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Trees 

Species trees : depict the evolutionary history of a set of organisms.
Internal nodes represent speciation events.
Branch lengths represent divergence times/amounts.

Gene trees : depict the evolutionary history of a gene family, i.e., 
homologous molecular sequences appearing in the genome of different 
organisms.
They reflect a complex evolution potentially involving many diverse 
processes, in addition to speciations. 

Species/gene trees
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locus tree
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Trees

• methodological causes
o sequencing errors
o contamination 
o inexact species delimitation 
o inaccurate clustering into homologous groups
o misalignement
o model inadequacy 
...

• biological processes
o D+L
o HGT
o ILS
o ancient population structure
o low/high mutation rate
...

Species/gene trees can significantly differ

A B C



Processes

The DTL processeswhich can be seen as a problem — if the goal is to infer the species tree — or a source of
information — if the goal is to study molecular evolution.

These evolutionary processes can include several ‘gene-range’ events such as gene dupli-
cations, gene losses and horizontal gene transfers. A gene duplication (D

::
D) is an event by

which a single gene copy gives rise to two copies at two distinct loci: the original locus and a
new one. In contrast, a gene loss (L

::
L) removes a gene from the genome. Horizontal gene

transfer (T
::
T) occurs when a gene from one species enters the genome of another contemporary

species, which can occur (frequently in bacteria, for example) through a number of biological
mechanisms such as transformation, transduction and conjugation. Collectively, we refer to
these processes as ‘DTL’. These events can occur multiple times, allowing the gene tree to
possibly di�er greatly from the species tree. Examples of these events are given in Figure 1.

(a) Gene duplication. The du-
plication is represented by a
white square and the new gene
lineages created by the dupli-
cation are coloured red.

(b) Horizontal gene transfer.
The transfer is represented by
a black square and the new
gene lineage created by the
transfer is coloured blue.

(c) Gene loss. The loss node
is represented by a cross and
the lost lineage is dashed.

Figure 1: Tree representations of a gene duplication, a horizontal gene transfer, and a gene
loss, respectively. The gene lineages (finer lines) evolve within a species tree (outer ‘tubes’).

In addition to these events, a gene tree can also be incongruent to the species tree due
to a phenomenon known as incomplete lineage sorting (ILS) [14]. When a population of
individuals undergoes several speciations in a relatively short time, polymorphism (di�erent
alleles) maintained throughout this time may eventually fix in di�erent descendant lineages.
This can produce discrepancies between the gene tree and species tree. ILS is more likely to
occur in branches of the species tree (i.e., ancestral species) that represent small time spans
and/or large population sizes [18]. An example of ILS is given in Figure 2. Hemiplasy [3] is a
term used to refer to the species tree/gene tree conflicts that result from incomplete lineage
sorting.

Coalescent theory [13] provides a genealogical interpretation of ILS that helps connect
this phenomenon to gene tree-species tree discordance. A key point is that the age of the
common ancestor to two gene copies sampled in two di�erent species is older (in the absence
of DTL) than the time of speciation between the two species. This is due to the existence of
polymorphism in the ancestral species. When speciations occur far apart in time from each
other, ancestral polymorphism only creates di�erences in branch lengths, not in topology,
between gene trees and species trees. If, however, two or more speciations occur in a time
interval of the order of coalescence times, then coalescence and speciation may interact. This
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Gene Duplication: a single gene copy gives 
rise to two copies at two distinct loci 

Gene Transfer: a gene from one species 
enters the genome of another 
contemporary species

Gene Loss: a gene is removed from the 
genome



Incomplete Lineage Sorting (ILS)

A B C
The originating population contains a single white allele. 

1. a mutation leads to a new black allele at the locus, 
2. the first speciation takes place,
3. rapidly followed by a second one. 

As the white and black alleles still coexist when the second speciation 
takes place, both alleles may be fixed in separate descendant species.

Processes



Incomplete Lineage Sorting (ILS)

A B C
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A B C
This results in a gene history which differs from the species history.



Incomplete Lineage Sorting (ILS)

A B C

Processes

A B C
This results in a gene history which differs from the species history.

The multispecies coalescent (MSC) model predicts the effect of ILS 
on gene tree branch lengths and topology as a function of the effective 
population size and timing of speciations.
More likely for 
 à fast successive speciations 
 à large effective sizes



ILS and DTL interaction, examples

Processes

A B C D

(a) Population-genetic view (b) Gene evolution representation

Figure 3: Example of ILS interacting with loss. With only one loss event, two descendant
species may end up with an empty locus due to the presence of ILS.

Figure 4: Example of copy number hemiplasy. A duplication arises in an ancestral species,
and then two successive speciation events occur. This results in some species retaining two
copies of the gene, while others have only one, without a gene loss event. Here, the original
gene is sorted in all descendant species (A, B and C) in the original locus, but the duplicated
gene only fixes in species A and B.

:::::::
Species

:
B ends up with the same number of gene copies

as A,
:
while being more closely related to C.

inference, where we seek to reconstruct the ‘true’ reconciliation from the gene and species
trees.

There are two main paradigms for reconciliation inference: the parsimonious and the
probabilistic [7]. In the parsimonious approach, we assign a cost to each evolutionary event
and search for the most parsimonious reconciliation, which induces the lowest total cost. Due
to the relative scarcity of evolutionary events, it is generally accepted that parsimony is a
pertinent criterion in evolutionary biology. However, it has been shown that parsimony does
not always reflect the true evolutionary history [15]. In the probabilistic approach, a stochastic Improve

the
ma-
genta
part,
it is
a bit
sim-
plistic

Improve
the
ma-
genta
part,
it is
a bit
sim-
plistic

model of evolution is assumed, and either the reconciliation with the maximum likelihood
under this model is found, or a Bayesian approach is used to sample the reconciliation space.
In general, the probabilistic approach is more accurate, but less time e�cient.

In our discussion, it is important to distinguish between three concepts:

• The model of evolution — a specification of what can (and cannot) happen in the
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ILS interacting with loss:
with only one loss event, two descendant species may end up with an 

empty locus due to the presence of ILS 



ILS and DTL interaction, examples

Processes

A B C D

(a) Population-genetic view
A B C D

(b) Gene evolution representation

Figure 3: Example of ILS interacting with loss. With only one loss event, two descendant
species may end up with an empty locus due to the presence of ILS.

Figure 4: Example of copy number hemiplasy. A duplication arises in an ancestral species,
and then two successive speciation events occur. This results in some species retaining two
copies of the gene, while others have only one, without a gene loss event. Here, the original
gene is sorted in all descendant species (A, B and C) in the original locus, but the duplicated
gene only fixes in species A and B.

:::::::
Species

:
B ends up with the same number of gene copies

as A,
:
while being more closely related to C.

inference, where we seek to reconstruct the ‘true’ reconciliation from the gene and species
trees.

There are two main paradigms for reconciliation inference: the parsimonious and the
probabilistic [7]. In the parsimonious approach, we assign a cost to each evolutionary event
and search for the most parsimonious reconciliation, which induces the lowest total cost. Due
to the relative scarcity of evolutionary events, it is generally accepted that parsimony is a
pertinent criterion in evolutionary biology. However, it has been shown that parsimony does
not always reflect the true evolutionary history [15]. In the probabilistic approach, a stochastic Improve

the
ma-
genta
part,
it is
a bit
sim-
plistic

Improve
the
ma-
genta
part,
it is
a bit
sim-
plistic

model of evolution is assumed, and either the reconciliation with the maximum likelihood
under this model is found, or a Bayesian approach is used to sample the reconciliation space.
In general, the probabilistic approach is more accurate, but less time e�cient.

In our discussion, it is important to distinguish between three concepts:

• The model of evolution — a specification of what can (and cannot) happen in the

4

ILS interacting with loss:
with only one loss event, two descendant species may end up with an 

empty locus due to the presence of ILS 



ILS and DTL interaction, examples

Processes

ILS interacting with duplication:
the duplicated gene only fixes in species A and B. 

Species C has only one copy, without a gene loss event

(a) Population-genetic view (b) Gene evolution representation

Figure 3: Example of ILS interacting with loss. With only one loss event, two descendant
species may end up with an empty locus due to the presence of ILS.

A B C
original locus

A B C
new locus

Figure 4: Example of copy number hemiplasy. A duplication arises in an ancestral species,
and then two successive speciation events occur. This results in some species retaining two
copies of the gene, while others have only one, without a gene loss event. Here, the original
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ILS and DTL interaction, examples

Processes

ILS interacting with duplication:
the duplicated gene only fixes in species A and B. 

Species C has only one copy, without a gene loss event

(a) Population-genetic view (b) Gene evolution representation
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Existing models accounting for ILS and DTL

Existing models

Locus tree model (DLCoal, DLCpar and SimPhy)
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not provide a method to find an optimal reconciliation).
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locus tree
bounded 
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gene evolution view within the locus tree

A B C

Figure 5: An example of the locus tree model.

2.2 Haplotype tree model
Comment of NG: the assumption of full linkage makes the model quite restrictive; major
problem of inferring orthology in tandem arrays; gene conversion; might be useful for the
study of gene families in clonal organisms. Develop and discuss in the paper?

The haplotype tree model was introduced by Schrempf in a talk at the SMBE 2018
conference [22]. In contrast to the locus tree model, the haplotype tree model assumes no
recombination. This implies that a duplicated gene must undergo the exact same genealogical
history as the originating gene -

::
—

:
a strong assumption.

To implement this model statistically, we first perform a multispecies coalescent process
on the species tree, obtaining a so-called haplotype tree. The gene tree is then obtained by
performing a duplication-loss birth-death process on the haplotype tree. An example is given
in Figure 6. Note that, while some sort of copy number hemiplasy is allowed in this model,
it is restricted: an

:
a

:
gene which duplicates must be transmitted to

:::::::
sorted

:::::
into exactly the

same descendants as the original gene. For instance
:
,
:
it is not allowed for a duplicated gene

to be transmitted to
::::::
sorted

:::::
into

:
all species descendants, if the original gene is not.

2.3 IDTL model
The IDTL reconciliation method [4] takes a parsimony approach to the reconciliation problem.
It defines events forward in time and assumes an underlying gene family evolution model
which shares some elements with both the locus and haplotype tree models. Note that, while
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Existing models accounting for ILS and DTL

Existing models

Locus tree model (DLCoal, DLCpar and SimPhy)

ILS does not interfere with gene duplication and loss in generating 
variation in gene copy number among species.

 

Finally, in the locus tree model, a duplicated gene is either lost, or fixed in all possible
descendant species. This means there can be no copy number hemiplasy. For example, the
locus tree model cannot model the scenario in Figure 14a: an additional loss is needed, as in
Figure 14b. By use of the incomplete multispecies coalescent, the IxDTL model can model
both scenarios.

A B C

(a) The duplication fixes only in species B
without a loss.

A B C

(b) The locus tree model must infer a loss in
species C.

Figure 14: The locus tree model does not model copy number hemiplasy.

4.2 IxDTL vs haplotype tree model
In the haplotype tree model, a duplicated gene is assumed to have exactly the same genealogy
as the original gene; the model cannot model duplicated genes with di�erent coalescent
histories. This assumes that there is no recombination between loci, which is too restrictive.
It is more realistic and flexible to allow the loci to be linked or unlinked, and thus have the
possibility for either independent or dependent evolution, as is done in the IxDTL model.

Because the haplotype tree model applies the coalescent first, duplications and losses are
assigned to gene lineages, rather than loci as in the locus tree model. It is reasonable to apply
duplications to gene lineages when there is no recombination (and thus only duplications at
direct ancestors can be observed). But, as discussed above, a more realistic model is to allow
recombination and model both ancestral and non-ancestral duplications, which is done in the
IxDTL model. On the other hand, the disadvantages of the locus tree model do not apply to
the haplotype tree model; for example, it can model both scenarios in Figure 13.

The haplotype tree model also does not fully allow for copy number hemiplasy; instead,
keeping with the assumption of fully dependent loci, it enforces a restricted version wherein
a duplicate must undergo the same coalescent process, and therefore be sorted into the same
species as the original gene. For example, the haplotype tree model cannot model the scenario
in Figure 15a, where the duplicated gene is sorted into di�erent species than the original
gene. It also cannot model the scenario in Figure 15b, where the duplicated gene undergoes
a di�erent genealogy from the original gene. By allowing recombination between linked loci,
the IxDTL model can model both these scenarios even if the duplicated loci are considered
to be linked.
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Existing models accounting for ILS and DTL
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Locus tree model (DLCoal, DLCpar and SimPhy)

ILS does not interfere with gene duplication and loss in generating 
variation in gene copy number among species.

 

Figure 12: An example of the coalescent-rate process. Firstly, coalescent trees are sampled
from the multispecies coalescent, and then events are sampled at constant rate on the
branches of the coalescent trees. Finally, the coalescent tree is removed and the sampled
events considered to occur in the unilocus tree.

were present in the ancestral population of B, C and D, one of which was subsequently lost,
i.e., replaced by the null allele. The null allele is then sorted into species B and C. The locus
tree model can only produce this gene tree with two losses, as in Figure 13b. In order to
properly capture this scenario, losses must be placed on the haplotype tree rather than the
locus (or unilocus) tree, which is done in the IxDTL model.

A B C D
(a) An allele is lost, with the null allele being
sorted into species B and C.

A B C D
(b) The locus tree model must infer two losses
to reproduce this gene tree.

Figure 13: The locus tree model does not model a lost allele.

In a similar vein, the locus tree model also assigns duplications to the locus tree. These
duplications must then rejoin the haplotype tree via the multispecies coalescent; in other
words, they are assumed to be non-ancestral. As discussed above, this is a reasonable
consequence of the model assumption that all loci evolve independently (i.e., are unlinked),
since the probability of an ancestral unlinked duplication is vanishingly small. However, in
the more realistic case that some duplicated loci may be linked to the original locus, the
survival of the duplicated gene is correlated to the survival of the original gene, and the
probability of an ancestral linked duplication , knowing that the new duplicate exists, is
non-negligible. Thus it is important to model both ancestral and non-ancestral duplications,
as the IxDTL model does.
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A B C A B CA B C

 multispecies coalescent DL process

species tree haplotype tree within the species tree gene tree within the species tree

Figure 6: An example of the haplotype tree model.

the model is specified, no statistical implementation is given in [4], since this is not necessary
for a parsimony method.

One possible implementation of the underlying model is to perform a multispecies coales-
cent on the species tree, followed by a DTL birth-death process, as is done in the haplotype
tree model. However, for each new locus, a new multispecies coalescent is performed as in the
locus tree model. As in the haplotype tree model, a limited form of copy number hemiplasy
is allowed where a duplicate gene must be sorted into exactly the same descendant species as
the original gene. An example of this is given in Figure 7.

Please also note
:::::
Note

::::
also
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that this model deals with recombination in an inconsistent

way; this will be discussed further in Section 4.3.

CS: Shouldn’t we add a paragraph on Notung here too? Btw, I am not entirely satisfied with
having two di� sections, one that introduces the models and one, later on, that compares them
with ours. But I couldn’t find a better vary for now.

Figure 7: An example of the IDTL model. An allele which is sorted into species A, B and
C is duplicated. The duplicated gene must then be sorted into the same species, but the
coalescent process may be di�erent from the original gene, resulting in a subtree (colored
red) with di�ering topology.
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Existing models accounting for ILS and DTL

Existing models

Haplotype tree model

Does not fully allow for copy number hemiplasy since 
duplicated/transferred gene must be sorted into the same species than 
the original copy.

 

A B C

(a) The haplotype tree model cannot have
a duplication which is sorted into di�erent
species from the original lineage.

(b) The haplotype tree model cannot have a
duplication which is sorted in a di�erent way
from the original lineage.

Figure 15: Limits of the haplotype tree model. Duplicated lineages are in red, while the
originating lineages are in black.

4.3 IxDTL vs IDTL model
The IDTL model o�ers a kind of ‘halfway house’ between the locus tree and haplotype tree
models, where duplications, transfers and losses are applied to gene lineages rather than loci,
and duplicates can be sorted in di�erent ways from the original gene. However, some of the
assumptions made in the model are computationally convenient but biologically questionable

— for example, a duplicated gene must be sorted into the same species as the original gene
(i.e, no recombination allowed), but it may be sorted in a di�erent way (i.e, recombination is
allowed). For example, the left-hand side of Figure 14 is also not allowed by the IDTL model.
The IxDTL model is based explicitly on a model of the coalescent with recombination, and
therefore incorporates recombination events in each species separately, allowing for a greater
range of scenarios

::
in

::
a

::::::::::::
biologically

::::::::::
plausible

::::::::
context.

4.4 IxDTL vs Notung
The Notung model [27, 25] was one of the earliest models to unify the processes of DTL
and ILS. Their model is intended to be used with non-binary species trees, i.e., situations
where the branching order is unclear. ILS in Notung

::::::
where

::::::
there

::::
are

:::::::::::
polytomies

::::::::
(nodes

:::::
with

:::::
more

::::::
than

::
2

:::::::::
children)

:::::::
where

:::
it

::
is

::::
not

::::::
clear

:::
in

::::::
which

::::::
order

:::::
the

::::::::::::
speciations

:::::::::::
happened.

:::::
ILS is

only allowed at a polytomy(node with more than two descending lineages), and each possible
sorting of genes at the polytomy is considered to be equally likely. In contrast, IxDTL allows
ILS everywherein the tree, with probabilities based on the branch lengths of the species
tree. It also specifies an underlying ‘true’ binary species tree which is always the most likely
outcome for the gene sorting. Internal branch lengths in IxDTL

:::::
Since

::::::::
branch

::::::::
lengths

:
can

be made arbitrarily short, which e�ectively covers what Notung represents by polytomies
:::
we

::::
can

::::
also

::::::::
include

::::::::::::
polytomies

::::
(in

:::
an

::::::::::::
equivalent

::::::
sense

:::
to

:::::::::
Notung)

:::
in

::::
our

::::::::
model,

:::
so

::::
our

:::::::
model

::
is

:::::
more

::::::::
flexible.

For computational convenience, the Notung model assumes that whenever a transfer
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Figure 12: An example of the coalescent-rate process. Firstly, coalescent trees are sampled
from the multispecies coalescent, and then events are sampled at constant rate on the
branches of the coalescent trees. Finally, the coalescent tree is removed and the sampled
events considered to occur in the unilocus tree.

were present in the ancestral population of B, C and D, one of which was subsequently lost,
i.e., replaced by the null allele. The null allele is then sorted into species B and C. The locus
tree model can only produce this gene tree with two losses, as in Figure 13b. In order to
properly capture this scenario, losses must be placed on the haplotype tree rather than the
locus (or unilocus) tree, which is done in the IxDTL model.

A B C D
(a) An allele is lost, with the null allele being
sorted into species B and C.

(b) The locus tree model must infer two losses
to reproduce this gene tree.

Figure 13: The locus tree model does not model a lost allele.

In a similar vein, the locus tree model also assigns duplications to the locus tree. These
duplications must then rejoin the haplotype tree via the multispecies coalescent; in other
words, they are assumed to be non-ancestral. As discussed above, this is a reasonable
consequence of the model assumption that all loci evolve independently (i.e., are unlinked),
since the probability of an ancestral unlinked duplication is vanishingly small. However, in
the more realistic case that some duplicated loci may be linked to the original locus, the
survival of the duplicated gene is correlated to the survival of the original gene, and the
probability of an ancestral linked duplication , knowing that the new duplicate exists, is
non-negligible. Thus it is important to model both ancestral and non-ancestral duplications,
as the IxDTL model does.
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

We start by focusing on a single randomly mating population of 2N 
haploid genomes with discrete, non-overlapping generations in the 
original locus. 

In this locus, the genealogical process is identical to the Wright-Fisher 
process: at every generation each individual descends from a random 
member of the previous generation.
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

In addition to the genealogical process, three events may occur:

1. Speciations Each population in each locus splits into two separate 
populations. For each child population, each individual in the first 
generation descends from a random individual of the last generation 
of the parent population, as in the standard WF model. The WFDL 
process is then run recursively and independently in both child 
populations.
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

In addition to the genealogical process, three events may occur:

2. Duplication at rate rd per individual per generation in each locus. 
An individual from the population is selected (uniformly at random) 
to duplicate. A new child locus is created with a population of size 
2N. In the child population, a single individual descends from the 
duplicating individual in the parent locus. The WFDL process is 
then run recursively and independently in the new population.
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

In addition to the genealogical process, three events may occur:

3. Loss at rate rl per individual per generation in each locus. An 
individual from the population is selected (uniformly at random) to 
lose the gene copy (if the locus for that individual is not empty) at 
that locus.
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

In addition to the genealogical process, three events may occur:

3. Loss at rate rl per individual per generation in each locus. An 
individual from the population is selected (uniformly at random) to 
lose the gene copy (if the locus for that individual is not empty) at 
that locus.

We define the rates of duplication and loss as r’d = 2N rd and r’l = 2N rl 
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The Wright-Fisher Process with Dup and Loss

WF with Duplication and Loss

When the WFDL process reaches the present time, we sample one 
genome in each species     one individual per population in each locus. 
We trace the lineages back to their most recent common ancestor. 
If a sampled individual did not descend from the original locus, it is 
discarded to obtain the joined haplotype tree. 
We truncate the tree at each loss to produce the final gene tree. 

Intractable and pointless, we 
designed an approximation: the 
MLMSC
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The MLMSC, a new gene family evolution model

The MLMSC model

Given a species tree, we generate a gene tree in a recursive manner by 
defining a succession of unilocus trees, each representing the evolution 
of one locus. 
Within each unilocus tree, we generate a haplotype tree, which 
represents the genealogy of the individuals in that locus. 
We sample duplication events within the locus to create new unilocus 
and then haplotype trees. The haplotype trees are then joined, and 
losses simulated, to produce the full gene tree.

(Actually the MLMSC is more complex, it also models transfers and `linked' duplications)
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The original locus

The MLMSC model

The unilocus tree for the original locus is the same as the species tree.
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The original locus

The MLMSC model

The unilocus tree for the original locus is the same as the species tree.

The haplotype tree for the original locus is produced via a standard 
multispecies coalescent process. 
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The duplication process (unilocus tree) 

The MLMSC model

Duplications are simulated within the branches of the unilocus tree 
using a coalescent-rate process: a temporary multispecies coalescent is 
simulated within the unilocus tree, duplications are simulated at 
constant rate r'd on the branches of the temporary tree, and the 
temporary tree is then discarded.
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The duplication process (unilocus tree) 

The MLMSC model

A new unilocus tree is created at each duplication point. This tree is 
the subtree of the species tree starting from the time and branch when 
the duplication happens.
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The duplication process (haplotype tree) 

The MLMSC model

We run a multispecies coalescent process, this generates a haplotype 
forest. We keep the generated haplotype forest in proportion to the 
number of trees k it contains (probability k/n).
Otherwise, a new haplotype forest is generated (and kept or not, etc.), 
until a forest is kept. 
We choose one of the trees at random to be the locus haplotype tree .

n is the total number of species
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The duplication process (joining) 

The MLMSC model

Duplications are joined back to the haplotype tree in the locus in which 
they occur, using the multispecies coalescent.
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The duplication process (joining) 

The MLMSC model

Duplications are joined back to the haplotype tree in the locus in which 
they occur, using the multispecies coalescent.

Continue to recursively generate new unilocus trees and haplotype trees 
until no more duplications are produced.
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The duplication process (discarding) 

The MLMSC model

In the joining step, duplications are joined to haplotype forests, not just 
the haplotype tree. If a duplication does not coalesce by the time of 
origination of the locus, or coalesces to an element of the haplotype 
forest that is not the haplotype tree (these are only possible in a 
duplicated locus, not the original locus), the duplication is discarded.



The duplication process (discarding) 

The MLMSC model

In the joining step, duplications are joined to haplotype forests, not just 
the haplotype tree. If a duplication does not coalesce by the time of 
origination of the locus, or coalesces to an element of the haplotype 
forest that is not the haplotype tree (these are only possible in a 
duplicated locus, not the original locus), the duplication is discarded.
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The duplication process (discarding) 

The MLMSC model

In the joining step, duplications are joined to haplotype forests, not just 
the haplotype tree. If a duplication does not coalesce by the time of 
origination of the locus, or coalesces to an element of the haplotype 
forest that is not the haplotype tree (these are only possible in a 
duplicated locus, not the original locus), the duplication is discarded.
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discard

The duplication process (discarding) 

The MLMSC model

In the joining step, duplications are joined to haplotype forests, not just 
the haplotype tree. If a duplication does not coalesce by the time of 
origination of the locus, or coalesces to an element of the haplotype 
forest that is not the haplotype tree (these are only possible in a 
duplicated locus, not the original locus), the duplication is discarded.
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discard

The duplication process (discarding) 

The MLMSC model

In the joining step, duplications are joined to haplotype forests, not just 
the haplotype tree. If a duplication does not coalesce by the time of 
origination of the locus, or coalesces to an element of the haplotype 
forest that is not the haplotype tree (these are only possible in a 
duplicated locus, not the original locus), the duplication is discarded.



The duplication process (haplotype tree) 

The MLMSC model

The haplotype trees are joined together to form the joined haplotype 
tree. Losses are simulated at constant rate r’l on the branches of the 
joined haplotype tree, and the tree is truncated at these losses to form 
the final gene tree.
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The duplication process (haplotype tree) 

The MLMSC model

The haplotype trees are joined together to form the joined haplotype 
tree. Losses are simulated at constant rate r’l on the branches of the 
joined haplotype tree, and the tree is truncated at these losses to form 
the final gene tree.
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MLMSC is a good estimation of WFDL 

The MLMSC model

If all duplications are self-descending, MLMSC = WFDL
• incomplete coalescent and rejection sampling
• calculating rates of events with the coalescent-rate process
 

If not, the true rate of observed duplications is slightly higher because 
we must also consider duplications that are not self-descending, but are 
observed in descendant loci (higher-order duplications).
 



MLMSC is a good estimation of WFDL 

The MLMSC model

We find that under realistic parameters, we can expect the frequency of 
higher-order duplications to be about 1% of all observed duplications.
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Probability of copy number hemiplasy

Impact of CNH

Difficult to write down an closed formula for but relatively simple to 
calculate it for any given species tree, branch and time (2N = 9 × 107).

Saccharomyces cerevisiae

Saccharomyces paradoxus

Saccharomyces mikatae

Saccharomyces bayanus

Candida glabrata

Saccharomyces castellii

Ashbya gossypii

Kluyveromyces latics

Kluyveromyces waltii

Candida alibicans

Candida tropicalis

Candida parapsilosis

Lodderomyces elongisporus

Candida guilliermondii

Debaryomyces hansenii

Candida lusitaniae



Impact in reconstructing species trees

Impact of CNH

ASTRAL is the most used summary method, which takes a set of gene 
trees as input and summarises them in some way to reconstruct a 
species tree. 

The accuracy of ASTRAL has been heavily studied, both theoretically 
and via simulations:

• Take a data set (species tree, gene trees, etc)
• Estimate the duplication rate by calculating the expected 

number of genes under a birth-and-death DL process, and 
matching this to the observed number of genes. (rd=rl).

• Simulate gene trees via DLCoal
• Test the accuracy

We studied the effect of copy number hemiplasy on the performance of 
ASTRAL and the  practical estimation of duplication rate.



Impact in reconstructing species trees

Impact of CNH

The duplication rates calibrated from real data have been potentially 
heavily underestimated.
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Impact in reconstructing species trees

Impact of CNH

The performances of ASTRAL degrade, when CNH is modelled 
compared to when it is not. 
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Conclusions

Impact of CNH

We showed the MLMSC model is  appropriate to study the effect of 
copy number hemiplasy.

We showed that the assumption that copy number hemiplasy does not 
have a noticeable impact on gene family evolution is often not satisfied, 
by proving that the frequency of CNH is higher than previously thought, 
and has a noticeable effect on both the shape of gene trees and their 
suitability for species tree inference.

It is essential to develop new methods that fully take into account copy 
number hemiplasy.


