
apply!

2009           PhD in Physics, Eötvös Uni. Budapest, Hungary                —  Theoretical Evolution   

2010–2011 CNRS Post Doc LBBE, Lyon France                      

2011–2013 “GENEFOREST” Marie Curie fellowship Lyon France        

2013–         “GENESTORY”  Lead Researcher, Eötvös Uni. Budapest  —  Evolutionary Genomics 



apply!





“If you want a grant, impress your peers, 
understand the evaluation process…
[and] stop writing boring proposals!
You are killing the evaluators. ”

Seán McCarthy

why the hell wasn’t this done before? 

Is it beyond state-of-the-art?

Are the key journals going to publish the results? 

Are the key journals going to publish the results? 

are you really the best scientist for the job? 

http://www.hyperion.ie/seanmccarthy.htm


[Panel: LS8, Page 1, 22082016]

Call for proposals for ERC Starting Grant

ERC Starting Grant
Starting Grant

LS8 Evolutionary, Population and Environmental Biology

Gergely J SZOLLOSI

714774
GENECLOCKS

Title Reconstructing a dated tree of life using phylogenetic incongruence

PANEL SCORE AND RANKING RANGE

Call reference
Activity
Funding scheme
Panel name
Proposal No.
Acronym
Applicant Name

CONFIDENTIAL
Step 2 Evaluation Report

EVALUATION CRITERIA

Ranking range*: 44%-46%A (fully meets the ERC's excellence
criterion and is recommended for
funding if sufficient funds are available)

Final panel score :

* Ranking range of your proposal out of the proposals evaluated by the panel in Step 2, in percent, from 1% for the highest ranked proposals to 100% for the
lowest ranked.

Criterion 1 - RESEARCH PROJECT
Ground-breaking nature and potential impact of the research project.
To what extent does the proposed research address important challenges?
To what extent are the objectives ambitious and beyond the state of the art (e.g. novel concepts and approaches or
development across disciplines)?
To what extent is the proposed research high risk/high gain?

Scientific Approach.
To what extent is the outlined scientific approach feasible bearing in mind the extent that the proposed research is high
risk/high gain?
To what extent is the proposed research methodology appropriate to achieve the goals of the project?
To what extent does the proposal involve the development of novel methodology?
To what extent are the proposed timescales and resources necessary and properly justified?

Criterion 2 - PRINCIPAL INVESTIGATOR
Intellectual capacity, creativity and commitment
The questions below can have one of the following four responses: Outstanding/Excellent/Very good/Non-competitive
To what extent has the PI demonstrated the ability to propose and conduct ground-breaking research?
To what extent does the PI provide evidence of creative independent thinking?
To what extent have the achievements of the PI typically gone beyond the state of the art?
To what extent does the PI demonstrate the level of commitment to the project necessary for its execution and the
willingness to devote a significant amount of time to the project (min 50% of the total working time on it and min 50% in an
EU Member State or Associated Country)?

714774   /   22.08.2016 Page 1 of 18
European Research Council Executive Agency, Scientific Management Department, Place Rogier 16, BE-1210 Brussels http://erc.europa.eu

Associated with document Ref. Ares(2016)4685603 - 22/08/2016

understand the evaluation process…



100%    izgalmas kérdések  

100%    ambiciózus célok   

50-80% megvalósíthatóság

high risk / high gain

[Panel: LS8, Page 2, 22082016]

PANEL COMMENT

This evaluation report contains the final recommendations and score awarded by the ERC review panel during
the second step of the ERC Starting Grant review and the ranking range. The discussion of the panel was
conducted within the context of prior reviews submitted by ERC panel members and external referees and the
interview with the applicant.

The panel closely examined all the individual review reports and, while not necessarily subscribing to each
and every opinion expressed, found that they provide a fair overall assessment. The comments of the
individual reviewers are included in this report.

The presentation given by the applicant during the interview and the answers to the questions that were
addressed greatly contributed to build the panel's view about the proposal's strengths and weaknesses.

Both the individual reviews and the interview were the basis for the discussion and the final recommendation
of the panel.

The panel was impressed by the innovative work of the PI in developing new phylogenetic methods based on
the idea of using horizontal transfer events as information, rather than as a problem.

The proposal, which centred on this idea and methodological breakthrough, was well received. In particular, it
was clear to the panel that the application of these methods will offer a new way to evaluate the timing of
ancient evolutionary events. It was also clear that this method has the potential to improve the estimates of
the timings of evolutionary events. Some concerns were raised, however, as to whether the method could be
usefully applied across such a wide timescales, and across so many major evolutionary events, as suggested
in the proposal. Some reflection on these issues would be helpful

The panel therefore recommends the proposal to be retained for funding with a grant not exceeding 1 453
859.00 Euro, if additional budget becomes available.
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Abstract*

With the advent of genome-scale sequencing, molecular phylogeny, which reconstructs gene trees from homologous 
sequences, has reached an impasse. Instead of answering open questions, new genomes have reignited old debates. The 
problem is clear, gene trees are not species trees, each is the unique result of series of evolutionary events. If, however, 
we model these differences in the context of a common species tree, we can access a wealth of information on genome 
evolution and the diversification of species that is not available to traditional methods. For example, as horizontal gene 
transfer (HGT) can only occur between coexisting species, HGTs provide information on the order of speciations. When 
HGT is rare, lineage sorting can generate incongruence between gene trees and the dating problem can be formulated in 
terms of biologically meaningful parameters (such as population size), that are informative on the rate of evolution and 
hence invaluable to molecular dating.  
My first goal is to develop methods that systematically extract information on the pattern and timing of genomic evolution by 
explaining differences between gene trees. This will allow us to, for the first time, reconstruct a dated tree of life from 
genome-scale data. We will use parallel programming to maximise the number of genomes analysed. 
My second goal is to apply these methods to open problems, e.g.: i) to resolve the timing of microbial evolution and its 
relationship to Earth history, where the extreme paucity of fossils limits the use of molecular dating methods, by using HGT 
events as “molecular fossils”; ii) to reconstruct rooted phylogenies from complete genomes and harness phylogenetic 
incongruence to answer long standing questions, such as the of diversification of animals or the position of eukaryotes 
among archaea; and iii) for eukaryotic groups such as Fungi, where evidence of significant amounts of HGT is emerging 
our methods will also allow the quantification of the extent of HGT.

Remaining characters 0

In order to best review your application, do you agree that the above non-confidential proposal title 
and abstract can be used, without disclosing your identity, when contacting potential reviewers?* Yes No

Has this proposal (or a very similar one) been submitted in the past 2 years in response to a call for 
proposals under the 7th Framework Programme, Horizon 2020 or any other EU programme(s)? Yes No
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open questions, new genomes have reignited old debates. The problem is clear, gene trees 
are not species trees, each is the unique result of series of evolutionary events. 
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State of the art and objectives

Phylogenetic incongruence as molecular fossils 
Evolutionary events, such as gene duplication, transfer and loss generate differences between gene trees. 
These differences have made the phylogenetic history of life an intricate puzzle that can only be solved if 
each piece is considered as a source of information. For example, if instead of being discarded transfer 
events are modelled in the context of species trees they become informative on the rooting and more general-
ly the timing of the phylogeny (Abby 2012, Szöllősi 2012,2013a,2013b&2015 and Fig. 2 on next page).  
The first goal of the GENECLOCKS proposal is to develop methods that use models of phylogenetic dis-
cord to systematically and efficiently extract phylogenetic and dating information from complete genomes 
(Fig 1.E). I will focus on the two most significant sources of phylogenetic discord: i) gene DTL events, in 
particular gene transfer and ii) incomplete lineage sorting (ILS), which causes differences between the 
species tree and gene trees reflecting effective population size and divergence time (e.g. ILS is responsible 
for approx. 70% of the human genome being not most closely related to chimpanzee (Fig.2. part B2 & Scally 
2012). Probabilistic models of DTL and ILS are separately available, but no method of DTL+ILS has been 
described. In terms of genome-scale phylogenetic inference no method exists to infer a dated species tree in 
the presence of DTL. Methods that infer a dated species tree in the presence of ILS are limited to at most a 
dozen species (despite only being applicable to the minority of single copy genes). I propose to i) combine 
approximation methods such as conditional clade probabilities (Szöllősi 2013b) and parallel computing (Szöl-
lősi 2012) to for the first time reconstruct a dated species tree from genome-scale data in the presence of 
DTL and ii) explore novel models and approximations that can incorporate ILS into probabilistic models of 
DTL. 
My second goal is to go beyond model development and apply the above methods to answer longstanding 
evolutionary questions (cf. next page). As shown in Fig. 1 a dated tree of life will tell us how many times the 
neural system of animals evolved or where and when eukaryotes branch on the tree of life. The methods I 
propose, however, provide additional information, since they explain gene trees by drawing them into the 
species tree (cf. Fig. 2 on next page) they also produce information on which genes were present where 
and when in ancestral genomes. Moreover, in the presence of transfer they provide information on ancestral 
biodiversity (Fig. 2B and Szöllősi 2013a), in particular major shifts, such as mass extinction events. I will ex-
plore correlations of both these sources of information with geological and paleontological information to 
work toward an interdisciplinary understanding of the evolution of life on earth. 
I choose the Dept. of Earth and Environmental Sciences at Ludwig-Maximilians-Universitaet (LMU) as the 
host because the second research goal requires expertise, and primary access to relevant new sequence data. 
In particular, the group of Gert Wörheide has experience in deep metazoan phylogeny (Philippe 2009, 
Noshenko 2013, Pisani 2015) and is currently in the process of sequencing several demosponges (members of 
Porifera in Fig 1), while the new group of William Orsi focuses on uncultivated microbial diversity.  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topology was unresolved. Weak support is probably due to under-
representation of comparable transcriptomes from sponges and large
protein divergence. Nevertheless, Shimodaira–Hasegawa tests based on
expanded ctenophore sampling (with a reduced 114 gene matrix due to

lack of other ctenophore and sponge genomes; Supplementary Methods
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pid and lobate ctenophores, previously viewed as monophyletic clades,
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Fig 1. New genomes old questions. The first wave of phylogenetic studies attempting to use complete genomes have in 
practice relied on a small minority (1%-10%) of genes selected to minimise phylogenetic discord. Nonetheless, these 
studies produced important results, they (A) brought back traditional views on deep animal relationships (Philippe 
2009), and (B) found support for (only) two primary domains of life (Williams 2012, 2013). In the last two years, how-
ever, inclusion of new Ctenophore genomes (Ryan 2013, Moroz 2014) has produced support for alternative branching 
orders implying multiple origins of the animal nervous system and muscles (A vs C), which later proved to be condi-
tional on model details such as the choice of out-group and gene set (Noshenko 2013, Pisani 2015). Similarly, new se-
quences from uncultivated archaeal “dark matter” (B vs. D) recovered a traditional three domain phylogeny (Rinke 
2013) and opened a debate about the branching order of major groups of Archaea (Raymann 2015). (E) GENECLOCKS 
proposes to resolve both questions by modelling phylogenetic discord, in order to  i) use of the remaining (90-99%) of 
genes and more importantly ii) to extract novel information by modelling phylogenetic discord in biological terms. 
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Are the key journals going to publish the results? 



State of the art and objectives
The structure of biological systems, from molecules to ecosystems, is the result of a long evolutionary 
process that began over 3 billion years ago. The idea that the study of the pattern and process of evolution is 
the key to the understanding of living systems is now becoming widely accepted. Evolutionary models have 
been instrumental in understanding the inner workings of biological systems, from protein complexes to the 
human genome to microbial communities. But just as Biology often deals independently with various levels 
of organisation (molecules, cells, organisms, populations etc.), the description of evolutionary processes gen-
erally fails to bridge the gap between species, populations, genes, and molecular mechanisms (Boussau 2010). 
Yet, modelling the dependency between different levels of organisation is crucial for understanding the prin-
ciples that govern living systems. For instance, the reconstruction of individual gene histories from genomic 
sequences has revealed a “forest” of gene trees, each unique in topology and branch lengths. Understanding 
the nature of these differences is only possible in the context of the history of species, which is generally un-
known (Maddison 1997; Szöllősi 2015a).  
To reconstruct both the history of species and the evolution of their genes we must study both levels simulta-
neously. To draw biologically meaningful and informative conclusions it is necessary to explicitly model 
their relationships together with the population genetic and environmental conditions of ancestral species 
that determined the evolution of genetic sequences. We are now at an exciting time when the amount of data 
available from new sequencing technologies, the development of computing resources, and advances in 
mathematical models have made such multi-scale integration possible. 

The problem is that gene trees are not species trees  
During the last fifty years, phylogeny has come to rely on molecular data, favouring homologous sequences 
over morphological characters. This approach has been extremely fruitful, producing constant improvement 
in the accuracy and resolution of phylogenetic reconstruction together with our understanding of evolution-
ary processes. With the advent of genome-scale sequencing, however, molecular phylogeny seems to have 
reached an impasse. Despite the explosion in the number of complete genomes available fundamental ques-
tions remain unanswered at all evolutionary time scales. Moreover, as Fig 1. on the next page illustrates the 
availability of new genomes instead of bringing into sharper focus major evolutionary events such as the 
origin of eukaryotes or the diversification of major animal lineages have instead reignited old debates.  
The problem is clear, we have known all along that we are barking up the wrong trees: with increasing so-
phistication we have reconstructed trees describing the history of fragments of genomic sequence, which we 
liberally call “genes”, but never the history of species. Gene trees are not species trees (Maddison, 1997). 
Each gene tree has a unique story, which is linked to species history, but often significantly different from it.  
In practice, the majority of phylogenomic analyses (phylogenetic reconstructions that attempt to leverage 
complete genomes) have used the “concatenate” approach, where only a minority (1%-10%) of genes (Dagan 
2006), e.g. those found in exactly one copy in each genome, are selected under the ad hoc assumption that all 
of them share the same evolutionary history that can be equated with the history of species. This restriction 
to a minority of genes, which are forced to share a common history not only neglects available information 
in a quantitative sense (by ignoring 90-99% of genes), but also leaves unexploited a qualitatively different 
source of information encoded in differences between gene trees. Even more problematically, for the con-
catenate approach it is necessary to include sequences from out-group species to orient the tree in time (cf. 
Fig 1. on next page). Using an out-group has the effect of i) further reducing the dataset as only genes 
present in both the out-group and the in-group of interest can be used and ii) due to the typically large diver-
gence between the out- and in-groups leads to potentially very serious artefacts that distort the phylogeny by 
spuriously grouping together divergent taxa (by systematically mistaking convergent characters for shared 
ones). Dating the resulting rooted phylogeny relies on relaxed molecular clock approaches. However, when 
fossils are rare, or nearly completely absent, as is the case for unicellular organisms, molecular clock ap-
proaches suffer from an extreme lack of resolution. The resulting irresolution leaves major events in the evo-
lution of life such as the origin of the eukaryotic cell, the evolution of animal neural system and even the age 
of mammalian diversity shrouded in uncertainty.       

The solution is to model how gene trees are generated along the species tree  
If, however, the evolution of genomes is modelled as a series of DTL (duplication, transfer and loss) and oth-
er genome evolutionary events generating a plurality of gene histories, gene and species phylogenies can be 
simultaneously reconstructed. Using parallel computing to efficiently consider dozens of complete genomes, 
we showed in two proof-of-concept studies that this allows genome-scale phylogenetic inference (Szöllősi 
2012, Boussau 2013 & Fig.1 part B2) that results in gene trees and ancestral gene contents that are dramatical-
ly more accurate, and in general more similar to the species tree, e.g. we found that 2 out of 3 transfer events 
inferred by traditional species-tree unaware methods are the result of reconstruction errors (Szöllősi 2013a). I 
propose to develop and use novel methods that extract bona fide conflict among gene trees and interpret 
them in biological terms. These methods will allow us to exploit this novel source of information and 
hence offer a great hope to resolve issues that have been left pending by traditional methods.  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Is it beyond state-of-the-art?

are you really the best scientist for the job? 

State of the art
As more and more genomes have been sequenced, the pattern of gene histories have become so complex that 
even our ability to reconstruct the tree of life has been questioned, although several recent studies have 
demonstrated that there remains a strong signal of shared vertical descent in the forest of gene trees (Lerat 
2005; Abby; 2012; Szöllősi 2012). By trying to select genes seemingly devoid of DTL (duplication, transfer, 
and loss) events, researchers can only infer a putative tree of life based on 20 to 30 genes, a number that 
seems anecdotal with respect to the thousands of genes that usually compose a genome. Even at lower 
phylogenetic scales, it is now evident that the occurrence of duplication, transfer and loss (DTL) events 
combined with other population level effects such as incomplete lineage sorting, disturb the inference of 
species histories based on gene sequences. A confusion between gene trees and species trees is arguably at 
the origin of the claim that Darwin was wrong when he evoked the image of a tree of life, because he failed 
to foresee the role of lateral gene transfer in microbial evolution (Doolittle 1999). Provided the evolution of 
gene histories is modeled as a series of duplication, transfer and loss and other events, the plurality of gene 
histories can not only be overcome, but more importantly, provide additional information on the processes 
and patterns of species evolution. GENECLOCKS proposes to interpret conflict among gene trees in 
biological terms, such as divergence time and ancestral population size with the coalescent, or relative 
timing of speciation with gene transfers (Fig. 2 on next page). It does this with the aim of resolving 
evolutionary questions that were left pending by traditional methods. 
In my own work, addressing the need to explicitly model the processes of gene evolution in order to be able 
to reconstruct both the history of species and ancestral characters, I have recently developed methods that 
reconstruct gene and species phylogenies simultaneously. These methods exploit the hierarchical structure of 
the gene tree - species tree problem, i.e., the need to reconcile many gene trees with a single species tree 
using a common genome evolution process (cf. Fig. 2 on next page). As shown in Fig. 1 below, this has 
allowed me to use parallel computing to efficiently consider datasets composed of a large number of 
complete genomes with unprecedented accuracy (Szöllősi  2012, Boussau 2013, Szöllősi 2015a).   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mammalian species with widely different sequence coverages
(Supplemental Table S1). Genomes with low coverage share by
chance a number of unsequenced or unannotated genes, mak-
ing this data set challenging for studying genomic evolution
(Milinkovitch et al. 2010). We introduced a correction to account for

genome coverage to prevent PHYLDOG
from interpreting these artifactual ‘‘shared
losses’’ as a signal for clustering low-cov-
erage genomes together in the species tree.
More precisely, we added a component to
the expected number of gene losses on
terminal branches that depended on ge-
nome coverage (Supplemental Material
section S8). For this analysis, we benefited
from a French national supercomputing
resource for research, JADE, currently the
43rd largest supercomputer in the world
(Top500 November 2011 supercomputer
list, http://www.top500.org), and used
3000 processes in parallel.

We started PHYLDOG from a ran-
dom species tree topology, and obtained
the tree shown in Figure 3. For compari-

son, we also reconstructed the species trees using two alternative
approaches: iGTP (DL parsimony method) (Chaudhary et al. 2010),
and duptree (gene tree parsimony method) (Wehe et al. 2008).
These two approaches differ from ours by their use of a parsimony
framework and the fact that the gene trees need to be reconstructed

Figure 2. (A) Correlation between the expected and reconstructed numbers of duplications and
losses per gene and per branch of the species tree. The x = y line is in gray. (B) Topological (RF) (Robinson
and Foulds 1979) distance to the true gene family trees of the trees reconstructed by PHYLDOG under
a simpler model of sequence evolution (JC69) than that used in the simulation (HKY85 with rate het-
erogeneity among sites) and by PhyML under the same simple model and under the correct model of
evolution. For PHYLDOG, the median RF distance to the true tree is at 0.

Figure 3. Mammalian tree reconstructed by PHYLDOG, with arbitrary branch lengths. Ancestral gene contents obtained using PhyML (red), TreeBeST
(green), and PHYLDOG (blue) are shown for several nodes (circled).
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Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (i)
relationships within Fischerella strains and (ii) the position of a
cluster composed of Nodularia KAC17 and Anabaena. The outer
location of subsection III and the monophyly of subsection V
were also supported when the third nucleotide in each codon was
excluded from hetR analyses, although relationships within sub-
section IV varied depending on the analytical method used (data
not shown).

Fossil Akinetes. The genus Archaeoellipsoides consists of large
ellipsoidal or cylindrical microfossils, which mostly occur as
solitary individuals in rocks. They are preserved abundantly in
!1,500-Ma cherts from the Billyakh Group of Siberia (Fig. 2B).
Based on morphometric comparison with akinetes of the extant
nostocalean genus Anabaena (e.g., Fig. 2 A), Golubic et al. (25)
interpreted Archaeoellipsoides as fossilized akinetes. The Bil-
lyakh fossils show no evidence of cell division, expected in
vegetative cells, but do display features similar to those formed
during akinete germination. They also occur in close association
with short trichomes interpreted as the products of akinete
germination (25).

Silicified carbonates of the !1,650-Ma (26) Amelia Dolomite
of northern Australia also contain well preserved Archaeoellip-
soides (Fig. 2C), as do 1,631 " 5-Ma cherts from the Kheinjua
Formation in India (27), preserved with other fossils represent-
ing a broad cross section of cyanobacterial diversity. The oldest
fossils attributed to Archaeoellipsoides come from the
!2,100-Ma Franceville Group of Gabon (28) (Fig. 2D). Al-
though relatively poorly preserved, these fossils exhibit the same
morphological features as those found in the more securely
interpreted mid-Proterozoic populations.

Discussion
Cyanobacterial Phylogeny and Monophyly of Heterocystous Taxa.
Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of nifH (17) and nifD (18) and
that of 36 genes collected from 14 cyanobacterial genomes (29).
However, in the nifH tree, two nostocalean sequences did not
cluster with other heterocystous–cyanobacterial nifH genes and
thus were considered to be derived from gene duplication and!or
gene transfer (17). In the genome-based tree (29), available
sequences are still limited, and subsection V was not included.
The monophyly of heterocystous taxa is also supported by the
analyses of rbcL sequences (Fig. 1B). This clade is supported by
the analyses using the ML, NJ, and MP methods for both 16S
rRNA and rbcL (with and without the third nucleotide positions)
sequences, although the MP method showed lower bootstrap
support (66% and 64% for 16S rRNA and rbcL, respectively). In
the hetR tree, the two oscillatorialean cyanobacteria that contain
hetR-like genes lie outside of the heterocystous cluster (Fig. 1C),
consistent with the 16S rRNA and rbcL results.

Turner et al. (15) grouped cyanobacteria into 10 monophyletic
groups, including a group of plastid sequences, based on 16S
rRNA sequence analysis. Although the composition of sampled
organisms was not completely the same, some clusters in our 16S
rRNA phylogeny were almost identical to Turner’s groupings,
including the Nostoc (NOST), Pseudanabaena, Oscillatoria
(OSC), and Synechococcus sequence groups. However, statistical
support for the clade comparable to OSC was not high (bootstrap
value #50%) in our 16S rRNA tree. The Synechocystis!
Pleurocapsa!Microcystis sequence group identified by Turner et
al. did not appear as a stable grouping in our 16S rRNA analysis,
although part of its membership, Prochloron and the pleurocap-
salean cyanobacteria, formed a cluster. In the rbcL phylogeny,
the OSC and NOST sequence groups were supported. Congru-
ence with other sequence groups is unknown because available
rbcL sequences from subsections I–III are limited.

In our 16S rRNA phylogeny, heterocystous cyanobacteria with
branching filaments (subsection V) are also monophyletic,
nested within the broader grouping of heterocystous taxa. In the
rbcL tree, however, subsection V (Chlorogloeopsis and Fischerella

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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fossil records (three calibration points in ref. 23 and five in ref.
22), whereas our model uses neither.
Direct comparison with the fossil record is only possible for

node 5, the speciation leading to all akinete-forming Nostocales.
Node 5 occurs at the earliest position in the time order consid-
ering topology and the time order of its ancestor and has a time
order between 5 and 7 with statistical support (Fig. 3B) based on
a large number of transfer events (Fig. 3C). Placing the evolution
of genome size in this timeline, the large increase in gene number
in the lineage leading to node 3 is placed in the middle Archaean,
suggesting a parallel with the results of an episode of rapid evo-
lutionary innovation during the middle Archaean (37).
In the future, it should be possible to provide direct date esti-

mates by using the results of the ODT inference to inform a re-
laxed molecular clock analysis. This can be accomplished by using
the ODT inference to provide a set of relative time constraints
complementary to any molecular fossil calibrations. Relaxed
molecular clock analyses incorporating these combined con-
straints have the potential to significantly better resolve our pic-
ture of the timing of prokaryotic evolution. The list of constraints
obtained from the cyanobacterial dataset can be found in SI
Appendix, Table S3.
Probabilistic models of genome evolution that consider in-

formation from complete genomes are important as they lay the
foundations for the parallel reconstruction of the relative chro-
nology of the diversification and the oddities of individual gene
histories. Here we have only considered large-scale observables
that are robust to uncertainties in the reconstructed gene histories,
such as time order and the number of genes in ancestral genomes.
To go further, we must reduce the amount of phylogenetic re-
construction error that limits the accuracy of reconciliations.
This caveat is especially pertinent in the case of systematic re-
construction biases (resulting from, e.g., compositional bias and
long branch attraction), which are very difficult to handle for
individual families and particularly serious in deep phylogenies,
where we know full well that our models are far from the truth.
A path to a potential solution lies in integrating probabilistic
models, such as the ODT model presented here, with traditional
phylogenetic methods to refine gene trees based on reconcilia-
tion with the species tree (9, 38). For fixed species trees with
models using only duplications and loss, but not transfer, this has
already been demonstrated (39). Our results show that extending
such integrative methods to include species tree inference and to
model LGT has the potential to access information on the evolu-
tion of prokaryotic genomes that is at present overlooked.

Materials and Methods
Extending Possible Reconciliations Using a Virtual Out-Group.We extended the
species tree S with a virtual out-group species that branches above the root
regardless of any other changes to its topology and in which all “out-genes”
reside. Such a virtual out-group permits reconciliations that allow us to
consider in an approximate manner (i) genes from out-group genomes, (ii)
transfer from extinct lineages, and (iii) transfer from outside (SI Appendix,
Fig. S5).

Exploration of the Species Phylogeny and Time Orders. In the initial phase of
the ML exploration, we aim to efficiently propose and evaluate new to-
pologies before a more detailed and precise search is undertaken. We count
the number of transfers between all pairs of branches in S that share a time
slice and attempt changes to the species tree such that they resolve the
highest number of transfers as speciations (SI Appendix, Fig. S6). Following
this initial search, we proceed by trying local topology rearrangements and
local time order rearrangements until no topology or time order move is
found that improves the likelihood. Local topology rearrangements corre-
spond to all NNIs. Local time order moves are achieved by either exchanging
the time order of a node with a node that has an adjacent time order
(shallow moves, e.g., exchanging in SI Appendix, Fig. S1 node 3 with nodes 2
or 4) or alternatively moving any node such that the resulting time orders
remain compatible with the rooted tree topology (deep moves, e.g.,
changing the time order in SI Appendix, Fig. S1 of node 8 such that it has an
order 3, 5, 6, 7). The likelihood calculations and the general reconciliation
algorithm were implemented in a parallel framework using MPI that relies
on components from the Bio++ (40), Boost (41), and BLAS (42) libraries. See
also SI Appendix, section S2.

Estimating Parameters. We estimate observed rates recursively using ML
reconciliations. In the case of the uniform model, the mean of observed
branch-wise rates are used, whereas for the branch-specific DTL rate model,
categories are derived from a gamma distribution parametrized by the
branch-wise mean and variance of the corresponding observed rate. The
number of rate categories was chosen using a Bayesian Information Criterion.
For origination probabilities, we estimate the full set branch-wise origination
probabilities using the sum over all reconciliations. See also SI Appendix,
sections S2.3–S2.5.

Datasets. For the results presented in Table 1, we extracted all families with
trees from version 4 of the HOGENOM database (20) for 10 prokaryotic
phyla using the species selection of ref. 19. We retained all families with at
least two genes in the set of species considered. In calculations involving out-
genes, clades of genes from out-group phyla were replaced with a single
virtual out-gene mapping to the virtual out-group. In the case of the 14
cyanobacteria, eukaryotic genes were neglected. We constructed a second
independent dataset representing all 36 cyanobacterial genomes found in
version 5 of the HOGENOM database comprised of 8,332 families with
77,678 genes (90% of all families with at least two genes). Sequences were
extracted for each family including genes from actinobacteria and chloro-
flexi, aligned using MUSCLE (43), and cleaned using GBLOCKS (44). Align-
ments with less than 75 sites were discarded, and trees were inferred using
PhyMLwith LG+Γ8+I model (45). Clades of genes from out-group phyla were

Table 2. Support for alternative hypotheses for the root of
cyanobacteria

PRUNIER*
ODT†

Root (No out-genes) (No out-genes) (Out-genes)

Green 1,893 1st 1st
Blue 1,893 2nd 3rd
Violet 1,905 3rd 2nd
Gloeobacter 1,915 4th 4th

*Number of transfers per family for 474 near universal single copy families;
bold roots could not be rejected with P < 0.001.
†The order of root positions according to likelihood is given; bold roots could
not be rejected with P < 0.001.

Fig. 4. Number of genes in ancestral genomes. Color scale shows the
number of genes in ancestral genomes on the tree presented in Fig. 3A.
Estimates were obtained by averaging maximum likelihood reconciliations
over gene tree roots and origination positions and compensating for
extinct gene lineages. Squares correspond to major diversification events
discussed in the text. Color bars show correspondence with species names
in Fig. 3A.
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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (i)
relationships within Fischerella strains and (ii) the position of a
cluster composed of Nodularia KAC17 and Anabaena. The outer
location of subsection III and the monophyly of subsection V
were also supported when the third nucleotide in each codon was
excluded from hetR analyses, although relationships within sub-
section IV varied depending on the analytical method used (data
not shown).

Fossil Akinetes. The genus Archaeoellipsoides consists of large
ellipsoidal or cylindrical microfossils, which mostly occur as
solitary individuals in rocks. They are preserved abundantly in
!1,500-Ma cherts from the Billyakh Group of Siberia (Fig. 2B).
Based on morphometric comparison with akinetes of the extant
nostocalean genus Anabaena (e.g., Fig. 2 A), Golubic et al. (25)
interpreted Archaeoellipsoides as fossilized akinetes. The Bil-
lyakh fossils show no evidence of cell division, expected in
vegetative cells, but do display features similar to those formed
during akinete germination. They also occur in close association
with short trichomes interpreted as the products of akinete
germination (25).

Silicified carbonates of the !1,650-Ma (26) Amelia Dolomite
of northern Australia also contain well preserved Archaeoellip-
soides (Fig. 2C), as do 1,631 " 5-Ma cherts from the Kheinjua
Formation in India (27), preserved with other fossils represent-
ing a broad cross section of cyanobacterial diversity. The oldest
fossils attributed to Archaeoellipsoides come from the
!2,100-Ma Franceville Group of Gabon (28) (Fig. 2D). Al-
though relatively poorly preserved, these fossils exhibit the same
morphological features as those found in the more securely
interpreted mid-Proterozoic populations.

Discussion
Cyanobacterial Phylogeny and Monophyly of Heterocystous Taxa.
Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of nifH (17) and nifD (18) and
that of 36 genes collected from 14 cyanobacterial genomes (29).
However, in the nifH tree, two nostocalean sequences did not
cluster with other heterocystous–cyanobacterial nifH genes and
thus were considered to be derived from gene duplication and!or
gene transfer (17). In the genome-based tree (29), available
sequences are still limited, and subsection V was not included.
The monophyly of heterocystous taxa is also supported by the
analyses of rbcL sequences (Fig. 1B). This clade is supported by
the analyses using the ML, NJ, and MP methods for both 16S
rRNA and rbcL (with and without the third nucleotide positions)
sequences, although the MP method showed lower bootstrap
support (66% and 64% for 16S rRNA and rbcL, respectively). In
the hetR tree, the two oscillatorialean cyanobacteria that contain
hetR-like genes lie outside of the heterocystous cluster (Fig. 1C),
consistent with the 16S rRNA and rbcL results.

Turner et al. (15) grouped cyanobacteria into 10 monophyletic
groups, including a group of plastid sequences, based on 16S
rRNA sequence analysis. Although the composition of sampled
organisms was not completely the same, some clusters in our 16S
rRNA phylogeny were almost identical to Turner’s groupings,
including the Nostoc (NOST), Pseudanabaena, Oscillatoria
(OSC), and Synechococcus sequence groups. However, statistical
support for the clade comparable to OSC was not high (bootstrap
value #50%) in our 16S rRNA tree. The Synechocystis!
Pleurocapsa!Microcystis sequence group identified by Turner et
al. did not appear as a stable grouping in our 16S rRNA analysis,
although part of its membership, Prochloron and the pleurocap-
salean cyanobacteria, formed a cluster. In the rbcL phylogeny,
the OSC and NOST sequence groups were supported. Congru-
ence with other sequence groups is unknown because available
rbcL sequences from subsections I–III are limited.

In our 16S rRNA phylogeny, heterocystous cyanobacteria with
branching filaments (subsection V) are also monophyletic,
nested within the broader grouping of heterocystous taxa. In the
rbcL tree, however, subsection V (Chlorogloeopsis and Fischerella

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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particular about the size and dynamics of ancient biodiversity. In fact, patterns of gene transfer may be even more 
informative about past biodiversity than the species tree itself. Drawing an analogy with population genetics, inferring 
biodiversity dynamics based on species trees is similar to inferring past demography based on single-locus data, and is 
similarly limited by the intrinsic stochasticity of Kingman’s coalescent (Kingman JAP 19; 1982). Lateral gene transfers, 
on the other hand, are analogous to multiple loci (Li and Durbin Nature 475; 2012), and as such, have the potential to 
greatly increase the statistical power for inferring past biodiversity.  

    Research objectives, questions and methodology 
 Research Objective 1:  Developing and exploiting probabilistic methods of genome evolution 
I plan to continue work on developing probabilistic gene tree - species tree models. At the same time I plan to apply 
these methods to available datasets (in particular subsets of the HOGENOM database) in order to assemble datasets 
using which the the reconstruction of complex molecular traits, and system level phenotypes, in particular ancient 
metabolic networks is possible.   
  
Research Objective 2:  Phylogeny aware inference and study of ancestral metabolic networks 
Using the results of objective 1 I plan to reconstruct ancient metabolic networks. This process will begin by first 
assigning enzymatic functions to ancestral gene lineages (by e.g. a combination of ancestral sequence reconstruction 
and and automated function prediction). Subsequently these ancestral enzymatic repertoires will be assembled into 
metabolic networks that can be examined using flux-balance analysis and other tools to address the following questions:   
2.1 How have network scale features, in particular robustness evolved? 
(How) Does transfer facilitate the evolution of robustness in metabolic networks?  
What about reductive evolution? 
To what extent is transfer responsible for the modularity of metabolic networks? 
How are new functional modules integrated, what is the effect of major system wide shifts (extreme adaptation, toward 
thermophily or halophily for instance)?  
2.2 What can ancestral networks tell us about ancient environment? 
Can we detect signatures of major environmental shifts such as the global rise of oxygen?  
What record have major geological events such as “Snowball Earth” events left on metabolic networks? 
What are the correlates of major metabolic innovations in the geological record? 
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mammalian species with widely different sequence coverages
(Supplemental Table S1). Genomes with low coverage share by
chance a number of unsequenced or unannotated genes, mak-
ing this data set challenging for studying genomic evolution
(Milinkovitch et al. 2010). We introduced a correction to account for

genome coverage to prevent PHYLDOG
from interpreting these artifactual ‘‘shared
losses’’ as a signal for clustering low-cov-
erage genomes together in the species tree.
More precisely, we added a component to
the expected number of gene losses on
terminal branches that depended on ge-
nome coverage (Supplemental Material
section S8). For this analysis, we benefited
from a French national supercomputing
resource for research, JADE, currently the
43rd largest supercomputer in the world
(Top500 November 2011 supercomputer
list, http://www.top500.org), and used
3000 processes in parallel.

We started PHYLDOG from a ran-
dom species tree topology, and obtained
the tree shown in Figure 3. For compari-

son, we also reconstructed the species trees using two alternative
approaches: iGTP (DL parsimony method) (Chaudhary et al. 2010),
and duptree (gene tree parsimony method) (Wehe et al. 2008).
These two approaches differ from ours by their use of a parsimony
framework and the fact that the gene trees need to be reconstructed

Figure 2. (A) Correlation between the expected and reconstructed numbers of duplications and
losses per gene and per branch of the species tree. The x = y line is in gray. (B) Topological (RF) (Robinson
and Foulds 1979) distance to the true gene family trees of the trees reconstructed by PHYLDOG under
a simpler model of sequence evolution (JC69) than that used in the simulation (HKY85 with rate het-
erogeneity among sites) and by PhyML under the same simple model and under the correct model of
evolution. For PHYLDOG, the median RF distance to the true tree is at 0.

Figure 3. Mammalian tree reconstructed by PHYLDOG, with arbitrary branch lengths. Ancestral gene contents obtained using PhyML (red), TreeBeST
(green), and PHYLDOG (blue) are shown for several nodes (circled).

Genome-scale coestimation of species and gene trees
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a priori (here we used these methods with gene trees inferred by
PhyML). We also compared the species tree inferred by Phyldog
with the species tree that is used by Ensembl to build the Compara
database (which is based on a synthesis of the current literature on
mammalian phylogeny). Overall, the four species trees agree on
most well-established relationships and, for instance, support the
Atlantogenata hypothesis for the root of the placental phylogeny
(Fig. 3; Supplemental Figs. S5, S6, S7; Waddell et al. 1999; Murphy
et al. 2007). However, iGTP does not recover the consensus mam-
malian root between monotremes and Eutheria. Most incongru-
ences among the four trees appear in Laurasiatheria, notably
regarding the position of bats, a problem still highly controversial
(McCormack et al. 2012; Zhou et al. 2012), possibly made difficult
by effects of incomplete lineage sorting (McCormack et al. 2012).
Interestingly, the PHYLDOG tree and the tree used by Ensembl
place the tree shrew Tupaia belangeri as a sister to primates, as in a
previous study based on rare genomic events (Janecka et al. 2007),
but the two parsimony-based methods place it next to or within
rodents. Although the question of the position of tree shrews re-
mains largely open, these results suggest that the simultaneous in-
ference of gene trees and the species tree such as implemented in
PHYLDOG may be an important step toward resolving difficult
phylogenetic questions such as this one.

For those nodes that are common between our phylogeny
of mammals and the one used in Ensembl Compara, we esti-
mated ancestral genome sizes using gene trees reconstructed by
PHYLDOG and two widely used methods to reconstruct gene
trees at the genomic scale, PhyML (Guindon et al. 2010) and
TreeBeST (Vilella et al. 2008). We used only the 5039 gene trees
that had identical sequence content in our analysis and the trees
provided by Ensembl (see Supplemental Material section S10).
Figure 3 shows these estimates for some key ancestral nodes.
They suggest striking differences in the reconstructed dynamics
of mammalian genomes: According to TreeBeST and PhyML,
mammalian genomes have consistently reduced in gene num-
bers from a large genome ancestor. In contrast, PHYLDOG sug-
gests more stable genome sizes throughout the evolution of
mammals.

We compared the quality of the gene trees reconstructed by
PHYLDOG with those reconstructed using PhyML (Guindon et al.
2010) and TreeBeST (Figs. 3, 4; and Supplemental Material section
S10; Vilella et al. 2008). First, for each of these sets of reconciled
gene trees, we compared the number of gene duplications and the
reconstructed ancestral genome sizes. As noted by Hahn (2007),
errors in gene tree reconstruction are expected to inflate the
number of inferred duplications on internal branches of the spe-
cies tree and to produce larger ancestral genomes. Second, because
more accurate gene trees are expected to give more reliable pre-
dictions of orthology, and orthologs are usually found in the same
genomic locus across species, the neighborhoods between pre-
dicted orthologs should also be conserved (Vilella et al. 2008).
From reconstructed gene trees and adjacencies between extant
couples of genes (immediate proximity, with no other gene be-
tween the two in the data set), we inferred adjacencies between
ancestral genes (Supplemental Material section S9). Like extant
genes, most ancestral genes should have exactly two adjacent
neighbors, one on each side. However, erroneous gene trees tend to
introduce spurious duplications, and because the corresponding
locus has not been duplicated in the genome, the ‘‘duplicates’’ will
be mapped to the exact same position. Direct neighbors will
therefore have at least three adjacencies: two with these spurious
duplicates on one side, and one with their true neighbor on the

other side. Poor reconstruction methods will therefore show fewer
genes with exactly two adjacent neighbors because they contain
many erroneous gene trees.

According to trees reconstructed using PhyML, the set of gene
families that we used has undergone 43,483 duplication events
during the history of mammals. Using trees built and reconciled
using TreeBeST, this number is much smaller (14,868) but still
significantly higher than with PHYLDOG trees, which yield 9869
gene duplications. Overall, PhyML trees and TreeBeST trees show
more duplications on internal branches than on external branches
(paired Wilcoxon test P-values: P < 10!16), as expected from gene
trees that contain errors (Hahn 2007), but for PHYLDOG trees,
internal branches show fewer duplications than external branches
(paired Wilcoxon test P-value: P < 10!16).

Figure 4 shows genome sizes and the distribution of ancestral
gene adjacencies inferred with different sets of gene trees. As
expected, PhyML trees, which are reconstructed in the absence of
any information on the species tree, yield relatively poor results in
terms of ancestral genome content (8263 genes on average, com-
pared with 4144 genes for the genomes of extant species) (Fig. 4A;
Supplemental Fig. S8). TreeBeST trees, built using a species tree to
choose among a set of possible gene trees, are better, in part be-
cause duplication nodes with low support in gene trees are dis-
carded by TreeBeST reconciliations (7814 genes on average, Sup-
plemental Figs. S8, S9, S10). Compared with PHYLDOG (5074
genes on average), both algorithms lead to much larger ancestral
genomes for deeper nodes in the species tree (Fig. 3), showing that
the gene trees that they reconstruct contain more errors than
PHYLDOG gene trees (Hahn 2007). This is confirmed by the dis-
tribution of ancestral gene adjacencies (Fig. 4B). Fully annotated
gene families and error-free gene trees would give exactly two
neighbors to almost all ancestral genes. Genes with fewer or more
neighbors are due to unassembled genomes, but also reflect the
quality of gene tree reconstruction. PHYLDOG trees provide more
complete (fewer genes with 0 or one neighbor) and less erroneous
(more genes with two neighbors and fewer with three or more)
reconstructions of ancestral genome organizations. Overall, trees
built using our model yield better estimates of ancestral genomes.

Figure 4. Quality of ancestral chromosome reconstruction inferred
from gene tree reconciliations. We used the species tree and reconcilia-
tions from Compara to analyze TreeBeST trees, and the most parsimo-
nious reconciliation using the species tree in Figure 3 for PhyML and
PHYLDOG trees. (A) Genome content corresponds to the total number of
genes from 5039 families (selected for comparison purposes, see Sup-
plemental Material section S10), for all ancestral nodes in the species
phylogeny. ‘‘Extant’’ corresponds to the observed numbers of genes in our
data set for extant species. Gene contents reconstructed from PHYLDOG
trees are significantly smaller than those reconstructed from TreeBeST
trees: paired Wilcoxon test P-value = 4.10!4. (B) Number of adjacencies
per ancestral gene. The proportion of genes with two adjacencies is higher
for PHYLDOG (blue) than for PhyML (red) and TreeBeST (green) (paired
Wilcoxon test P-value = 3.10!11 for the comparison with TreeBeST).
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Fig 2.  Joint reconstruction of the species tree and gene trees from thousands of gene families. Using the genetic 
sequences of several thousand gene families from complete genomes we jointly reconstructed the species tree and the 
forest of gene trees that evolved along it. a) reconstruction based on 36 genomes representative of mammalian diversity 
(Boussau et al. 2013 attached ).  In the absence of transfer, errors in gene trees result in an overestimation of the number 
ancestral gene copies, as extra duplications are required to explain spurious discord with the species tree. For select 
nodes we show the number of gene copies with red bars corresponding to the sequence only PhyML method, green bars 
to TreeBEST, the method used in the reference database EnsEMBL, and blue to our joint reconstruction method 
PHYLDOG. Our method exhibits the least error.  b) As independent validation we also reconstructed ancestral gene 
order, where we expect errors to result in genes with more than two neighbours, in contrast to the perfect reconstruction 
where all gene have exactly two neighbours. Our method again exhibits the least error. c) Using a model that is able to 
take into account gene transfer we reconstructed the species tree from 36 genomes representative of cyanobacterial 
diversity  (Szöllősi et al. 2012). d) Ancestral gene order. Similar to the mammalian example we find that gene trees that 
take into account the specie tree (blue, ALE) are dramatically more accurate than those based on sequence alone (red, 
PhyML). In d) genes with zero copies were not counted for technical reasons.

a) tree of mammals based on 6966 gene families c)  tree of cyanobacteria based on 8332 gene families 

Fig 1.  Joint reconstruction produces more accurate gene trees. Using the genetic sequences of several thousand gene families 
from complete genomes, we jointly reconstructed the species tree and the forest of gene trees that evolved along it. (A) 
Reconstruction based on 36 genomes representative of mammalian diversity (Boussau et al. 2013).  In the absence of transfer, 
errors in gene trees result in an overestimation of the number ancestral gene copies, as extra duplications are required to explain 
spurious discord with the species tree. For select nodes we show the number of gene copies with red bars corresponding to the 
sequence only PhyML method, green bars to TreeBEST, the method used in the reference database EnsEMBL, and blue to our joint 
reconstruction method PHYLDOG. Our method exhibits the least error. (B) As independent validation, we also reconstructed 
ancestral gene order, where we expect errors to result in genes with more than two neighbours, in contrast to the perfect 
reconstruction where all gene have exactly two neighbours. Our method again exhibits the least error. (C) Using a model that is 
able to take into account gene transfer, we reconstructed the species tree from 36 genomes representative of cyanobacterial 
diversity (Szöllősi et al. 2012). (D) Ancestral gene order. Similar to the mammalian example, we find that gene trees that take into 
account the specie tree (blue, ALE) are dramatically more accurate than those based on sequence alone (red, PhyML).
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Ares(2016)1266428

Review session: Step 1

Dear Dr. SZOLLOSI,

Subject: Initial information on the outcome of the evaluation of proposals submitted to the Call for
Proposals ERC-STG-2016 - Proposal n° 714774 GENECLOCKS

I am pleased to inform you that the ERC evaluation panels, composed of independent experts, have favourably
reviewed your proposal in Step 1 of the evaluation process. We cordially invite you to attend an interview with
the evaluation panel.

 Date:  The interviews for your panel will take place from 14 June to 17 June.
 Please make sure to keep these days free.

 Place:

 Interview content:

 Brussels, Belgium

 Interviews will last between 20 and 30 minutes. They will include a short presentation by
 the applicant and time for questions and answers.

If, in very exceptional cases, you are unable to attend the interview (e.g. pregnancy, immobility due to illness,
expedition), two alternatives for a remote interview are offered:

Video-conference: A video-conference room has been booked for the duration of the interviews and can
be used by panels provided the interviewee also has access to a matching facility. A specific schedule
will be established depending on the needs.

a.

Telephone-conference: A telephone (with loudspeaker) will be available in each meeting room to ensure
the possibility of telephone interview.

b.

If you need to make use of these alternatives please notify the ERCEA as soon as possible but no later than 30
March 2016.

Please also note that as a successful Step 1 applicant, you will not receive further feedback on the Step 1
review of your proposal.

More specific information containing the precise location, date, time of your interview and the format of
your presentation will be communicated to you in due course.

ERC Executive Agency, Place Rogier 16, COV2 21/159, BE-1049 Brussels, Belgium | Tel: +32 2 295 54 99 | Fax: +32 2 297 96 28
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State of the art and objectives

Phylogenetic incongruence as molecular fossils 
Evolutionary events, such as gene duplication, transfer and loss generate differences between gene trees. 
These differences have made the phylogenetic history of life an intricate puzzle that can only be solved if 
each piece is considered as a source of information. For example, if instead of being discarded transfer 
events are modelled in the context of species trees they become informative on the rooting and more general-
ly the timing of the phylogeny (Abby 2012, Szöllősi 2012,2013a,2013b&2015 and Fig. 2 on next page).  
The first goal of the GENECLOCKS proposal is to develop methods that use models of phylogenetic dis-
cord to systematically and efficiently extract phylogenetic and dating information from complete genomes 
(Fig 1.E). I will focus on the two most significant sources of phylogenetic discord: i) gene DTL events, in 
particular gene transfer and ii) incomplete lineage sorting (ILS), which causes differences between the 
species tree and gene trees reflecting effective population size and divergence time (e.g. ILS is responsible 
for approx. 70% of the human genome being not most closely related to chimpanzee (Fig.2. part B2 & Scally 
2012). Probabilistic models of DTL and ILS are separately available, but no method of DTL+ILS has been 
described. In terms of genome-scale phylogenetic inference no method exists to infer a dated species tree in 
the presence of DTL. Methods that infer a dated species tree in the presence of ILS are limited to at most a 
dozen species (despite only being applicable to the minority of single copy genes). I propose to i) combine 
approximation methods such as conditional clade probabilities (Szöllősi 2013b) and parallel computing (Szöl-
lősi 2012) to for the first time reconstruct a dated species tree from genome-scale data in the presence of 
DTL and ii) explore novel models and approximations that can incorporate ILS into probabilistic models of 
DTL. 
My second goal is to go beyond model development and apply the above methods to answer longstanding 
evolutionary questions (cf. next page). As shown in Fig. 1 a dated tree of life will tell us how many times the 
neural system of animals evolved or where and when eukaryotes branch on the tree of life. The methods I 
propose, however, provide additional information, since they explain gene trees by drawing them into the 
species tree (cf. Fig. 2 on next page) they also produce information on which genes were present where 
and when in ancestral genomes. Moreover, in the presence of transfer they provide information on ancestral 
biodiversity (Fig. 2B and Szöllősi 2013a), in particular major shifts, such as mass extinction events. I will ex-
plore correlations of both these sources of information with geological and paleontological information to 
work toward an interdisciplinary understanding of the evolution of life on earth. 
I choose the Dept. of Earth and Environmental Sciences at Ludwig-Maximilians-Universitaet (LMU) as the 
host because the second research goal requires expertise, and primary access to relevant new sequence data. 
In particular, the group of Gert Wörheide has experience in deep metazoan phylogeny (Philippe 2009, 
Noshenko 2013, Pisani 2015) and is currently in the process of sequencing several demosponges (members of 
Porifera in Fig 1), while the new group of William Orsi focuses on uncultivated microbial diversity.  
Szöllősi GJ                GENECLOCKS      part B1 page �3
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(Supplementary Fig. 1), was selected
as a target for genome sequencing
due to preservation of traits ancestral
for this lineage and because in situ
hybridization/immunolabelling is
possible. b–e, Major ctenophore
innovations. b, Nervous system
revealed by tyrosinated a-tubulin
immunolabelling (scale bar, 60mm).
c, Scanning electron microscopy
(SEM) imaging of nerve net in a
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d, Locomotory ciliated combs (SEM;
scale bar, 100mm). e, Glue-secreting
cells (colloblasts) in tentacles (SEM;
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Opisthokonta out-group

Moran & Jarvik 2010
Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.
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, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  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Biology 2.0

2 A special report on the human genome The Economist June 19th 2010
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changed the meaning of the word !gene".
They found the way genes are switched on
and o# is at least as important, both biolog-
ically and medically, as the composition of
those genes. They found that their meth-
ods for linking genetic variation to disease
were inadequate. And they found, above
all, that they did not have enough genomes
to work on. Each human genome is di#er-
ent, and that matters.

All is revealed
One by one, however, these obstacles are
falling away. As they do so, the science of
biology is being transformed. It seems
quite likely that future historians of sci-
ence will divide biology into the pre- and
post-genomic eras. 

In one way, post-genomic biology$bi-
ology 2.0, if you like$has %nally killed the
idea of vitalism, the persistent belief that
to explain how living things work, some-
thing more is needed than just an under-
standing of their physics and chemistry.
True, no biologist has really believed in vi-
talism for more than a century. Neverthe-
less, the promise of genomics, that the
parts list of a cell and, by extension, of a liv-
ing organism, is %nite and cataloguable,
leaves no room for ghosts in the machine.

Viewed another way, though, biology
2.0 is actually neo-vitalistic. No one thinks
that a computer is anything more than the
sum of its continually changing physical
states, yet those states can be abstracted
into concepts and processed by a branch of
learning that has come to be known as in-
formation science, independently of the
shifting pattern of electrical charges inside
the computer’s processor.

So it is with the new biology. The chem-
icals in a cell are the hardware. The infor-
mation encoded in the DNA is the preload-
ed software. The interactions between the
cellular chemicals are like the constantly
changing states of processing and memory
chips. Though understanding the genome
has proved more complicated than expect-
ed, no discovery made so far suggests any-
thing other than that all the information
needed to make a cell is squirreled away in
the DNA. Yet the whole is somehow great-
er than the sum of its parts.

Whether the new biology is viewed as
rigorously mechanistic or neo-vitalistic,
what has become apparent over the past
decade is that the process by which the ge-
nome regulates itself, both directly by one
gene telling another what to do and indi-
rectly by manipulating the other mole-
cules in a cell, is vastly more complicated
and sophisticated than anybody expected.

sort that have given science the Neander-
thal genome have been as important to the
development of genomics as intellectual
insights have been. The telescope revolu-
tionised astronomy; the microscope, biolo-
gy; and the spectroscope, chemistry. The
genomic revolution depends on two tech-
nological changes. One, in computing
power, is generic$though computer-mak-
ers are slavering at the amount of data that
biology 2.0 will need to process, and the
amount of kit that will be needed to do the
processing. This torrent of data, however,
is the result of the second technological
change that is driving genomics, in the
power of DNA sequencing.

The new law
Computing has, famously, increased in po-
tency according to Moore’s law. This says
that computers double in power roughly
every two years$an increase of more than
30 times over the course of a decade, with
concomitant reductions in cost. 

There is, as yet, no sobriquet for its ge-
nomic equivalent, but there should be. Eric
Lander, the head of the Broad Institute, in
Cambridge, Massachusetts, which is
America’s largest DNA-sequencing centre,
calculates that the cost of DNA sequencing
at the institute has fallen to a hundred-
thousandth of what it was a decade ago
(see chart 1). The genome sequenced by the
International Human Genome Sequenc-
ing Consortium (actually a composite
from several individuals) took 13 years and
cost $3 billion. Now, using the latest se-
quencers from Illumina, of San Diego, Cal-
ifornia, a human genome can be read in
eight days at a cost of about $10,000. Nor is
that the end of the story. Another Califor-
nian %rm, Paci%c Biosciences, of Menlo
Park, has a technology that can read ge-
nomes from single DNA molecules. It
thinks that in three years’ time this will be
able to map a human genome in 15 minutes
for less than $1,000. And a rival technology
being developed in Britain by Oxford Na-
nopore Technologies aspires to similar
speeds and cost.

This increase in speed and reduction in
cost is turning the business of biology up-
side down. Up until now, %rms that claim
to read individual genomes (see box in the
next article) have been using a shortcut.
They have employed arrays of DNA

probes, known as gene chips, to look for
pre-identi%ed variations in their clients’
DNA. Those variations have been discov-
ered by scienti%c collaborations such as
the International HapMap Project, which
search for mutations of the genetic code 
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Yet it now looks tractable in a way that 20
years ago it did not. Just as a team of engi-
neers, given a rival’s computer, could strip
it down and understand it perfectly, so bi-
ologists now believe that, in the fullness of
time, they will be able to understand per-
fectly how a cell works.

And if cells can be understood com-
pletely in this way, then ultimately it
should be possible to understand assem-
blages of cells such as animals and plants
with equal completeness. That is a much
more complicated problem, but it is di#er-
ent only in degree, not kind. Moreover, un-
derstanding$complete or partial$brings
the possibility of manipulation. The past
few weeks have seen an announcement
that may, in retrospect, turn out to have
been as portentous as the sequencing of
the human genome: Dr Venter’s construc-
tion of an organism with a completely syn-
thetic genome. The ability to write new ge-
nomes in this way brings true biological
engineering$as opposed to the tinkering
that passes for biotechnology at the mo-
ment$a step closer.

A second portentous announcement,
of the genome of mankind’s closest$albe-
it extinct$relative, Neanderthal man,
shows the power of biology 2.0 in a di#er-
ent way. Putting together some 1.3 billion
fragments of 40,000-year-old DNA, con-
taminated as they were with the fungi and
bacteria of millennia of decay and the per-
sonal genetic imprints of the dozens of ar-
chaeologists who had handled the bones,
demonstrates how far the technology of
genomics has advanced over the course of
the past decade. It also shows that biology
2.0 can solve the other great question be-
sides how life works: how it has evolved
and diversi%ed over the course of time.

As is often the way with scienti%c dis-
covery, technological breakthroughs of the
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muscles & neurons

topology was unresolved. Weak support is probably due to under-
representation of comparable transcriptomes from sponges and large
protein divergence. Nevertheless, Shimodaira–Hasegawa tests based on
expanded ctenophore sampling (with a reduced 114 gene matrix due to

lack of other ctenophore and sponge genomes; Supplementary Methods
7.2) also rejected Coelenterata but not Eumetazoa. Notably, relation-
ships within Ctenophora were strongly supported (Fig. 2). Both cydip-
pid and lobate ctenophores, previously viewed as monophyletic clades,
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Figure 1 | Ctenophores and their
innovations. a, The sea gooseberry,
Pleurobrachia bachei
(Supplementary Fig. 1), was selected
as a target for genome sequencing
due to preservation of traits ancestral
for this lineage and because in situ
hybridization/immunolabelling is
possible. b–e, Major ctenophore
innovations. b, Nervous system
revealed by tyrosinated a-tubulin
immunolabelling (scale bar, 60mm).
c, Scanning electron microscopy
(SEM) imaging of nerve net in a
tentacle pocket (scale bar, 20mm).
d, Locomotory ciliated combs (SEM;
scale bar, 100mm). e, Glue-secreting
cells (colloblasts) in tentacles (SEM;
scale bar, 20mm). f, Relationships
among major animal clades with
choanoflagellates sister to all
Metazoa.
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Figure 2 | Phylogenomic reconstruction among major ctenophore lineages.
Cydippid (Euplokamis, Pleurobrachia, Dryodora and Mertensiidae) and lobate
(Mnemiopsis and Bolinopsis) ctenophores were polyphyletic, suggesting

independent loss of both cydippid larval stage and tentacle apparatus as well as
independent development of bilateral symmetry in benthic ctenophores,
Vallicula and Coeloplana (Supplementary Data 4).
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topology was unresolved. Weak support is probably due to under-
representation of comparable transcriptomes from sponges and large
protein divergence. Nevertheless, Shimodaira–Hasegawa tests based on
expanded ctenophore sampling (with a reduced 114 gene matrix due to

lack of other ctenophore and sponge genomes; Supplementary Methods
7.2) also rejected Coelenterata but not Eumetazoa. Notably, relation-
ships within Ctenophora were strongly supported (Fig. 2). Both cydip-
pid and lobate ctenophores, previously viewed as monophyletic clades,
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New genomes, old questions
New genomes instead of bringing into sharper focus major evolutionary 
events such as the origin of eukaryotes or the diversification of major 
animal lineages have instead reignited old debates.  

Are the key journals going to publish the results? 
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The problem is gene trees are not species trees

standing questions such as the reconstruction
of the timing of life evolution or the root
of the tree of life. The recent realization that
horizontal gene transfer has been extensive
throughout the evolution of the eukaryotic
domain (Keeling and Palmer 2008; Andersson
2009) will allow to compare the information
derived from genome histories to the fossil
record.
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.. but gene trees are generated along the species tree

The stories of individual gene families all take place along the same species tree. If we can 
model the process generating gene trees along the species tree, we can hope to infer better 
gene trees and species trees.
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Horizontal Gene Transfer and the History of Life

Advanced Online Article. Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a018036 9

Laboratory Press 
 at INIST-CNRS Bibliovie on January 26, 2016 - Published by Cold Spring Harborhttp://cshperspectives.cshlp.org/Downloaded from 

standing questions such as the reconstruction
of the timing of life evolution or the root
of the tree of life. The recent realization that
horizontal gene transfer has been extensive
throughout the evolution of the eukaryotic
domain (Keeling and Palmer 2008; Andersson
2009) will allow to compare the information
derived from genome histories to the fossil
record.

ACKNOWLEDGMENTS

We thank Sophie Abby for allowing us to use
her drawings in Figure 2. V.D. is supported by

the French Agence Nationale de la Recherche
(ANR) through Grant (ANR-10-BINF-01-01)
“Ancestrome.” G.J.S. is supported by Marie Cu-
rie Grant CIG 618438 “Genestory.”

REFERENCES

Abby SS, Tannier E, Gouy M, Daubin V. 2010. Detecting
lateral gene transfers by statistical reconciliation of phy-
logenetic forests. BMC Bioinformatics 11: 324.

Abby SS, Tannier E, Gouy M, Daubin V. 2012. Lateral gene
transfer as a support for the tree of life. Proc Natl Acad Sci
109: 4962–4967.

Andersson JO. 2009. Horizontal gene transfer between mi-
crobial eukaryotes. Methods Mol Biol 532: 473–487.

Species tree

Gene tree

Gene tree/species tree reconciliation

T

?

L

D

t2

t2

t1

t1

Figure 2. Gene tree/species tree reconciliation and the timing of events. Models of reconciliation invoking
horizontal gene transfer (T, in addition to duplications, D, and losses, L) implicitly or explicitly imply a partial
order of evolutionary events in a tree. Here, the scenario of reconciliation of the gene tree and the species contains
a transfer that implies that the speciation at time t1 occurred before the speciation at t2. The reconciliation of a
large number of gene trees (typically, from all the homologous genes represented in the genomes under study)
with a species tree can yield a fully resolved time order of evolutionary events (Szölló́si et al. 2012).
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Genome-scale reconstruction of gene and species trees

mammalian species with widely different sequence coverages
(Supplemental Table S1). Genomes with low coverage share by
chance a number of unsequenced or unannotated genes, mak-
ing this data set challenging for studying genomic evolution
(Milinkovitch et al. 2010). We introduced a correction to account for

genome coverage to prevent PHYLDOG
from interpreting these artifactual ‘‘shared
losses’’ as a signal for clustering low-cov-
erage genomes together in the species tree.
More precisely, we added a component to
the expected number of gene losses on
terminal branches that depended on ge-
nome coverage (Supplemental Material
section S8). For this analysis, we benefited
from a French national supercomputing
resource for research, JADE, currently the
43rd largest supercomputer in the world
(Top500 November 2011 supercomputer
list, http://www.top500.org), and used
3000 processes in parallel.

We started PHYLDOG from a ran-
dom species tree topology, and obtained
the tree shown in Figure 3. For compari-

son, we also reconstructed the species trees using two alternative
approaches: iGTP (DL parsimony method) (Chaudhary et al. 2010),
and duptree (gene tree parsimony method) (Wehe et al. 2008).
These two approaches differ from ours by their use of a parsimony
framework and the fact that the gene trees need to be reconstructed

Figure 2. (A) Correlation between the expected and reconstructed numbers of duplications and
losses per gene and per branch of the species tree. The x = y line is in gray. (B) Topological (RF) (Robinson
and Foulds 1979) distance to the true gene family trees of the trees reconstructed by PHYLDOG under
a simpler model of sequence evolution (JC69) than that used in the simulation (HKY85 with rate het-
erogeneity among sites) and by PhyML under the same simple model and under the correct model of
evolution. For PHYLDOG, the median RF distance to the true tree is at 0.

Figure 3. Mammalian tree reconstructed by PHYLDOG, with arbitrary branch lengths. Ancestral gene contents obtained using PhyML (red), TreeBeST
(green), and PHYLDOG (blue) are shown for several nodes (circled).
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Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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a priori (here we used these methods with gene trees inferred by
PhyML). We also compared the species tree inferred by Phyldog
with the species tree that is used by Ensembl to build the Compara
database (which is based on a synthesis of the current literature on
mammalian phylogeny). Overall, the four species trees agree on
most well-established relationships and, for instance, support the
Atlantogenata hypothesis for the root of the placental phylogeny
(Fig. 3; Supplemental Figs. S5, S6, S7; Waddell et al. 1999; Murphy
et al. 2007). However, iGTP does not recover the consensus mam-
malian root between monotremes and Eutheria. Most incongru-
ences among the four trees appear in Laurasiatheria, notably
regarding the position of bats, a problem still highly controversial
(McCormack et al. 2012; Zhou et al. 2012), possibly made difficult
by effects of incomplete lineage sorting (McCormack et al. 2012).
Interestingly, the PHYLDOG tree and the tree used by Ensembl
place the tree shrew Tupaia belangeri as a sister to primates, as in a
previous study based on rare genomic events (Janecka et al. 2007),
but the two parsimony-based methods place it next to or within
rodents. Although the question of the position of tree shrews re-
mains largely open, these results suggest that the simultaneous in-
ference of gene trees and the species tree such as implemented in
PHYLDOG may be an important step toward resolving difficult
phylogenetic questions such as this one.

For those nodes that are common between our phylogeny
of mammals and the one used in Ensembl Compara, we esti-
mated ancestral genome sizes using gene trees reconstructed by
PHYLDOG and two widely used methods to reconstruct gene
trees at the genomic scale, PhyML (Guindon et al. 2010) and
TreeBeST (Vilella et al. 2008). We used only the 5039 gene trees
that had identical sequence content in our analysis and the trees
provided by Ensembl (see Supplemental Material section S10).
Figure 3 shows these estimates for some key ancestral nodes.
They suggest striking differences in the reconstructed dynamics
of mammalian genomes: According to TreeBeST and PhyML,
mammalian genomes have consistently reduced in gene num-
bers from a large genome ancestor. In contrast, PHYLDOG sug-
gests more stable genome sizes throughout the evolution of
mammals.

We compared the quality of the gene trees reconstructed by
PHYLDOG with those reconstructed using PhyML (Guindon et al.
2010) and TreeBeST (Figs. 3, 4; and Supplemental Material section
S10; Vilella et al. 2008). First, for each of these sets of reconciled
gene trees, we compared the number of gene duplications and the
reconstructed ancestral genome sizes. As noted by Hahn (2007),
errors in gene tree reconstruction are expected to inflate the
number of inferred duplications on internal branches of the spe-
cies tree and to produce larger ancestral genomes. Second, because
more accurate gene trees are expected to give more reliable pre-
dictions of orthology, and orthologs are usually found in the same
genomic locus across species, the neighborhoods between pre-
dicted orthologs should also be conserved (Vilella et al. 2008).
From reconstructed gene trees and adjacencies between extant
couples of genes (immediate proximity, with no other gene be-
tween the two in the data set), we inferred adjacencies between
ancestral genes (Supplemental Material section S9). Like extant
genes, most ancestral genes should have exactly two adjacent
neighbors, one on each side. However, erroneous gene trees tend to
introduce spurious duplications, and because the corresponding
locus has not been duplicated in the genome, the ‘‘duplicates’’ will
be mapped to the exact same position. Direct neighbors will
therefore have at least three adjacencies: two with these spurious
duplicates on one side, and one with their true neighbor on the

other side. Poor reconstruction methods will therefore show fewer
genes with exactly two adjacent neighbors because they contain
many erroneous gene trees.

According to trees reconstructed using PhyML, the set of gene
families that we used has undergone 43,483 duplication events
during the history of mammals. Using trees built and reconciled
using TreeBeST, this number is much smaller (14,868) but still
significantly higher than with PHYLDOG trees, which yield 9869
gene duplications. Overall, PhyML trees and TreeBeST trees show
more duplications on internal branches than on external branches
(paired Wilcoxon test P-values: P < 10!16), as expected from gene
trees that contain errors (Hahn 2007), but for PHYLDOG trees,
internal branches show fewer duplications than external branches
(paired Wilcoxon test P-value: P < 10!16).

Figure 4 shows genome sizes and the distribution of ancestral
gene adjacencies inferred with different sets of gene trees. As
expected, PhyML trees, which are reconstructed in the absence of
any information on the species tree, yield relatively poor results in
terms of ancestral genome content (8263 genes on average, com-
pared with 4144 genes for the genomes of extant species) (Fig. 4A;
Supplemental Fig. S8). TreeBeST trees, built using a species tree to
choose among a set of possible gene trees, are better, in part be-
cause duplication nodes with low support in gene trees are dis-
carded by TreeBeST reconciliations (7814 genes on average, Sup-
plemental Figs. S8, S9, S10). Compared with PHYLDOG (5074
genes on average), both algorithms lead to much larger ancestral
genomes for deeper nodes in the species tree (Fig. 3), showing that
the gene trees that they reconstruct contain more errors than
PHYLDOG gene trees (Hahn 2007). This is confirmed by the dis-
tribution of ancestral gene adjacencies (Fig. 4B). Fully annotated
gene families and error-free gene trees would give exactly two
neighbors to almost all ancestral genes. Genes with fewer or more
neighbors are due to unassembled genomes, but also reflect the
quality of gene tree reconstruction. PHYLDOG trees provide more
complete (fewer genes with 0 or one neighbor) and less erroneous
(more genes with two neighbors and fewer with three or more)
reconstructions of ancestral genome organizations. Overall, trees
built using our model yield better estimates of ancestral genomes.

Figure 4. Quality of ancestral chromosome reconstruction inferred
from gene tree reconciliations. We used the species tree and reconcilia-
tions from Compara to analyze TreeBeST trees, and the most parsimo-
nious reconciliation using the species tree in Figure 3 for PhyML and
PHYLDOG trees. (A) Genome content corresponds to the total number of
genes from 5039 families (selected for comparison purposes, see Sup-
plemental Material section S10), for all ancestral nodes in the species
phylogeny. ‘‘Extant’’ corresponds to the observed numbers of genes in our
data set for extant species. Gene contents reconstructed from PHYLDOG
trees are significantly smaller than those reconstructed from TreeBeST
trees: paired Wilcoxon test P-value = 4.10!4. (B) Number of adjacencies
per ancestral gene. The proportion of genes with two adjacencies is higher
for PHYLDOG (blue) than for PhyML (red) and TreeBeST (green) (paired
Wilcoxon test P-value = 3.10!11 for the comparison with TreeBeST).
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Introduction and current state of research

Inferring gene trees with species tress  
As more and more genomes have been sequenced, the pattern of gene histories have become so 
complex that even our ability to reconstruct the tree of life has been questioned, although several 
recent studies have demonstrated that there remains a strong signal of shared vertical descent in the 
forest of gene trees (Lerat 2005; Abby; 2012; Szöll!si 2012). By trying to select genes seemingly 
devoid of DTL (duplication, transfer, and loss) events, researchers can only infer a putative tree of 
life based on 20 to 30 genes, a number that seems anecdotal with respect to the thousands of genes 
that usually compose a genome. Even at lower phylogenetic scales, it is now evident that the 
occurrence of duplication, transfer and loss (DTL) events, combined with other population level 
effects such as incomplete lineage sorting, disturb the inference of species histories based on 
gene sequences.  
A confusion between gene trees and species trees is arguably at the origin of the claim that Darwin 
was wrong when he evoked the image of a tree of life, because he failed to foresee the role of lateral 

Application for the Sofia Kovalevskaja Award Gergely J. Szöll!si Research Plan, Page "2

Fig 2.  Joint reconstruction of rooted species tree and gene trees from thousands of gene families. Using the genetic sequences 
of several thousand gene families from complete genomes, we jointly reconstructed the species tree and the forest of gene trees that 
evolved along it. a) reconstruction based on 36 genomes representative of mammalian diversity (Boussau et al. 2013 attached ).  In 
the absence of transfer, errors in gene trees result in an overestimation of the number ancestral gene copies, as extra duplications 
are required to explain spurious discord with the species tree. For select nodes we show the number of gene copies with red bars 
corresponding to the sequence only PhyML method, green bars to TreeBEST, the method used in the reference database EnsEMBL, 
and blue to our joint reconstruction method FIX PHYLDOG. Our method exhibits the least error.  b) As independent validation, we 
also reconstructed ancestral gene order, where we expect errors to result in genes with more than two neighbours, in contrast to the 
perfect reconstruction where all gene have exactly two neighbours. Our method again exhibits the least error. c) Using a model that 
is able to take into account gene transfer, we reconstructed the species tree from 36 genomes representative of cyanobacterial 
diversity  (Szöll!si et al. 2012 attached). d) Ancestral gene order. Similar to the mammalian example, we find that gene trees that 
take into account the specie tree (blue, ALE) are dramatically more accurate than those based on sequence alone (red, PhyML). In 
d) genes with zero copies were not counted for technical reasons.

mammalian species with widely different sequence coverages
(Supplemental Table S1). Genomes with low coverage share by
chance a number of unsequenced or unannotated genes, mak-
ing this data set challenging for studying genomic evolution
(Milinkovitch et al. 2010). We introduced a correction to account for

genome coverage to prevent PHYLDOG
from interpreting these artifactual ‘‘shared
losses’’ as a signal for clustering low-cov-
erage genomes together in the species tree.
More precisely, we added a component to
the expected number of gene losses on
terminal branches that depended on ge-
nome coverage (Supplemental Material
section S8). For this analysis, we benefited
from a French national supercomputing
resource for research, JADE, currently the
43rd largest supercomputer in the world
(Top500 November 2011 supercomputer
list, http://www.top500.org), and used
3000 processes in parallel.

We started PHYLDOG from a ran-
dom species tree topology, and obtained
the tree shown in Figure 3. For compari-

son, we also reconstructed the species trees using two alternative
approaches: iGTP (DL parsimony method) (Chaudhary et al. 2010),
and duptree (gene tree parsimony method) (Wehe et al. 2008).
These two approaches differ from ours by their use of a parsimony
framework and the fact that the gene trees need to be reconstructed

Figure 2. (A) Correlation between the expected and reconstructed numbers of duplications and
losses per gene and per branch of the species tree. The x = y line is in gray. (B) Topological (RF) (Robinson
and Foulds 1979) distance to the true gene family trees of the trees reconstructed by PHYLDOG under
a simpler model of sequence evolution (JC69) than that used in the simulation (HKY85 with rate het-
erogeneity among sites) and by PhyML under the same simple model and under the correct model of
evolution. For PHYLDOG, the median RF distance to the true tree is at 0.

Figure 3. Mammalian tree reconstructed by PHYLDOG, with arbitrary branch lengths. Ancestral gene contents obtained using PhyML (red), TreeBeST
(green), and PHYLDOG (blue) are shown for several nodes (circled).
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Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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fossil records (three calibration points in ref. 23 and five in ref.
22), whereas our model uses neither.
Direct comparison with the fossil record is only possible for

node 5, the speciation leading to all akinete-forming Nostocales.
Node 5 occurs at the earliest position in the time order consid-
ering topology and the time order of its ancestor and has a time
order between 5 and 7 with statistical support (Fig. 3B) based on
a large number of transfer events (Fig. 3C). Placing the evolution
of genome size in this timeline, the large increase in gene number
in the lineage leading to node 3 is placed in the middle Archaean,
suggesting a parallel with the results of an episode of rapid evo-
lutionary innovation during the middle Archaean (37).
In the future, it should be possible to provide direct date esti-

mates by using the results of the ODT inference to inform a re-
laxed molecular clock analysis. This can be accomplished by using
the ODT inference to provide a set of relative time constraints
complementary to any molecular fossil calibrations. Relaxed
molecular clock analyses incorporating these combined con-
straints have the potential to significantly better resolve our pic-
ture of the timing of prokaryotic evolution. The list of constraints
obtained from the cyanobacterial dataset can be found in SI
Appendix, Table S3.
Probabilistic models of genome evolution that consider in-

formation from complete genomes are important as they lay the
foundations for the parallel reconstruction of the relative chro-
nology of the diversification and the oddities of individual gene
histories. Here we have only considered large-scale observables
that are robust to uncertainties in the reconstructed gene histories,
such as time order and the number of genes in ancestral genomes.
To go further, we must reduce the amount of phylogenetic re-
construction error that limits the accuracy of reconciliations.
This caveat is especially pertinent in the case of systematic re-
construction biases (resulting from, e.g., compositional bias and
long branch attraction), which are very difficult to handle for
individual families and particularly serious in deep phylogenies,
where we know full well that our models are far from the truth.
A path to a potential solution lies in integrating probabilistic
models, such as the ODT model presented here, with traditional
phylogenetic methods to refine gene trees based on reconcilia-
tion with the species tree (9, 38). For fixed species trees with
models using only duplications and loss, but not transfer, this has
already been demonstrated (39). Our results show that extending
such integrative methods to include species tree inference and to
model LGT has the potential to access information on the evolu-
tion of prokaryotic genomes that is at present overlooked.

Materials and Methods
Extending Possible Reconciliations Using a Virtual Out-Group.We extended the
species tree S with a virtual out-group species that branches above the root
regardless of any other changes to its topology and in which all “out-genes”
reside. Such a virtual out-group permits reconciliations that allow us to
consider in an approximate manner (i) genes from out-group genomes, (ii)
transfer from extinct lineages, and (iii) transfer from outside (SI Appendix,
Fig. S5).

Exploration of the Species Phylogeny and Time Orders. In the initial phase of
the ML exploration, we aim to efficiently propose and evaluate new to-
pologies before a more detailed and precise search is undertaken. We count
the number of transfers between all pairs of branches in S that share a time
slice and attempt changes to the species tree such that they resolve the
highest number of transfers as speciations (SI Appendix, Fig. S6). Following
this initial search, we proceed by trying local topology rearrangements and
local time order rearrangements until no topology or time order move is
found that improves the likelihood. Local topology rearrangements corre-
spond to all NNIs. Local time order moves are achieved by either exchanging
the time order of a node with a node that has an adjacent time order
(shallow moves, e.g., exchanging in SI Appendix, Fig. S1 node 3 with nodes 2
or 4) or alternatively moving any node such that the resulting time orders
remain compatible with the rooted tree topology (deep moves, e.g.,
changing the time order in SI Appendix, Fig. S1 of node 8 such that it has an
order 3, 5, 6, 7). The likelihood calculations and the general reconciliation
algorithm were implemented in a parallel framework using MPI that relies
on components from the Bio++ (40), Boost (41), and BLAS (42) libraries. See
also SI Appendix, section S2.

Estimating Parameters. We estimate observed rates recursively using ML
reconciliations. In the case of the uniform model, the mean of observed
branch-wise rates are used, whereas for the branch-specific DTL rate model,
categories are derived from a gamma distribution parametrized by the
branch-wise mean and variance of the corresponding observed rate. The
number of rate categories was chosen using a Bayesian Information Criterion.
For origination probabilities, we estimate the full set branch-wise origination
probabilities using the sum over all reconciliations. See also SI Appendix,
sections S2.3–S2.5.

Datasets. For the results presented in Table 1, we extracted all families with
trees from version 4 of the HOGENOM database (20) for 10 prokaryotic
phyla using the species selection of ref. 19. We retained all families with at
least two genes in the set of species considered. In calculations involving out-
genes, clades of genes from out-group phyla were replaced with a single
virtual out-gene mapping to the virtual out-group. In the case of the 14
cyanobacteria, eukaryotic genes were neglected. We constructed a second
independent dataset representing all 36 cyanobacterial genomes found in
version 5 of the HOGENOM database comprised of 8,332 families with
77,678 genes (90% of all families with at least two genes). Sequences were
extracted for each family including genes from actinobacteria and chloro-
flexi, aligned using MUSCLE (43), and cleaned using GBLOCKS (44). Align-
ments with less than 75 sites were discarded, and trees were inferred using
PhyMLwith LG+Γ8+I model (45). Clades of genes from out-group phyla were

Table 2. Support for alternative hypotheses for the root of
cyanobacteria

PRUNIER*
ODT†

Root (No out-genes) (No out-genes) (Out-genes)

Green 1,893 1st 1st
Blue 1,893 2nd 3rd
Violet 1,905 3rd 2nd
Gloeobacter 1,915 4th 4th

*Number of transfers per family for 474 near universal single copy families;
bold roots could not be rejected with P < 0.001.
†The order of root positions according to likelihood is given; bold roots could
not be rejected with P < 0.001.

Fig. 4. Number of genes in ancestral genomes. Color scale shows the
number of genes in ancestral genomes on the tree presented in Fig. 3A.
Estimates were obtained by averaging maximum likelihood reconciliations
over gene tree roots and origination positions and compensating for
extinct gene lineages. Squares correspond to major diversification events
discussed in the text. Color bars show correspondence with species names
in Fig. 3A.
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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

Partial hetR genes were amplified and sequenced from the 13
heterocystous cyanobacteria among our 20 experimental strains.
Interestingly, genes homologous to hetR have been detected
from some nonheterocystous nitrogen-fixing filamentous cya-
nobacteria (subsection III), although the function of those genes
is not yet certain (24). The obtained sequences were aligned with
hetR sequences of two nostocalean cyanobacteria whose ge-
nomes are completely sequenced and hetR-like genes of the
oscillatorialeans Leptolyngbya (formerly described as Plec-
tonema) PCC 73110 and Trichodesmium IMS 101. No gene
known so far has significant similarity to hetR, and so an
outgroup was not included in the calculation. Overall topology
is similar among trees constructed by the NJ, MP, and ML
methods. The members of subsection V form a monophyletic
clade in the hetR tree constructed by ML (Fig. 1C). Monophyly
of subsection V is also supported by the NJ and MP methods,
with bootstrap values of 99% and 96%, respectively. Two
cyanobacteria of subsection III fall outside of a cluster of
heterocyst-producing species. The differences in topology
among the trees constructed by the three methods are (i)
relationships within Fischerella strains and (ii) the position of a
cluster composed of Nodularia KAC17 and Anabaena. The outer
location of subsection III and the monophyly of subsection V
were also supported when the third nucleotide in each codon was
excluded from hetR analyses, although relationships within sub-
section IV varied depending on the analytical method used (data
not shown).

Fossil Akinetes. The genus Archaeoellipsoides consists of large
ellipsoidal or cylindrical microfossils, which mostly occur as
solitary individuals in rocks. They are preserved abundantly in
!1,500-Ma cherts from the Billyakh Group of Siberia (Fig. 2B).
Based on morphometric comparison with akinetes of the extant
nostocalean genus Anabaena (e.g., Fig. 2A), Golubic et al. (25)
interpreted Archaeoellipsoides as fossilized akinetes. The Bil-
lyakh fossils show no evidence of cell division, expected in
vegetative cells, but do display features similar to those formed
during akinete germination. They also occur in close association
with short trichomes interpreted as the products of akinete
germination (25).

Silicified carbonates of the !1,650-Ma (26) Amelia Dolomite
of northern Australia also contain well preserved Archaeoellip-
soides (Fig. 2C), as do 1,631 " 5-Ma cherts from the Kheinjua
Formation in India (27), preserved with other fossils represent-
ing a broad cross section of cyanobacterial diversity. The oldest
fossils attributed to Archaeoellipsoides come from the
!2,100-Ma Franceville Group of Gabon (28) (Fig. 2D). Al-
though relatively poorly preserved, these fossils exhibit the same
morphological features as those found in the more securely
interpreted mid-Proterozoic populations.

Discussion
Cyanobacterial Phylogeny and Monophyly of Heterocystous Taxa.
Our 16S rRNA analyses support the monophyly of heterocyst-
and akinete-bearing cyanobacteria (subsections IV and V; Fig.

1A). This finding is consistent with previous 16S rRNA phylog-
enies (14–16) as well as analyses of nifH (17) and nifD (18) and
that of 36 genes collected from 14 cyanobacterial genomes (29).
However, in the nifH tree, two nostocalean sequences did not
cluster with other heterocystous–cyanobacterial nifH genes and
thus were considered to be derived from gene duplication and!or
gene transfer (17). In the genome-based tree (29), available
sequences are still limited, and subsection V was not included.
The monophyly of heterocystous taxa is also supported by the
analyses of rbcL sequences (Fig. 1B). This clade is supported by
the analyses using the ML, NJ, and MP methods for both 16S
rRNA and rbcL (with and without the third nucleotide positions)
sequences, although the MP method showed lower bootstrap
support (66% and 64% for 16S rRNA and rbcL, respectively). In
the hetR tree, the two oscillatorialean cyanobacteria that contain
hetR-like genes lie outside of the heterocystous cluster (Fig. 1C),
consistent with the 16S rRNA and rbcL results.

Turner et al. (15) grouped cyanobacteria into 10 monophyletic
groups, including a group of plastid sequences, based on 16S
rRNA sequence analysis. Although the composition of sampled
organisms was not completely the same, some clusters in our 16S
rRNA phylogeny were almost identical to Turner’s groupings,
including the Nostoc (NOST), Pseudanabaena, Oscillatoria
(OSC), and Synechococcus sequence groups. However, statistical
support for the clade comparable to OSC was not high (bootstrap
value #50%) in our 16S rRNA tree. The Synechocystis!
Pleurocapsa!Microcystis sequence group identified by Turner et
al. did not appear as a stable grouping in our 16S rRNA analysis,
although part of its membership, Prochloron and the pleurocap-
salean cyanobacteria, formed a cluster. In the rbcL phylogeny,
the OSC and NOST sequence groups were supported. Congru-
ence with other sequence groups is unknown because available
rbcL sequences from subsections I–III are limited.

In our 16S rRNA phylogeny, heterocystous cyanobacteria with
branching filaments (subsection V) are also monophyletic,
nested within the broader grouping of heterocystous taxa. In the
rbcL tree, however, subsection V (Chlorogloeopsis and Fischerella

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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particular about the size and dynamics of ancient biodiversity. In fact, patterns of gene transfer may be even more 
informative about past biodiversity than the species tree itself. Drawing an analogy with population genetics, inferring 
biodiversity dynamics based on species trees is similar to inferring past demography based on single-locus data, and is 
similarly limited by the intrinsic stochasticity of Kingman’s coalescent (Kingman JAP 19; 1982). Lateral gene transfers, 
on the other hand, are analogous to multiple loci (Li and Durbin Nature 475; 2012), and as such, have the potential to 
greatly increase the statistical power for inferring past biodiversity.  !!
    Research objectives, questions and methodology 
 Research Objective 1:  Developing and exploiting probabilistic methods of genome evolution 
I plan to continue work on developing probabilistic gene tree - species tree models. At the same time I plan to apply 
these methods to available datasets (in particular subsets of the HOGENOM database) in order to assemble datasets 
using which the the reconstruction of complex molecular traits, and system level phenotypes, in particular ancient 
metabolic networks is possible.   
  
Research Objective 2:  Phylogeny aware inference and study of ancestral metabolic networks 
Using the results of objective 1 I plan to reconstruct ancient metabolic networks. This process will begin by first 
assigning enzymatic functions to ancestral gene lineages (by e.g. a combination of ancestral sequence reconstruction 
and and automated function prediction). Subsequently these ancestral enzymatic repertoires will be assembled into 
metabolic networks that can be examined using flux-balance analysis and other tools to address the following questions:   
2.1 How have network scale features, in particular robustness evolved? 
(How) Does transfer facilitate the evolution of robustness in metabolic networks?  
What about reductive evolution? 
To what extent is transfer responsible for the modularity of metabolic networks? 
How are new functional modules integrated, what is the effect of major system wide shifts (extreme adaptation, toward 
thermophily or halophily for instance)?  
2.2 What can ancestral networks tell us about ancient environment? 
Can we detect signatures of major environmental shifts such as the global rise of oxygen?  
What record have major geological events such as “Snowball Earth” events left on metabolic networks? 
What are the correlates of major metabolic innovations in the geological record? 
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a)

b)a priori (here we used these methods with gene trees inferred by
PhyML). We also compared the species tree inferred by Phyldog
with the species tree that is used by Ensembl to build the Compara
database (which is based on a synthesis of the current literature on
mammalian phylogeny). Overall, the four species trees agree on
most well-established relationships and, for instance, support the
Atlantogenata hypothesis for the root of the placental phylogeny
(Fig. 3; Supplemental Figs. S5, S6, S7; Waddell et al. 1999; Murphy
et al. 2007). However, iGTP does not recover the consensus mam-
malian root between monotremes and Eutheria. Most incongru-
ences among the four trees appear in Laurasiatheria, notably
regarding the position of bats, a problem still highly controversial
(McCormack et al. 2012; Zhou et al. 2012), possibly made difficult
by effects of incomplete lineage sorting (McCormack et al. 2012).
Interestingly, the PHYLDOG tree and the tree used by Ensembl
place the tree shrew Tupaia belangeri as a sister to primates, as in a
previous study based on rare genomic events (Janecka et al. 2007),
but the two parsimony-based methods place it next to or within
rodents. Although the question of the position of tree shrews re-
mains largely open, these results suggest that the simultaneous in-
ference of gene trees and the species tree such as implemented in
PHYLDOG may be an important step toward resolving difficult
phylogenetic questions such as this one.

For those nodes that are common between our phylogeny
of mammals and the one used in Ensembl Compara, we esti-
mated ancestral genome sizes using gene trees reconstructed by
PHYLDOG and two widely used methods to reconstruct gene
trees at the genomic scale, PhyML (Guindon et al. 2010) and
TreeBeST (Vilella et al. 2008). We used only the 5039 gene trees
that had identical sequence content in our analysis and the trees
provided by Ensembl (see Supplemental Material section S10).
Figure 3 shows these estimates for some key ancestral nodes.
They suggest striking differences in the reconstructed dynamics
of mammalian genomes: According to TreeBeST and PhyML,
mammalian genomes have consistently reduced in gene num-
bers from a large genome ancestor. In contrast, PHYLDOG sug-
gests more stable genome sizes throughout the evolution of
mammals.

We compared the quality of the gene trees reconstructed by
PHYLDOG with those reconstructed using PhyML (Guindon et al.
2010) and TreeBeST (Figs. 3, 4; and Supplemental Material section
S10; Vilella et al. 2008). First, for each of these sets of reconciled
gene trees, we compared the number of gene duplications and the
reconstructed ancestral genome sizes. As noted by Hahn (2007),
errors in gene tree reconstruction are expected to inflate the
number of inferred duplications on internal branches of the spe-
cies tree and to produce larger ancestral genomes. Second, because
more accurate gene trees are expected to give more reliable pre-
dictions of orthology, and orthologs are usually found in the same
genomic locus across species, the neighborhoods between pre-
dicted orthologs should also be conserved (Vilella et al. 2008).
From reconstructed gene trees and adjacencies between extant
couples of genes (immediate proximity, with no other gene be-
tween the two in the data set), we inferred adjacencies between
ancestral genes (Supplemental Material section S9). Like extant
genes, most ancestral genes should have exactly two adjacent
neighbors, one on each side. However, erroneous gene trees tend to
introduce spurious duplications, and because the corresponding
locus has not been duplicated in the genome, the ‘‘duplicates’’ will
be mapped to the exact same position. Direct neighbors will
therefore have at least three adjacencies: two with these spurious
duplicates on one side, and one with their true neighbor on the

other side. Poor reconstruction methods will therefore show fewer
genes with exactly two adjacent neighbors because they contain
many erroneous gene trees.

According to trees reconstructed using PhyML, the set of gene
families that we used has undergone 43,483 duplication events
during the history of mammals. Using trees built and reconciled
using TreeBeST, this number is much smaller (14,868) but still
significantly higher than with PHYLDOG trees, which yield 9869
gene duplications. Overall, PhyML trees and TreeBeST trees show
more duplications on internal branches than on external branches
(paired Wilcoxon test P-values: P < 10!16), as expected from gene
trees that contain errors (Hahn 2007), but for PHYLDOG trees,
internal branches show fewer duplications than external branches
(paired Wilcoxon test P-value: P < 10!16).

Figure 4 shows genome sizes and the distribution of ancestral
gene adjacencies inferred with different sets of gene trees. As
expected, PhyML trees, which are reconstructed in the absence of
any information on the species tree, yield relatively poor results in
terms of ancestral genome content (8263 genes on average, com-
pared with 4144 genes for the genomes of extant species) (Fig. 4A;
Supplemental Fig. S8). TreeBeST trees, built using a species tree to
choose among a set of possible gene trees, are better, in part be-
cause duplication nodes with low support in gene trees are dis-
carded by TreeBeST reconciliations (7814 genes on average, Sup-
plemental Figs. S8, S9, S10). Compared with PHYLDOG (5074
genes on average), both algorithms lead to much larger ancestral
genomes for deeper nodes in the species tree (Fig. 3), showing that
the gene trees that they reconstruct contain more errors than
PHYLDOG gene trees (Hahn 2007). This is confirmed by the dis-
tribution of ancestral gene adjacencies (Fig. 4B). Fully annotated
gene families and error-free gene trees would give exactly two
neighbors to almost all ancestral genes. Genes with fewer or more
neighbors are due to unassembled genomes, but also reflect the
quality of gene tree reconstruction. PHYLDOG trees provide more
complete (fewer genes with 0 or one neighbor) and less erroneous
(more genes with two neighbors and fewer with three or more)
reconstructions of ancestral genome organizations. Overall, trees
built using our model yield better estimates of ancestral genomes.

Figure 4. Quality of ancestral chromosome reconstruction inferred
from gene tree reconciliations. We used the species tree and reconcilia-
tions from Compara to analyze TreeBeST trees, and the most parsimo-
nious reconciliation using the species tree in Figure 3 for PhyML and
PHYLDOG trees. (A) Genome content corresponds to the total number of
genes from 5039 families (selected for comparison purposes, see Sup-
plemental Material section S10), for all ancestral nodes in the species
phylogeny. ‘‘Extant’’ corresponds to the observed numbers of genes in our
data set for extant species. Gene contents reconstructed from PHYLDOG
trees are significantly smaller than those reconstructed from TreeBeST
trees: paired Wilcoxon test P-value = 4.10!4. (B) Number of adjacencies
per ancestral gene. The proportion of genes with two adjacencies is higher
for PHYLDOG (blue) than for PhyML (red) and TreeBeST (green) (paired
Wilcoxon test P-value = 3.10!11 for the comparison with TreeBeST).
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a) tree of mammals based on 6966 gene families c)  tree of cyanobacteria based on 8332 gene families 
tree of cyanobacteria 

based on 8332 families

Szöllősi, Boussau, Abby, Tannier & Daubin PNAS (2012) 
Phylogenetic modeling of lateral gene transfer reconstructs  
the pattern and relative timing of speciations

Boussau, Szöllősi, Duret, Gouy, Tannier & Daubin Genome Res. (2013) 
Genome-scale coestimation of species and gene trees 

In the last 5 years I developed methods that reconstruct gene and species phylogenies simultaneously. Using 
parallel computing, these methods have been able to efficiently consider datasets composed of a large number of 
complete genomes with unprecedented accuracy.

Aside of the quantitative advance of leveraging genome scale data, these open the possibility of extract 
qualitatively new information from differences in gene histories (i.e. phylogenetic discord).  

are you really the best scientist for the job? 

http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:MXK_kJrjxJIC
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Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.
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Doolittle 1999

Horizontal gene transfer as noise

LUCA

Gene transfers result in apparently contradicting gene phylogenies, fungi can seem closely related to aphids. A 
potentially high rate of transfer esp. early in the evolution of life, suggests that the vertical signal may be drowned 
in noise.   
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1 
transfer

2 
transfers

3 
transfers

Transfer events, encoded in the topologies of gene trees can be thought of as “molecular fossils”  
that record the order of speciation events.

Horizontal gene transfer as information

b1a1 c2 , c1  d2 , d1  b1a1 c2 , c1  d2 , d1  
A       B C        D A       B C        D 

A       B C        D 
b1a1 c2 , c1  d2 , d1  

c2

d2

c1

d1

b1

A       B C        D 
b1a1 c2 , c1  d2 , d1  

a1

C D A B C DC D A B C DC D A B C DC D

reconciliation Species tree different 
time order

different 
root

Szöllősi, Boussau, Abby, Tannier & Daubin PNAS (2012) 
Phylogenetic modeling of lateral gene transfer reconstructs  
the pattern and relative timing of speciations

Szöllősi, Tannier, Lartillot & Daubin Systematic Biology (2013) 
Lateral Gene Transfer from the Dead

A BC D

Gene tree
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Preliminary results:  
Phylogenetic incongruence as molecular fossils 

True history

Simplified reconstruction
Amount of conflict

potential 
conflict    

Is it beyond state-of-the-art?



Szöllősi GJ GENECLOCKS 

   CONFLICT WITH TRANSFER BASED RELATIVE DATES IN 36 CYANOBACTERIA                                             

RANDOM 
TREES

WN 
RMC

LN 
RMC

UGAM 
RMC

STRICT 
MC

CONTROL

RANDOM 
TREES

WN 
RMC

LN 
RMC

UGAM 
RMC

STRICT 
MC
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Preliminary results:  
Phylogenetic incongruence as molecular fossils 

MOLECULAR CLOCKS PARTIALLY  
“PREDICT” FOSSIL DATES

MOLECULAR CLOCKS PARTIALLY  
“PREDICT” TRANSFER BASED DATES!
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Using a simplified model of to infer transfers from genome scale data we have been able to demonstrate that  
i) gene transfers and sequence based molecular clocks carry partially overlapping dating signal and 
ii) dating information conveyed by gene transfer events can distinguish between RMC methods.  

Dating methods combining information from transfers and sequence based molecular clocks 
have the potential to provide unprecedented resolution using genome-scale data.

8863 TS

16978 TS

3568 TS

Is it beyond state-of-the-art?
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Goals & Resources

State of the art and objectives

Phylogenetic incongruence as molecular fossils 
Evolutionary events, such as gene duplication, transfer and loss generate differences between gene trees. 
These differences have made the phylogenetic history of life an intricate puzzle that can only be solved if 
each piece is considered as a source of information. For example, if instead of being discarded transfer 
events are modelled in the context of species trees they become informative on the rooting and more general-
ly the timing of the phylogeny (Abby 2012, Szöllősi 2012,2013a,2013b&2015 and Fig. 2 on next page).  
The first goal of the GENECLOCKS proposal is to develop methods that use models of phylogenetic dis-
cord to systematically and efficiently extract phylogenetic and dating information from complete genomes 
(Fig 1.E). I will focus on the two most significant sources of phylogenetic discord: i) gene DTL events, in 
particular gene transfer and ii) incomplete lineage sorting (ILS), which causes differences between the 
species tree and gene trees reflecting effective population size and divergence time (e.g. ILS is responsible 
for approx. 70% of the human genome being not most closely related to chimpanzee (Fig.2. part B2 & Scally 
2012). Probabilistic models of DTL and ILS are separately available, but no method of DTL+ILS has been 
described. In terms of genome-scale phylogenetic inference no method exists to infer a dated species tree in 
the presence of DTL. Methods that infer a dated species tree in the presence of ILS are limited to at most a 
dozen species (despite only being applicable to the minority of single copy genes). I propose to i) combine 
approximation methods such as conditional clade probabilities (Szöllősi 2013b) and parallel computing (Szöl-
lősi 2012) to for the first time reconstruct a dated species tree from genome-scale data in the presence of 
DTL and ii) explore novel models and approximations that can incorporate ILS into probabilistic models of 
DTL. 
My second goal is to go beyond model development and apply the above methods to answer longstanding 
evolutionary questions (cf. next page). As shown in Fig. 1 a dated tree of life will tell us how many times the 
neural system of animals evolved or where and when eukaryotes branch on the tree of life. The methods I 
propose, however, provide additional information, since they explain gene trees by drawing them into the 
species tree (cf. Fig. 2 on next page) they also produce information on which genes were present where 
and when in ancestral genomes. Moreover, in the presence of transfer they provide information on ancestral 
biodiversity (Fig. 2B and Szöllősi 2013a), in particular major shifts, such as mass extinction events. I will ex-
plore correlations of both these sources of information with geological and paleontological information to 
work toward an interdisciplinary understanding of the evolution of life on earth. 
I choose the Dept. of Earth and Environmental Sciences at Ludwig-Maximilians-Universitaet (LMU) as the 
host because the second research goal requires expertise, and primary access to relevant new sequence data. 
In particular, the group of Gert Wörheide has experience in deep metazoan phylogeny (Philippe 2009, 
Noshenko 2013, Pisani 2015) and is currently in the process of sequencing several demosponges (members of 
Porifera in Fig 1), while the new group of William Orsi focuses on uncultivated microbial diversity.  
Szöllősi GJ                GENECLOCKS      part B1 page �3
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as a target for genome sequencing
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for this lineage and because in situ
hybridization/immunolabelling is
possible.
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innovations. b, Nervous system
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QUANTIFYING HGT IN EUKARYOTES

topology was unresolved. Weak support is probably due to under-
representation of comparable transcriptomes from sponges and large
protein divergence. Nevertheless, Shimodaira–Hasegawa tests based on
expanded ctenophore sampling (with a reduced 114 gene matrix due to

lack of other ctenophore and sponge genomes; Supplementary Methods
7.2) also rejected Coelenterata but not Eumetazoa. Notably, relation-
ships within Ctenophora were strongly supported (Fig. 2). Both cydip-
pid and lobate ctenophores, previously viewed as monophyletic clades,
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Fig 1. New genomes old questions. The first wave of phylogenetic studies attempting to use complete genomes have in 
practice relied on a small minority (1%-10%) of genes selected to minimise phylogenetic discord. Nonetheless, these 
studies produced important results, they (A) brought back traditional views on deep animal relationships (Philippe 
2009), and (B) found support for (only) two primary domains of life (Williams 2012, 2013). In the last two years, how-
ever, inclusion of new Ctenophore genomes (Ryan 2013, Moroz 2014) has produced support for alternative branching 
orders implying multiple origins of the animal nervous system and muscles (A vs C), which later proved to be condi-
tional on model details such as the choice of out-group and gene set (Noshenko 2013, Pisani 2015). Similarly, new se-
quences from uncultivated archaeal “dark matter” (B vs. D) recovered a traditional three domain phylogeny (Rinke 
2013) and opened a debate about the branching order of major groups of Archaea (Raymann 2015). (E) GENECLOCKS 
proposes to resolve both questions by modelling phylogenetic discord, in order to  i) use of the remaining (90-99%) of 
genes and more importantly ii) to extract novel information by modelling phylogenetic discord in biological terms. 
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Figure 2 | Phylogenomic reconstruction among major ctenophore lineages.
Cydippid (Euplokamis, Pleurobrachia, Dryodora and Mertensiidae) and lobate
(Mnemiopsis and Bolinopsis) ctenophores were polyphyletic, suggesting

independent loss of both cydippid larval stage and tentacle apparatus as well as
independent development of bilateral symmetry in benthic ctenophores,
Vallicula and Coeloplana (Supplementary Data 4).
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Opisthokonta out-group

Moran & Jarvik 2010
Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.
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Szöllősi, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  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PANEL COMMENT

This evaluation report contains the final recommendations and score awarded by the ERC review panel during
the second step of the ERC Starting Grant review and the ranking range. The discussion of the panel was
conducted within the context of prior reviews submitted by ERC panel members and external referees and the
interview with the applicant.

The panel closely examined all the individual review reports and, while not necessarily subscribing to each
and every opinion expressed, found that they provide a fair overall assessment. The comments of the
individual reviewers are included in this report.

The presentation given by the applicant during the interview and the answers to the questions that were
addressed greatly contributed to build the panel's view about the proposal's strengths and weaknesses.

Both the individual reviews and the interview were the basis for the discussion and the final recommendation
of the panel.

The panel was impressed by the innovative work of the PI in developing new phylogenetic methods based on
the idea of using horizontal transfer events as information, rather than as a problem.

The proposal, which centred on this idea and methodological breakthrough, was well received. In particular, it
was clear to the panel that the application of these methods will offer a new way to evaluate the timing of
ancient evolutionary events. It was also clear that this method has the potential to improve the estimates of
the timings of evolutionary events. Some concerns were raised, however, as to whether the method could be
usefully applied across such a wide timescales, and across so many major evolutionary events, as suggested
in the proposal. Some reflection on these issues would be helpful

The panel therefore recommends the proposal to be retained for funding with a grant not exceeding 1 453
859.00 Euro, if additional budget becomes available.
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