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Context     :  
This internship covers both the pangenome and the phylogenetic networks. The pangenome is a hot topic in biology, 
and specially the apple pangenome at IRHS. Phylogenetic networks are an interdisciplinary area of research, involving 
mathematics, computer science and biology. Many mathematical developments on phylogenetic networks are possible 
(Ané et al., 2024 ; Xu et al., 2023 ; Allman et al., 2022 et 2023 ). We will elaborate new statistical methods based on 
random graphs, in order to decipher the apple pangenome. This work will be within the team « BioInformatics for plant 
DEFense Investigation » (BIDEFI) from IRHS, and within the team « Analysis, Probability and Statistics » from 
LAREMA. We will tackle the following topics : random graphs linked to combinatorics, stochastic processes in 
evolutionary biology (coalescent process, birth and death …), mathematical statistics, computational statistics and  
omics data analysis. 

Background     :  
Pangenomics (Sigaux 2000, Tettelin et al. 2005) aims to make maximum use of data: we do not focus on a single
reference genome, but we consider a representation of the entire genomic content of a species (Durant et al, 2021). The
pangenome has two components: the "Core Genome" and the "Dispensable Genome". The "Core Genome" common to
all individuals of the species, is the minimum genome required for a cell to live. According to Tranchant-Dubreuil et al.
(2019), the "Core Genome" is a common set of sequences shared by all individuals, and is intended to be the minimum
genome required for a cell to live. The "Dispensable Genome" contains a large number of sequences and a surprising
number of genes (Monat et al., 2016). In plants, the "Core Genome" represents 40 to 80% of the entire pangenome. For
example, the "Dispensable Genome" constitutes 33.7%, 38.1% and 26% of the pangenome in wheat (Montenegro et al.,
2017), Asian rice (Zhao et al., 2018) and bananas (Rijzaani et al., 2021), respectively. 

Recently, Wang et al. (2023) investigated the apple pangenome thanks to 13 accessions (4 wild, 9 cultivated) with a
wide diversity in terms of fruit quality and disease resistance. Note that sequences from pear and peach trees served as
outgroups for the comparative analysis. Overall, 53803 gene families were build and significant differences between the
size of gene families in apple trees were identified. For instance, 183 gene families experienced notable expansions,
while 6 families underwent slight reductions.  These significant expansions and reductions could explain adaptation to
new environments (cf. Wang et al., 2023). The methods used in Wang et al. (2023) are as follows. The authors first
infer a phylogenetic tree using RaxML (Stamatakis, 2014) and IQTree, and then analyze the evolution of gene families
using  CAFE (De  Bie  et  al,  2006).  CAFE is  based  on  a  phylogenetic  tree  and  the  birth  and  death  process.  The
phylogenetic tree (i.e. species tree) represents the global evolutionary history of the different species. The birth and
death process evolving within the species tree represents for each gene family, the gene duplications and gene losses.
Thus, gene families are of variable size, and can undergo expansions or reductions within different species. Recall that
the size of a gene family refers to the number of gene copies in each species. The gene tree associated with this gene
family is the random tree resulting from the birth and death process.

It turns out that the methods used in Wang et al. (2023) do not model all the known biological phenomena. A current
challenge  is  to  propose  sophisticated  statistical  methods  based  on a  model  taking  into account  recent  progress  in
biology. 

 
Research work     :      
During  this  internship,  we  will  model  simultaneously  a)  reticulated  history  (e.g.  hybridizations)  through  the
phylogenetic networks, b) incomplete lineage sorting through the multispecies network coalescent (cf. Degnan, 2018),
and c) duplication and losses through the birth and death process. Phylogenetic networks (cf. Solis-Lemus et Ané, 2016)
are directed acyclic graphs with a unique root : they can model horizontal gene transfer (e.g. bacteria), hybridizations
(e.g. plants), and introgressions (e.g. plants and animals). Moreover, the Multispecies Network Coalescent takes into
account the  incomplete lineage sorting (ILS), the evolution of sequences, and the fact that a genetic lineage can inherit
genetic material from one of these parents, with some probability (model by Yu et al., 2012). 



 
A first objective is to propose a statistical method of phylogenetic network inference based on a model including gene
duplications and losses,  but  also incomplete lineage sorting. Bayesian inference can be considered by choosing an
hybridization birth process as a prior distribution on the phylogenetic network (Zhang et al., 2018). Note that Bayesian
statistics give access to a distribution of networks : it enables to quantify the uncertainty on certain clades (a clade is a
group of organisms comprising a particular organism and all of its descendants). A difficulty of this work lies in the
estimation of the posterior distribution: the likelihood function of sequence data can be complex to compute analytically
in view of the stochastic processes involved (birth and death, as well as coalescence) evolving within the phylogenetic
network. Approximate Bayesian methods (e.g. ABC-Random Forest cf. Pudlo et al., 2015) could also be investigated.
Within the framework of this model, is it possible to integrate over all evolutionary scenarios (within the network) as
proposed in SnappNet (Rabier et al., 2021) only in the context of the "Multispecies Network Coalescent"?

Once the phylogenetic network has been inferred, a second objective is to estimate, for each gene family, the best
reconciliation  of the gene tree in the phylogenetic network. This would allow to differentiate, for each gene family, the
orthologous genes (resulting from speciation) and the paralogous genes (resulting from duplication). This is key in
comparative genomics, in order to link genes with the same functions, and to tackle the pangenome. Our inference
method will be tested on gene family data from Wang et al. (2023). On Figure 2 of Wang et al. (2023), a phylogenetic
network will replace the inferred species tree, and gene trees will replace the species tree that sums up expansion and
reduction  of gene family sizes.

 
Skills     :      
-Statistics
-Stochastic processes in evolutionary biology
-Bioinformatics
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