nature explain all of the observed differences

between the manual classification and the classification of HyLiTE.

We emphasize that manual classification of this single gene was a long process (approximately half a day’s

work) and mentally taxing. Although manual classification of reads outperforms the computational classification

of HyLiTE, the results are remarkably similar for most read classes. Of course, manual classification is simply

not possible for hundreds of millions to billions of reads.

We conclude that HyLiTE performs well under good quality read alignment conditions, as is usually the case

for genes. Where alignment quality decreases, HyLiTE misclassifies some reads, and genes with large numbers of

putatively chimeric reads are particularly prone to error. We also emphasize that the reference gene sequences

must be chosen carefully because regions of poor quality alignment will increase as the reference sequence

diverges from the transcriptomes under study.

Diploid Parents

To test the accuracy of read classification for tetraploid allopolyploids with diploid parents, the same simulated

data was used as described below to study the effect of genomic DNA reads on RNA read classification.

Mutations were inserted randomly. Because this is simulated data, both SNPs and read coverage tend to be

relatively uniform along the gene sequence. For this reason, none of the ‘mapping’ problems identified in the

real haploid dataset above were observed.

All simulated FASTQ read files were mapped to the gene sequence using the same parameters as HyLiTE, and

the resulting mappings were displayed in IGV. All SNPs were identified correctly by HyLiTE. As the origin of

all mutations was known, it was relatively straightforward to classify all reads manually. As all reads contained

at least one diagnostic SNP (due to the 5% divergence rate for our system), the parent and allele from which

every read was derived could be identified. For these simulated data, no discrepancies were found between the

manual classification and the classification of HyLiTE. We note, however, the limitations of using simulated

datasets, as they typically do not exhibit the complexity of real biological data (as illustrated above).

4 Using Genomic DNA Reads to Improve RNA Read Classification
Genomic DNA reads can be used to improve the classification of RNA reads by raising the call rate of diagnostic

parental SNPs. To quantify this effect, we simulated DNA and RNA read data for two systems: i) haploid

parents giving rise to an allodiploid, and ii) diploid parents giving rise to an allotetrapolyploid. For the haploid

parent case, we simulated a 1700 bp gene with polymorphism rates of 4.5% (i.e., 1 mutation per 22 bp) for

the first parent and 1% (i.e., 1 mutation per 100 bp) for the second parent, thus mimicking polymorphism

rates observed in the fungal allodiploid system described in the main text. For the diploid parent case, we

simulated a 1700 bp gene with the same polymorphism rates, but with 60% of mutations on one allele and 40%

on the other. The allopolyploid was created by merging the parent gene copies, and adding new polymorphisms

in the allopolyploid at a low rate (0.25%; i.e., one mutation per 400 bp on average, thus corresponding to

approximately one new polymorphism per gene copy). Genomic DNA and RNA reads were created by drawing

100 nucleotide sequences from these simulated genes with random start positions and strands. These simulated

reads were written to different FASTQ files (one for each of the parents and the allopolyploid). As the purpose

of this simulation was not to test the mapping efficiency of Bowtie2, quality scores were arbitrarily set to ‘H’,

corresponding to a high Illumina 1.8+ Phred+33 value. The number of reads required for each coverage level

were computed using:

N =
LC

l
(5)
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Figure S2 Improvement in RNA read classification when using genomic DNA reads. The
percentage of classified reads is shown on a color scale from red (0%) to green (100%) for
different genomic DNA and RNA read coverage levels.

where N is the number of reads, l is the length of the reads, L is the length of the gene and C is the desired

coverage level. The percentage of reads classified by HyLiTE was determined for a range of genomic DNA and

RNA coverage levels.

As expected, genomic DNA reads can improve expression estimates for genes with low to moderate expression

(Figure S2). Because genes with low expression produce few reads, diagnostic parental SNPs often cannot be

called, and hence, RNA reads cannot be assigned to one parent or the other. In such cases, genomic DNA

reads can improve SNP calling, and thus lead to improved gene expression estimates. If no genomic DNA reads

are available, expression estimates are poor for genes with less than ∼10-fold RNA coverage (allodiploids with

haploid parents), or ∼25-fold RNA coverage (allotetraploids with diploid parents). Because RNA and DNA

reads are interchangeable for SNP calling purposes, these limits also hold for genomic DNA reads: ∼10-fold

DNA coverage (haploid parents) or ∼25-fold DNA coverage (diploid parents) is sufficient to assign nearly all

RNA reads to a parental type regardless of the expression level of the gene. We emphasize that genomic DNA

reads are, of course, not included in the read counts for expression estimates; they are only used for SNP calling

purposes.

5 Comparing HyLiTE and PolyCat
The following comparisons employ the same datasets as in the “Worked Examples” section in the main text.

In short, mRNA sequences were assigned to parental lineages (homeologs) using HyLiTE and PolyCat [5].

For comparability, the same mapping software was used with both programs, and where possible, runtime

parameters were set to be as similar as possible. To illustrate its simplicity, HyLiTE was run with its default

settings.

Fungi. HyLiTE results for the Epichloë dataset were obtained using a single command line:

HyLiTE -r ref.fasta -f protocol.txt -n PolyCatTest
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Figure S3 Median fold improvement of read assignment by HyLiTE compared to PolyCat
relative to gene expression level for the Epichloë dataset. Fold improvement is plotted for sets of
50 genes ranked from low to high expression (points, left to right). The red line shows the local
regression to the mean.

PolyCat results were obtained using the following pipeline:

1 Map reads to reference genes using Bowtie2 [6] separately for both of the parent species (E. typhina and

N. lolii) and the allodiploid Lp1.

2 Create, sort and index *.bam files using SAMtools [7] separately for both the parent species and the

allodiploid Lp1.

3 Run InterSNP (a companion program to PolyCat required to build the SNP index) separately on *.bam

files from both the parent species.

4 Run PolyCat on the *.bam file from the allodiploid species Lp1.

5 Determine read counts from multiple output *.bam files using SAMtools and custom grep commands.

Steps 1, 2, 4 and 5 have analogs in HyLiTE, but are performed automatically. In addition, PolyCat requires

a SNP index to be built for the parent species (step 3). Once built, this index can be used for multiple

experiments. HyLiTE does not require a separate SNP index, and instead identifies this information gene-by-

gene automatically.

The number of reads assigned to homeologs for each gene is shown in Figure 1 in the main text. HyLiTE

determined homeolog expression for 6,693 of 6,694 genes in the reference (99.99%), compared to 6,638 genes in

the Cox et al. study [2] (99.16%) and 5,995 genes for which homeolog expression was determined by PolyCat

(89.56%). Although PolyCat determined homeolog expression for fewer genes than the two-reference mapping

approach [2], homeolog assignment rates were substantially improved for those genes that were called (compare

panels A and B in Figure 1 in the main text). Consequently, we suggest that specific software solutions (such

as HyLiTE or PolyCat) should be strongly favored over alternative manual approaches.

In a direct comparison, HyLiTE assigned more reads to homeologs than PolyCat (the thin band of green

points versus the cloud of blue points in Figure 1B in the main text). The number of reads assigned by HyLiTE
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approached the theoretical maximum (indicated by the black line) across the full range from low to high ex-

pression. Importantly, the rate at which HyLiTE assigned reads to homeologs has very low variance across

this entire expression range (i.e., the green ‘band’ has approximately equal width regardless of the expression

level). Conversely, PolyCat was much more dependent on gene expression level (Figure S3). HyLiTE assigned

a median of 2.5 times as many reads to homeologs than PolyCat for genes with very low expression (and in

the case of some individual genes, as much as an order of magnitude more). However, HyLiTE and PolyCat

assigned almost the same number of reads to homeologs for genes with high expression (with a slight bias in

favor of PolyCat for highly expressed genes).

Plants. To show application to a plant system, we also analyzed gene expression in a natural cotton allote-

traploid, Gossypium hirsutum, together with two diploid parent genome-type representatives, G. arboreum and

G. raimondii [8]. HyLiTE and PolyCat [5] assigned reads to homeologs at comparable rates, with PolyCat

assigning more reads (Figure S4). Assignment accuracy was tested by classifying known reads from the parent

species:

error rate =
misassigned

misassigned+ correctly assigned
(6)

PolyCat exhibited a higher proportion of reads (8.0%) that were incorrectly assigned than HyLiTE (1.6%).

This difference seems to reflect i) poor identification of chimeric reads (which we propose above mostly results

from mapping errors) and ii) alternative choices in SNP calling strategies. Of 147,453 total SNPs, PolyCat treats

23,208 SNPs (16%) as having fixed differences between the parents (say, A versus G), and therefore uses these

markers to classify the parental origin of reads. In contrast, HyLiTE recognizes these positions as polymorphic

in at least one of the parent species (say, A+G versus A), and therefore masks the shared state (here, A) as

uninformative for read classification. Manual screening on a subset of these SNPs confirmed that most are

genuinely polymorphic. Consequently, while HyLiTE assigns fewer reads, it does so with greater accuracy.

We also note that the PolyCat software was validated on a dataset containing 1,140,550,335 reads for the first

parent (G. raimondii) and 4,070,680,434 reads for the second parent (G. arboreum). In contrast, the analyses

described here were performed on datasets that are two orders of magnitude smaller, and therefore directly

comparable to most hybrid and allopolyploid studies.

Animals. Finally, we analyzed gene expression in a synthetic allotetraploid fish derived from diploid gold-

fish (Carassius auratus) and diploid common carp (Cyprinus carpio) (NCBI BioProject accession number:

PRJNA82763). This dataset employed the 454 sequencing technology. As with the cotton example, PolyCat

assigned more reads, but also showed a higher error rate (32%) than HyLiTE (0.22%), with most errors due

to incorrectly called chimeric reads. The very small number of reads available per gene (an average of only 15)

caused HyLiTE to reject most SNP calls and therefore classify the majority of reads as parentally uninforma-

tive. While HyLiTE consequently assigned many fewer reads to homeologs, the proportion of misassigned reads

was nearly 150 times lower.

We note that PolyCat incorrectly assigned many reads as chimeric (295,538), although this feature appeared

to validate well on their original cotton example [5]. Excluding chimeric reads, misalignments still result in an

error rate ∼5 times greater than HyLiTE. Consequently, PolyCat, which was developed and validated on the

model system cotton [5], appears to perform less well on non-model systems or alternative data types.
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Figure S4 Comparison between HyLiTE and PolyCat for plant cotton data. The black line
indicates the total number of reads that map to each gene, ranked by expression level. Green
points indicate the number of reads assigned to homeologs by HyLiTE, while blue points
indicate the number of reads assigned to homeologs by PolyCat. Default settings were used for
both programs. Note that although PolyCat assigns more reads than HyLiTE, the number of
misassigned reads is also substantially higher.
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Abstract. Bone flutes make use of a naturally hollow raw-material. As
nature does not produce duplicates, each bone has its own inner cavity,
and thus its own sound-potential. This morphological variation implies
acoustical specificities, thus making it impossible to handcraft a true
and exact sound-replica in another bone. This phenomenon has been
observed in a handcrafting context and has led us to conduct two series
of experiments (the first-one using handcrafting process, the second-one
using 3D process) in order to investigate its exact influence on acoustics
as well as on sound-interpretation based on replicas. The comparison of
the results has shed light upon epistemological and methodological issues
that have yet to be fully understood.

This work contributes to assessing the application of digitization, 3D
printing and handcrafting to flute-like sound instruments studied in the
field of archaeomusicology.

Keywords: Acoustics · Statistics · Handcrafting · Raw-materials ·
Digitization · 3D printing · Music archaeology

1 Introduction

Elaborating a research project in close collaboration with a craftsman and a
research team dedicated to digitization of cultural heritage was the trigger point
to different kinds of experiments meant to investigate the morphological vari-
ability of bones and its influence on the emitted sounds when carved as flutes.
Dealing with this “Sound-morphology” is the main part of a craftsman’s work,
which is why it was decided to run the project of an apprenticeship that would
last for one year [18]. During this time, particular attention was paid to the
creation and use of prototypes, i.e. a bone flute manufactured in order to try
c© Springer International Publishing AG 2016
M. Ioannides et al. (Eds.): EuroMed 2016, Part I, LNCS 10058, pp. 184–195, 2016.
DOI: 10.1007/978-3-319-48496-9 15
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and understand the sound specificities of a particular bone, and then used as a
guide in order to ease the adaptation process. Indeed, each bone has its own mor-
phology and needs to be considered as an individual. The flute-maker proceeds
then with a precise observation of each individual and takes every morphological
specificity into consideration in order to craft series of bone flutes with similar
sounds and identical tuning, even if this has to result in objects that do not look
the same. Otherwise, he would risk to create an inefficient object, or a completely
different flute.

These observations have raised specific issues regarding the use of bone flute’s
replicas for tone scales interpretations in archaeological surveys, as their manu-
facture never seems to take into consideration the bone’s morphology as part of
its acoustical specificities [6,8,16]. They have also led us to conduct “twin exper-
iments” in the hope of reaching consistent results that would spare no method-
ological tracks (past, actual and yet-to-come sound-reconstruction methods) in
order to explore their limitations as well as their potential. This way, we hope
to contribute to better the epistemological landscape of archaeological flute’s
research.

The work presented in this paper focuses on the comparison of the sound
results given by both series of experiments.

2 Context of the Work

2.1 Approach

Flutes are not all the same. They are grouped into several kinds which are distin-
guished by the way the air stream is directed toward the edge. Each kind has its
own sound aesthetics, but gives also more or less freedom to the flute-player in
choosing the pitch and the sound’s characteristics, thanks to the blowing angle
variability (Fig. 1). Oblique-, pan-, vessel- and transverse-flutes are amongst the
most malleable kinds of flutes. We chose duct-flutes as they are the opposite.

In term of organology, these objects can be mentioned as 421.221.12 in the
S/H classification system (Sachs/Hornbostel), which means: Internal duct-flute
(straight and single) with finger holes and an open end.

Fig. 1. Blowing angle variations regarding two different organological kinds of flutes:
(a) oblique flute, (b) duct-flute
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2.2 Partnership

This “two-front approach” demands to assemble a consistent amount of knowl-
edge, which can only be achieved through partnership.

• Handcrafting process: the work gathered a traditional flute-maker and a
statistician in computational biology.

• 3D process: the work was based on an existing collaboration between ar-
chaeologists and computer scientists on advanced imaging for archaeology,
the CNPAO [2]

2.3 Terminology

This paper will use the following terminology according to the acoustical speci-
ficities of bone flutes:

• Morphology: refers to the natural inner and outer shapes of the bone.
• Geometry: refers to the handcrafted inner and outer shapes carved deliber-

ately or not onto the bone’s surface.
• Sound-morphology: refers to the acoustical sections of the morphology,

which define the sound potential of the bone (i.e. the inner cavity). By defin-
ition, each bone has a different sound-morphology.

• Sound-geometry: refers to the acoustical sections of the geometry, which
are involved in the definition of the instrument’s final sound, whether they
were meant (deliberately carved) or not (unintentional and/or unconscious
geometry). As an example: the shapes of the internal duct, of the edge, of
the finger holes, etc. By definition, the sound-geometry rules out the outer
shaping as long as it does not change the finger holes depth.

• T0, T1, T2, etc.: refers to the finger holes’ combination. T0 means all holes
closed. T1 means that the lower finger hole (the first one) is open. T2 means
that the two lower finger holes (the first and the second one) are open, etc.

• F0, F1, F2, etc.: systematic identification numbers of the experimental
flutes. F0 refers to the control flute, whereas F1, F2, F3, etc. refers to each
replica copying the control flute.

2.4 Related Works

Nowadays, 3D technologies allow outer and inner contact-free investigation on
complex geometries [15]. As such they contribute to answer both preservation
and sound studies issues and are more and more used in the actual archaeo-
musicological research. If their consequences on our interpretations are still to
be defined, they allow different kind of approaches and studies that aim to get a
better understanding of ancient sounds. They can be applied to any organological
material [10], such as string instruments [4,13,20,21] but also aerophones [3,8,
9,11], among which archaeological “flutes”, and objects presumed to be flutes,
figure [1,14,22,23].

Eventually, the music-archaeology research may even explore new possibilities
in sound reconstruction studies, as its data can be applied to sound simulators
and sound-scape reconstructions [7,12,24].
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3 The Sound-Morphology Principle

Naturally hollow rawmaterials, such as bones, hornes, shells or reeds, present a
morphological variability between one individual and another. Those variations
can be observed both regarding their shapes, their scale and their volumet-
ric and spatial configuration (Fig. 2). Some of them are involved in the sound-
morphology. For example, a larger bone will produce a lower pitch for the same
length. Likewise, an important and sudden increase or decrease of the bone’s
conicity tends to distort the efficiency of a close-range finger-hole.

Fig. 2. Morphological variations between bones used for crafting F0 to F5 in the Hand-
crafting process experiments explained below. Deer femurs show several constants, such
as a bulge characterizing the distal part of the epiphysis, a triangular and irregular
depression characterizing its proximal part, and a slimming zone in the concave area of
the bone’s bean-like cross-section. Despite those constants, there never are two identical
bones.

In order to illustrate this phenomenon, we chose to handcraft a unique replica
of a bone flute in another similar bone (Fig. 3).

The control flute was made in a goat’s tibia. It was made very simply, using
only steel knife and file, evoking archaeological flutes found in northern Europe
for medieval period [5]. The handmade replica was made very carefully, using
several measurement tools (caliper, compass, etc.). Also, as the depth of the
block changes the pitch, we chose depth 0 (Fig. 4). This calibration is easier to
reproduce. We also tried our best to give both blocks a similar soil angle. As
a result, the two flutes gave different sounds, with a deviation going from half
a tone to more than one tone, increasing as we open the finger holes (Figs. 9
and 10).

This replication test shows how much the sound of a bone flute replica may
be deviant from the sound of the control flute it’s related to. This phenomenon
illustrates the notion of “sound-morphology” as it reveals that every bone has a
sound-potential of its own.
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Fig. 3. The control flute (left) and its replica (right) both made out of goat’s tibias.

4 Handcrafting Experiments

4.1 Handcrafting Replication Process and Technical Specifications

• Objectives: those experiments aim to define the extent of the limitation
caused by sound-morphology, as well as to explore the acoustical specificities
of this phenomenon. The approach is then different from what we can see
in experimental archaeology, as we need here a well-known, functional and
replicable bone flute in order to compare its actual sounds with our interpre-
tations.

• Control and sample: we chose 6 similar deer femurs with morphological
variations. 5 replicas is the minimum sample required for statistical analysis.

• Chosen sound-geometry: inner duct-flute with rectangular opening and
straight edge (Fig. 5). Combined with a straight geometry, this configuration
creates powerful blowing constraints and is easier to reproduce.

• Manufacture: handcrafted in January 2016.
• Sound capture and analysis: because of lack of means, we had to use a

common recording device (smartphone) and a free software (audacity). Having
no mechanical blower nor anechoic chamber available at the time, we had to
record the sound using natural blowing (as homogeneous as possible) and
the same context (a chosen room). Thankfully, the studied phenomenons are
contrasting enough to be well illustrated even with a lack of technical means.
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Fig. 4. Illustration of Depth 0 and soil
angle

Fig. 5. Depiction of the sound-
geometry used for the handcrafting
experiments

4.2 Sound Results

The diagrams in Fig. 8 represent the results of basic acoustical analysis of the
control flute and its 5 replicas. They obviously show that each individual is
different from the control flute.

4.3 Statistics and Discussion

The table (Table 1) represents statistical analysis made on the recorded frequen-
cies. In order to compare them properly, we had to translate them from Hertz
to logarithmic scale (base 2 logarithm).

This table shows heterogeneous frequencies and intervals deviations compar-
ing the sample to the control flute, as well as between each individual from the
sample itself. Even if the frequency deviations are mostly non-significant regard-
ing statistics (T0 is the only one being significant), the sound estimation they
produce is not satisfying for the ear (about one quarter-tone). However, inter-
vals deviations are really small in comparison (about 1/20th of a tone), which is
extremely accurate.

The following facts should also be considered regarding those results:

1. The lower end of the flute was one of the most variable areas and it was then
difficult to reproduce an exact geometry in a changing trabecular bone. This
could explain T0 deviation.

2. The small sample size is probably involved in those statistical results: a larger
sample (20 to 30 replicas) should help us to get better results and thus assess
if whether or not this incredibly accurate estimation of intervals is exact. It
should also explain the difference between a satisfying intervals reproduction
and an unsatisfying frequencies reproduction.

3. The human blow should be ruled out and replaced by a mechanical blower in
order to ensure the accuracy of the sound-capture.
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Table 1. Statistical analysis of frequencies emitted by F0 to F5 while playing succes-
sively T0, T1 and T2. Differences are expressed in semi-tones (“−1” equals “1 semi-tone
lower”). The right columns show intervals deviations (T0–T1 and T1–T2).

5 3D Experiments

5.1 CT-scanning

There exist several possibilities in matter of 3D image acquisition, but CT-
scanning was the only viable option because of the very nature of flutes: inner
shapes are drastically important and their acoustical properties are extremely
sensitive. We needed then a technology that would be able to capture high
resolution images both inside and outside of the objects. μ-tomography, also
known as μCT, was then the perfect tool. This technology uses X-rays in order
to recreate high resolution 3D internal views of an object by compiling the
acquired images and is mainly used in medical imaging and industries.

5.2 3D Replication Process and Technical Specifications

• Objectives: those experiments aim to question the sound-replication capa-
bility of 3D technologies in order to define whether or not they may allow
us to pass beyond the sound-morphology limitation endured by handcraft-
ing process. They also aim to assess their own limitations and potential as a
sound-reconstruction method.

• Technologies used:
1. μCT-scanning: the machine is an X-ray microfocus CT system Gen-

eral Electric (formerly Phoenix) v—tome—x 240D from CRT Morlaix, a
resources center dedicated to metrology (http://www.crt-morlaix.com/).
In the set-up, the sample is placed on a rotating table, and the X-ray
source and detector are stationary.

2. 3D wire and resin printing: the machines are a MakerBotReplicator2
from IUT Le Creusot, and a Stratasys Mojo from ENS Rennes. The resin
model was printed on a 3D Objet by a contractor.

• Scanned object: we chose to scan the control flute used in the sound-
morphology principle (the one made from a goat’s tibia) in order to compare
the 3D results to the handmade replica. The flute was scanned in three parts
in order to get a precision of less than 50μ. The reassembly was processed
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Fig. 6. Disconnected objects (yellow)
in the area of the trabecular bone.
(Color figure online)

Fig. 7. 3D sculpted patch (transpar-
ent gray) on Blender (based on the
geometry of the cloud).

with the software Autodesk Meshmixer. Also, as the trabecular bone renders
through μ-CT scanning as a cloud of 600+ tiny objects, it cannot be directly
printed (Fig. 6). We chose to explore two possibilities: simply removing the
objects in one case, and integrating them as a 3D sculpted “patch” in the
other (Fig. 7). We used Meshlab and Blender in order to get ready-to-print
3D models.

• Replicas: F1 refers to the handmade replica. F2 refers to the 3D orange wire
replica (with 3D sculpted “patch”, no post-printing treatments). F3 refers to
the 3D white wire replica (without the trabecular bone, acetone bath and
ultrasounds post-printing treatment). F4 refers to the 3D white resin replica
(better printing resolution, with 3D sculpted “patch”, no post-printing treat-
ments).

• Printings: printed between January and May 2016.
• Sound capture and analysis: same context than for the handcrafting

process.

5.3 Sound Results

The diagrams in Fig. 9 represent the results of basic acoustical analysis of the
control flute and its four replicas.

5.4 Analysis and Discussion

The following tables represent sound-comparisons between the control flute and
its replicas using the recorded frequencies translated from Hertz to base 2 loga-
rithm (Table 2).

As we expected, this table shows that 3D printed replicas are globally closest
to the original than the handmade one. This is due to the absence of the bone’s
morphological variability that would occur from using several bones. However,
they are not identical between each other (Fig. 10).
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Fig. 8. Diagrams analysis of F0 to F5 Fig. 9. Diagrams analysis of F0 to
F4

Table 2. Comparison between frequencies (top)/intervals (bottom) emitted by F0 to
F4 while playing successively T0, T1, T2, T3 and T4. Green cells indicate a sound-
reproduction precision of 1/20th of a tone or less.

In Fig. 10, both orange and white wire flutes present a significant but different
deviation regarding their emitted frequencies, whereas the resin flute is the most
accurate of them all. Indeed, it reaches the sounds of the original with a precision
of less than 1/20th of a tone.

As it appears, acoustical phenomenons related to 3D printed replicas seem
to be quite intricate. The following facts should thus be considered regarding
those results:

1. 3D wire-printing is processed by fusing a plastic filament which is then
deposited by layers, and finally cools down and solidifies. The cooling process
comes with a shrinking phenomenon which extent depends on the wire itself
as well as on the cooling context (hygrometry and temperature) [17]. Fur-
thermore, these deformations may occur in an irregular way. In other words,
3D wire-printing has a morphological variability of its own.
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Fig. 10. Diagram representing the sound proximity of each replica comparing to the
control flute, for each finger hole (numeric scale in semi-tones). The 0 line represents
the control flute. The colored areas represent the replicas’ sounds. The more the colored
area fills the 0 line, the closest the replica is to the control flute.

2. 3D resin-printing on the other hand does not work the same and thus does
not have the same sources of error [19]: it uses a laser impact which solidifies a
gelatinous resin. This technology is more accurate than 3D wire-printing and
gives different physical results (smoother state of surface, solid 3D printings).
That explains why this replica is much more accurate than the other ones.

3. Once again, human blow should be replaced by a mechanical blower.

6 Conclusion

Handcrafting and 3D replication processes illustrate the acoustical complexity of
bone flutes, as well as they raise most important epistemological and methodolog-
ical issues. Succinctly, these results advise of the dangers of sound-interpretations
regarding ancient flutes when dealing with replicas. They demonstrate the com-
plexity of the acoustical phenomenons related to naturally hollow raw-materials.
They also demonstrate that 3D imagery is not as precise and trustworthy as we
would think it would be. However, the use of statistics and of high-precision
3D printers seems to offer a promising track to continue this research. Although
there is still much work to do in order to reach a better understanding of this
situation, at least we now know that archaeological bone flutes sounds should
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always be interpreted with caution. In any case, this research will try and go
deeper in the epistemological and methodological issues.

Acknowledgments. This project was partially funded by the french CNRS ImagIn
IRMA project.

References

1. Avanzini, F., Canazza, S., De Poli, G., Fantozzi, C., Pretto, N., Roda, A.,
Menegazzi, A.: Archaeology and virtual acoustics - a pan flute from ancient Egypt.
In: Proceedings of the 12th International Conference on Sound and Music Com-
puting, pp. 31–36 (2015)

2. Barreau, J.B., Gaugne, R., Bernard, Y., Le Cloirec, G., Gouranton, V.: The West
Digital Conservatory of Archaelogical Heritage Project, DH, Marseille, France.
Digital Heritage International Congress, pp. 1–8, November 2013

3. Bellia, A.: The virtual reconstruction of an ancient musical instrument: the aulos
of selinus. In: Proceedings of Digital Heritage, vol. 1, pp. 55–58 (2015)

4. Borman, T., Stoel, B.: Review of the uses of computed tomography for analyzing
instruments of the violin family with a focus on the future. J. Violin Soc. Am. VSA
Papers 22(1), 1–12 (2009)

5. Brade, C.: Die mittelalterlichen Kernspaltflöten Mittel-und Nordeuropas, Ein
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Abstract

Motivation: A reconciliation is an annotation of the nodes of a gene tree with evolutionary events and
a mapping onto a species tree. Many algorithms and software produce or use reconciliations but often
using exclusive reconciliation formats regarding the type of events considered or whether the species tree
is dated or not.
Results: Here we propose a format that aims to promote an integrative albeit flexible specification of
phylogenetic reconciliations. This format, named recPhyloXML, is accompanied by several tools such as
a reconciled tree visualizer and conversion utilities.
Availability: http://phylariane.univ-lyon1.fr/recphyloxml/
Contact: wandrille.duchemin@univ-lyon1.fr
Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction
The relationship between the history of genomes or species and the history

of their constituent genes is often described through a reconciliation. A

reconciliation consists of an association between the nodes of a gene

tree and the nodes or branches of a species tree, along with different

evolutionary events undergone by the gene.

For comprehensive reviews on the subject of reconciliations and their

inference, see for example Nakhleh (2013) or Szöllősi et al. (2015).

Reconciliations can be used to better understand the history of a

specific gene family, but also to study the relationship between several

families. They can also be used to infer genome-wide parameters such

as rates of gene duplication, loss, or lateral gene transfers (Szöllősi et al.,
2013a; Sjöstrand et al., 2014), or population parameters such as divergence

time and ancestral population size(Dutheil et al., 2009) Furthermore,

reconciliation based metrics can be used as a criterion to construct better

gene trees (Durand et al., 2006; Wu et al., 2013; Szöllősi et al., 2013a;

Scornavacca et al., 2013; Sjöstrand et al., 2014) or better species tree

(Boussau et al., 2013; Nakhleh, 2013).

There are many algorithms and software to infer reconciliations

(Nakhleh, 2013; Szöllősi et al., 2015), and while they share many features,

each has some unique characteristics.

Some methods work according to a parsimony principle (see for

instance (Durand et al., 2006; Bansal et al., 2012; Jacox et al., 2016))

while others rely on a likelihood approach (Åkerborg and Sennblad, 2009;

Szöllősi et al., 2013a; Sjöstrand et al., 2014). Reconciliation methods may

differ in the type of events they consider. Some methods also require a dated

species tree (a species tree where the relative timing of internal speciations

is known) while others do not.

The fact that the reconciliation programs (or rather each program

family) use different formats to represent reconciliations makes it difficult

to compare or use together reconciliation inferred from different software,

which can hamper proper comparison and validation studies. This also

means that any post-analysis or visualization software will either have

limited scope (it will only be able to take as input the reconciliations of

specific softwares) or view its release date greatly delayed in order to write

a reader for each and every format.

In this paper, we aim to propose a generic reconciliation format

encompassing the specificities of different reconciliation programs. This

will make reconciliation based analysis more accessible to scientists

without the need to develop or use multiple format conversion scripts.

Some events included in reconciliations occur in the species tree, such

as speciations or extant representatives of different gene families (i.e. the

gene tree leaves). Other events included by reconciliations occur along the

species tree branches, such as gene duplication (D), gene loss (L), lateral

© The Author 2015. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com 1
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gene transfer (T) or incomplete lineage sorting (ILS) (Than et al., 2008;

Rasmussen and Kellis, 2012; Mallo et al., 2014).

Reconciliations can be carried out with dated or undated species trees

In a dated species tree, the relative order of speciations is known and it

should be possible to include in the reconciliation information about the

relative time at which the different events occurred.

(Szöllősi et al., 2013b) introduced a model that considers the existence

of extinct or unsampled lineages (i.e. branches absent from the gene tree)

from which lateral gene transfers might originate. In practice, this means

that some transfers, when represented on the species tree can appear to

travel to the future (but never in the opposite direction) because they have

evolved for a certain time in an unsampled lineage (outside the species

tree). Any transfer, even an instantaneous one between lineages of the

species tree, can be written in terms of speciation to a dead lineage and

transfer from that dead lineage. Thus the format proposed here represents

lateral gene transfer as two separate events: leaving the species tree

(speciation out), and going back in the species tree (transfer reception).

The notion of evolution in unsampled lineages also implies that a

bifurcation in the gene tree can occur in such a lineage. The children of the

bifurcation can undergo transfers back to the sampled lineages. The unseen

bifurcation might be a duplication, a speciation or a transfer between two

unsampled lineage. Existing models are yet unable to discriminate these

events. This idea is reflected in our format thanks to a specific way to

specify a bifurcation in an unsampled lineage.

There have been previous attempts to develop formats able to represent

evolutionary events along a phylogeny. The PhyloXML format (Han and

Zmasek, 2009) is able to depict various annotations along a tree. It already

has some way of representing evolutionary events along a phylogeny, but

with some limitations. For example PhyloXML lacks a mean to specify the

species associated with the different events and only include a rudimentary

representation of transfers.

Adapting the already existing tags for evolutionary event in PhyloXML

would have meant a near complete overhaul, so we decided to create a new

format (recPhyloXML) with entirely new tags, ensuring no confusion with

PhyloXML.

1.1 state of the art

Existing reconciliation formats can be broadly categorized in two groups.

The first group describes reconciliation events as labels in a newick or

NHX tree, in place of the nodal support ( e.g., bootstrap) information, or in

a devoted NHX comment field. Programs like ALE (Szöllősi et al., 2013a),

NOTUNG (Durand et al., 2006; Stolzer et al., 2012), or PrIME (Åkerborg

and Sennblad, 2009; Sjöstrand et al., 2014) adhere to this group. The

Newick-based reconciliation formats have the advantage of representing

the phylogeny. However the reconciliation information often takes the

space of other measures like bootstrap values (as in (Szöllősi et al., 2013a)).

The NHX-based format solves this by allocating a specific space for the

reconciliation. A common problem with NHX and newick-based formats

is that some characters are forbidden in the leaf names and annotations1,

while sometimes species or gene annotations contain these characters (

whereas they rarely contain whole XML tags).

The second group represents reconciliations as lists of gene tree nodes

mapping to species tree nodes, making references to an implicit or external

gene tree (meaning that the gene tree structure might not be included in the

reconciliation). Examples of such output formats are used by ranger-DTL

(Bansal et al., 2012), ecceTERA (Jacox et al., 2016) or the simulation

software Simphy (Mallo et al., 2016).

1 These forbidden characters are : ,:(); in newick. In NHX, [] are

added to this list.

2 Format presentation
recPhyloXML and recGeneTreeXML are two XML grammars inherited

from PhyloXML and designed to describe reconciled gene trees.

They both rely on an XML structure composed of tags imbricated in

one-another. A specific tag may have different attributes which can be

obligatory or facultative.

In this section we briefly detail the structure of the PhyloXML used in

our format. We then expand on the tags that are specific to reconciliation.

Fundamental implementation

The recGeneTreeXML grammar allows you to add a new tag

<eventsRec> in phyloXML <clade>. This tag describes the different

evolutionary events associated to this clade. To distinguish phyloXML

trees from reconciled gene trees inferred by a reconciliation process, the

root tag <phyloxml> is replaced by <recGeneTree>.

The recPhyloXML grammar allows you to store and share one or more

reconciled genes trees and the associated species tree. Each reconciled gene

tree have to be described using the recGeneTreeXML grammar while the

species tree has to be described using the phyloXML grammar.

Common PhyloXML elements

A reconciled gene tree is delimited by the tag

<phylogeny rooted="true"></phylogeny>. Note that a

reconciled gene tree is always rooted. Each clade is then recursively

inscribed in a <clade></clade> tag. This clade tag possesses a

facultative attribute to describe branch length. The name or identifier of

the node is given in the <name></name> tag. Further information can

be included such as support value (<confidence></confidence>)

or description (<description></description>)

recGeneTreeXML

recGeneTreeXML enriches the phyloXML vocabulary by adding the

complex tag <eventsRec> that must be included inside a <clade>

tag.

The <eventsRec> tag contains the sequence of evolutionary events

that occur along a gene tree branch.

Each type of evolutionary event is represented by a specific tag. These

can be of two types, according to whether they concern a branch or a node

of the gene tree:

• Non terminal events: <speciationLoss> , <transferBack>

and <speciationOutLoss>. These tags can be used as many

times as necessary and in any order. These events do not cause any

bifurcation in the gene tree.

• Terminal events: <speciation>, <speciationOut>,

<bifurcationOut>, <duplication> and <leaf>. There is

exactly one of these tag at the end of the sequence of events contained

in the <eventsRec> tag.

These terminal events cause either a bifurcation in the gene tree

(<speciation>, <speciationOut>,

<bifurcationOut>, <duplication>) or the end of a lineage

(<leaf>).

Aside from the<bifurcationOut> and<transferBack> tags,

all tags have an obligatory speciesLocation attribute that specifies in

which species the event takes place. For <bifurcationOut>, the event

always take place in an unsampled / extinct lineage. <transferBack>

events have instead a destinationSpecies attribute that specifies

the species that receive the transfer. All event tags also have a facultative

confidence attribute that is intended to store a support value for this

event. Additionally, all event tags have a facultative timeSlice attribute
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Fig. 1. A. Representation of the <leaf> tag. B. Representation of the <speciation> tag. C. Representation of the <speciationLoss> tag. D. Representation of the

<duplication> tag. The species tree is figured in green. The part of the gene tree the event occurs in is represented in plain red. Additional parts of the gene tree are represented

as dotted black lines.

that can, in models where the species tree is dated and subdivided for

instance (as shown in (Doyon et al., 2010), provide information on the

timing of the event. Finally, the <leaf> tag has a facultative geneName

attribute that can specify to which extant gene it corresponds.

<leaf> tag:
The <leaf> tag indicates that the branch ends on a gene tree leaf; see

Figure 1 A.

Associated recGeneTreeXML code:

<clade>

<name>gene_seq_1</name>

<eventsRec>

<leaf speciesLocation="C"></leaf>

</eventsRec>

</clade>

<speciation> tag:
The <speciation> tag describes a gene lineage undergoing a

bifurcation due to a speciation; see Figure 1 B.

Associated recGeneTreeXML code:

<clade>

<eventsRec>

<speciation speciesLocation="A"></speciation>

</eventsRec>

</clade>

<speciationLoss> tag:
The <speciationLoss> tag describes an event similar to

<speciation>, with the exception that a gene copy is lost in one of the

two descendants resulting from the speciation; see Figure 1 C.

Associated recGeneTreeXML code:

<!--Example with end tag <leaf> -->

<clade>

<name>gene_seq_1</name>

<eventsRec>

<speciationLoss speciesLocation="A">

</speciationLoss>

<leaf speciesLocation="C"></leaf>

</eventsRec>

</clade>

<duplication> tag:
The <duplication> tag represents a gene duplication inside a species

tree branch; see Figure 1 D.

Associated recGeneTreeXML code:

<clade>

<eventsRec>

<duplication speciesLocation="C">

</duplication>

</eventsRec>

</clade>

<speciationOut> tag:
The <speciationOut> tag represents an event analogous to a

speciation, but where one of the resulting gene copies occurs in an

unsampled/extinct species; see Figure 3 A.

Associated recGeneTreeXML code:

<clade>

<eventsRec>

<speciationOut speciesLocation="B">

</speciationOut>
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</eventsRec>

</clade>

<transferBack> tag:
The<transferBack> tag represents an horizontal gene transfer toward

a branch of the species tree; see Figure 3 B.

Associated recGeneTreeXML code:

<!--Example with end tag <leaf> -->

<clade>

<eventsRec>

<transferBack destinationSpecies="E">

</transferBack>

<leaf speciesLocation="E"></leaf>

</eventsRec>

</clade>

<speciationOutLoss> tag:

The <speciationOutLoss> represents a particular case where

after a speciation to a lineage absent from the species tree

(SpeciationOut), the gene copy that remained inside the species tree

is lost; see Figure 3 C.

Associated recGeneTreeXML code:

<!--Example with end tag <duplication> -->

<clade>

<eventsRec>

<speciationOutLoss speciesLocation="B">

</speciationOutLoss>

<transferBack destinationSpecies="E">

</transferBack>

<duplication speciesLocation="E">

</duplication>

</eventsRec>

</clade>

<bifurcationOut> tag:
The <bifurcationOut> tag represents a bifurcation in the species

tree that would happen while the gene evolves along an unsampled/extinct

species (ie. one that is not represented in the species tree, see the

<speciationOut> and <transferBack> tags above); see Figure

3 D.

Associated recGeneTreeXML code:

<clade>

<eventsRec>

<bifurcationOut></bifurcationOut>

</eventsRec>

</clade>

Note on the lateral gene transfer representation
A lateral gene transfer is represented in two steps: one that specifies

the species where the transfer originates, the other specifies the species

receiving the transfer. This representation follows a model implicating

unsampled/extinct lineages that are absent from the species tree (Szöllősi

et al., 2013b). In this model, a gene evolving in a given species undergoes

a speciation toward a species absent from the species tree; thus, a gene

copy exits the species tree. The gene copy situated outside of the species

tree will then be transferred back to another species (the gene copy comes

back to the species tree). The copy that remains outside the species tree

is considered lost as it belongs to a species that is not represented in the

species tree. These two successive steps are respectively represented by

the <speciationOut> and <transferBack> tags.

recPhyloXML

recPhyloXML facilitates the exchange of several gene family that were

reconciled to a same species tree. Its structure is fairly simple. A

<recPhylo> root tag contains the following sequence:

• 0 .. 1 species tree. phyloXML format, but contains in the <spTree>

tag rather than the <phyloxml> tag.

• 1 .. n gene family tree in recGeneTreeXML format, each defined in a

separate <recGeneTree> tag.

<!--skeleton of a recphylo object with a species

tree and two reconciled gene trees -->

<recphylo>

<spTree>

...

<!--phyloxml species tree -->

</sptree>

<recGeneTree>

...

<!-- first reconciled gene tree -->

</recGeneTree>

<recGeneTree>

...

<!-- second reconciled gene tree -->

</recGeneTree>

</recphylo>

3 Availability
A detailed description of the recPhyloXML format, as well as a .xsd

file2, is available at http://phylariane.univ-lyon1.fr/recphyloxml/. This

website also presents a tool that can generate a visual representation of

any reconciled tree in the recPhyloXML format, as shown in Figure 3.

The generated file is a .svg file, allowing easy further manipulation, like

changing the color scheme for instance.

The recPhyloXML format has already been implemented as an output

option in the reconciliation software ALE (Szöllősi et al., 2013a) and both

as input and output options in the adjacency history computing software

DeCoSTAR (Duchemin et al., 2017).

Furthermore, scripts have been developed to convert the reconciliations

produced by ecceTERA(Jacox et al., 2016), NOTUNG(Durand et al.,
2006) and PrIME(Åkerborg and Sennblad, 2009) in recPhyloXML , as

well as additional scripts to convert a recPhyloXML reconciled tree in the

newick format, or count the different events represented in a recphyloXML

file.

2 This is a file formally describing the format, used by many XML tools.
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A

B

C

<speciationOut>

Non-sampled lineage

A
A

B

C

<transferBack>

Non-sampled lineageD

E

<leaf>

B

A

B

C

<transferBack>

Non-sampled lineageD

E

<duplication>

<speciationOutLoss>

C
A

B

C

<bifurcationOut>
Non-sampled lineages

D
Fig. 2. A. Representation of the <speciationOut> tag. B. Representation of the <transferBack> tag. C. Representation of the <speciationOutLoss> tag. D. Representation

of the <bifurcationOut> tag. The species tree is figured in green. Dead / unsampled lineages are represented in orange. The part of the gene tree the event occurs in is represented in

plain red. Additional parts of the gene tree are represented as dotted black lines.

APIs have been written to import and export in recPhyloXML for the

C++ library Bio++ (Gueguen et al., 2013), for the python libraries ETE3

(Huerta-Cepas et al., 2016) and for Biopython (Cock et al., 2009) (right

now, we distribute all these scripts and API by e-mail, on demand. Later

they shall be downloadable from the website).

4 Conclusion
With the growing number of available reconciliation models and software,

it becomes crucial to be able to exchange and compare their results.

RecPhyloXML is a format that can accommodate many reconciliation

features (dated / undated ; with or without lateral gene transfers). It relies

on an XML structure, a standard format for nested data and that already

has multiple API libraries in various programming languages. We provide

a detailed description of the recPhyloXML format on a website, along with

a tool to visualize it.
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