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and cattle  fetal chains, and differ in  the cattIe adult chain. 
Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and the gene present in the descent of the Primates prior to the 
appearance of the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 
obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 
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I. THE MOLECULAR APPROACH To THE ANALYSIS OF 
THE EVOLUTIONARY PROCESS 

Exponents of chemical paleogenetics have  been  faced at the  present 
meeting by  two disapproving scientific communities, the organismal 
evolutionists and taxonomists on the one hand,  and some pure  (very 
unorganismal) biochemists on the other hand. Some of the biochemists 
point  out,  or imply, that  the interest in the biochemical foundation of 
evolutionary relationships between organisms is a second-rate interest. 
According to  them (and to us), what most counts in the life sciences 
today is the uncovering of the molecular mechanisms that underly  the 
observations of classical biology. 

The concept of mechanism should, however, not be applied exclu- 
sively to short-timed processes. The  type of molecules that have been 
called informational macromolecules (68) or semantides (758) (DNA, 
RNA, proteins) has a unique role in determining the properties of living 
matter in each of three perspectives that differ by the magnitude of time 
required  for the processes involved. These processes are  the short-timed 
biochemical reaction, the medium-timed ontogenetic event, and  the 
long-timed evolutionary event. Although the slower processes must be 
broken down into linked faster processes, if one loses sight of the slower 
processes one also loses the links between the component faster processes. 

Why are semantides to play a privileged role  in  the  understanding 
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Molecular phylogenetics infers gene trees based on sequence..
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Today’s genes are a results of a series of replication events
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Independent of the details of reproduction the story of two homologous pieces of 
DNA can (locally) always be traced back to a single replication event. 
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mutation

Errors that occur during replication are inherited 

TACCACGAT.. TACCGCGAT..TACCAAGAC.. TAGCAAGTC..

C A C T
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sequences in descendants

sequence in the ancestor

Errors introduced into sequences during replication (e.g. point mutation) are inherited. The fate of 
each error depends on its effect on phenotype. 
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Errors that occur during replication are inherited 

Errors introduced into sequences during replication (e.g. point mutation) are inherited. The fate of 
each error depends on its effect on phenotype. 

statistical model of substitution events

SMPGD

TN92, TN93, F81, HKY85, GTR, TKF91, TKF92, WAG, BLOSUM, PAM, 
JTT92, LG08, REV, MTREV, GY94, MG95, NY98, M0, M1, . . . M13, CAT 
(and CAT again), MKv, Dayhoff, JC69, K2P, K3P, ECM, DEC, BM, OU, EB, 
CATBP, GG98, TS98, G01, UCLN, UCG, RLC, ACLN, CIR, and WN
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The story of homologs genes can be reconstructed

A gene tree recounting the series of replication events can be reconstructed using the likelihood of the 
sequences given a gene tree. The likelihood of the sequences must be calculated by summing over all 
possible substitution events along a given gene tree.  

TACCACGAC..TACCAAGAC..TACCAAGTC.. TATCAGGTT.. TATCAGGAT..TATCAGGAC..

TACCACGAC..
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TATCAGGAT..

TATCACGAC..

gene tree

Felsenstein 1981
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substitution events
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TATCACGAC..TATCAAGAC..TATCAAGTC.. TACCAGGTT.. TACCAGGAT..TACCAGGAC..
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Likelihood of the sequences A given the gene tree G:
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The story of individual gene families is often blurred
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there are often many statistically equivalent gene trees:

p(A|G)

In the vicinity of the G-s that optimises the likelihood 

Sequences alone contain limited signal, and as a result phylogenetic reconstruction almost always 
involves choosing between statistically equivalent or weakly distinguishable relationships.
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Anyway, we really care about the species tree..

The narrative we really want to reconstruct is the history of speciation and extinctions, but 
gene trees only provide complicated and often conflicting stories of DNA replication events.   
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Daubin & Boussau 2011
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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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The stories gene families can be complicated
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The story of each gene family consist of a unique series of evolutionary events that often 
results in a change of copy number and shifts in function.
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The story of each gene family consist of a unique series of evolutionary events that often 
results in a change of copy number and shifts in function.
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and cattle  fetal chains, and differ in  the cattIe adult chain. 
Therefore the situation, from this point of view is not entirely un- 
ambiguous. However, methionine and  tryptophan  are  rare residues in 
hemoglobins, and their presence in  the human  chain and absence from 
the  other chains under consideration is more meaningful than any 
of the  other  pertinent relationships that  are observed. 

On  the basis of the evidence, we propose the relationship between 
chains shown in Fig. 4. In this figure, the vertical dimension is propor- 

tional to  the  number of differences between chains as given in Table VIII. 
An ancestral gene has  ,duplicated to yield two daughter genes, one of 
which has become the  human y gene, and  the other the horse gene 
and gene present in the descent of the Primates prior to the 
appearance the  and genes. Not a great many million years before 
the “Artiodactyl duplication,” the ancestor of the  cattle chains lost 
a residue at or next to the N-terminus (which term of this alternative 
obtains cannot at present be ascertained) and adopted methionine as its 
N-terminus. The “Artiodactyl duplication” then yielded two daughter 
genes, one of which continued to be used as an  adult major-component 

chain in cattle, whereas the  other was adopted for use as the  fetal 
chain in  cattle.  Figure 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot 
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Errors in gene trees will result in conflicts with the species tree that imply spurious evolutionary events.  

species
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.. and gene trees are generated along the species tree

If we model the process generating gene trees along the species tree we can hope to infer 
better gene trees and species trees. To calculate the likelihood of a gene tree we sum over all 
possible gene birth and death events along a given species tree.  
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gene birth and death events 
e.g. Duplication and Loss

species tree

TATCACGAC..TATCAAGAC..TATCAAGTC.. TACCAGGTT.. TACCAGGAT..TACCAGGAC..

gene tree
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.. and gene trees are generated along the species tree

Likelihood of the gene tree G given the species tree S:

SMPGD

If we model the process generating gene trees along the species tree we can hope to infer 
better gene trees and species trees. To calculate the likelihood of a gene tree we sum over all 
possible gene birth and death events along a given species tree.  

Arvestad et al. PNAS (2009) 
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Hierarchical generative model:
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Using a hierarchical model where gene trees are generated along the species tree and sequences are 
generated along gene trees we can jointly infer gene trees and species trees.  
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complete genomes SMPGD

Using a hierarchical model wherein gene trees are generated along the species tree and sequences are 
generated along gene trees we can jointly infer gene trees and species trees from sequences.  
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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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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

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
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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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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 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

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
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Genome-scale reconstruction of the tree of mammals

Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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Horizontal gene transfer

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.
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.. and gene trees are generated along the species tree

SMPGD

If we model the process generating gene trees along the species tree we can hope to infer 
better gene trees and species trees. To calculate the likelihood of a gene tree we sum over all 
possible gene birth and death events along a given species tree.  

Tofigh PhD thesis 2009
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FIG. 2. Validating joint likelihood based inference. a) We i) reconstructed reconciled gene trees that maximise the joint likelihood using
homologous gene families from 36 cyanobacterial genomes together with the species tree from (Szöllősi et al., 2012); ii) simulated sequences
using the reconstructed ”real” trees and a COMPLEX model of sequence evolution; iii) sampled gene tree topologies using both a SIMPLE
model and the COMPLEX model iv) attempted to reconstruct the ”real” trees from the simulated sequences using only the sequence alone,
and using the joint likelihood together with the species tree for samples from both the SIMPLE and the COMPLEX models. b) Computing
the Robinson-Foulds distance to the real trees indicates that trees reconstructed from simulated sequences using the joint likelihood are more
accurate than those reconstructed based on the sequence alone regardless of the model of sequence evolution used. c) In the top panel we
compare the distribution of the number of genes in ancestral genomes based reconciliations of gene phylogenies reconstructed from 342
universal single copy cyanobacterial gene families. The mean number of copies for joint (blue diamonds) and sequence trees (red squares)
is plotted together with the standard deviation (blue and red lines). The time order of the speciations corresponds to Fig.3 of (Szöllősi et al.,
2012). In the lower panel we compare the number of Duplication, Transfer and Loss events needed to reconcile joint and sequence trees. For
details of the inferences presented see the appendix.

Species-tree-aware reconstruction gives more accurate gene 
trees (according to simulations & ancestral gene orders), 
which imply a significantly reduced number of DTL events 
(reduction of 24% in Ds, 59% in Ts and 46%  in Ls).

Szöllősi, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013) 
Efficient exploration of the space of reconciled gene trees 
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by origination and losses of genes, which, for the moment,
necessarily yield several adjacency gains and losses.
Future work will also consist in deriving function infor-

mation from co-transfers, and trying the same principles
on other kinds of relations than adjacencies, starting for
example from the relation between domains forming the
same gene.
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Figure 4 Circularity of ancestral genomes. On the x axis is the
degree of a gene, that is, the number of adjacencies it belongs to, and
on the y axis there is the proportion of genes with this degree. In black,
there are the values for the sequence trees and in red for ALE trees.
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Ancestral gene order 
reconstructed from gene trees

Gene tree accuracy 
for simulated sequences     

Simulation based on  
“real” trees

sequence only  
trees

joint treessequence only  
trees

joint trees
number of neighbours

Using 1099 gene families from 36 cyanobacteria we reconstructed gene trees using information 
from both the species tree and sequences.
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