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Biology 2.0

2

1

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 . Y et 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

om 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 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 
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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, c on-
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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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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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,

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

Mertensiid
0.1 

Porifera

RESEARCH ARTICLE

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,

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

Mertensiid
0.1 

Porifera

RESEARCH ARTICLE

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,

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

Mertensiid
0.1 

Porifera

RESEARCH ARTICLE

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,

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

Mertensiid
0.1 

Porifera

RESEARCH ARTICLE

Opisthokonta out-group

Moran & Jarvik 2010
Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi
red aphid

animals

loss of enzymes  
for carotenoid biosynthesis

gene 
transfer

pea aphids

Horizontal gene transfer

(if we assume only D&L we need 
many losses)

Szöllősi, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  

ON GOING RESEARCH TOPIC
QUANTIFYING HGT IN EUKARYOTES

PoriferaCtenophora Placozoa Cnidaria Bilateria

CtenophoraCnidaria Bilateria

Choanoflagellata out-group

musc
les 

& ne
uro

ns

Non-ribosomal genes and

Ribosomal genes and

muscles & neurons
evolved twice

muscles & neurons
evolved once

muscles & neurons

Bacteria out-group

Bacteria out-group

recent new genomes recent new genomes

"dark matter"
archaea

Euryarc
h. 

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

RESEARCH ARTICLE

Moran & Jarvik 2010
Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi
red aphid

animals

loss of enzymes  
for carotenoid biosynthesis

gene 
transfer

pea aphids

Horizontal gene transfer

(if we assume only D&L we need 
many losses)

Szöllősi, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  

ON GOING RESEARCH TOPIC
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,

b c d 

f 

e Neural nets Cilliated combs Colloblasts

A 

BilateriaCnidariaPlacozoaPoriferaCtenophora

Pleurobrachia ChoanoflagellataAnimals, ~600 Myr ago

Neurons 
Muscles 

Neurons 
Muscles 

No neurons 
No muscles 

a 
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.

Vallicula multiformis

Pleurobrachia sp. 

Mertensiid
0.1 

Porifera

Ctenophora

Substitutions per site

Euplokamis dunlapae

Coeloplana astericola

Pleurobrachia pileus

RESEARCH ARTICLE

Moran & Jarvik 2010
Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi
red aphid

animals

loss of enzymes  
for carotenoid biosynthesis

gene 
transfer

pea aphids

Horizontal gene transfer

(if we assume only D&L we need 
many losses)

Szöllősi, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  

ON GOING RESEARCH TOPIC
QUANTIFYING HGT IN EUKARYOTES

Euryarcheota

  ?

TACK 
archaea

TACK 
archaea

Porifera Placozoa Eukaryotes

Eukaryotes

two primary 
domains

several competing 
alternatives

?

Euryarch.

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.  

Ryan 2013, Moroz 2014, .. 

Noshenko 2013, Pisani 2015, .. 

Rinke 2013 

Williams 2013 

Raymann 2015 

Williams 2017 

Da Chuna 2017

Zaremba-Niedzwiedzka - 2017 



Species tree aware & unaware methods 
“phylogenomics — why we are doing it all wrong”

models of gene family evolution with D&L 
joint reconstruction with DL of the mammalian ToL 

just how much HGT? 

HGT as information 

HGT in the context of species tree-aware methods 

HGT from the dead 

models of gene family evolution with D,T&L

Amalgamated Likelihood Estimation 

The Inference of Gene Trees with Species Trees 
with an Emphasis on Horizontal Gene Transfer



Phylogenetic awareness
“phylogenomics — why we are doing it all wrong”

Daubin & Boussau 2011 TrEE



Daubin & Boussau 2011 TrEE

In the ︎unaware︎ path (the traditional way of inferring the species tree) each stage of 
the phylogenetic inference is independent from the steps up- and downstream.  



Daubin & Boussau 2011 TrEE

In contrast, the ︎aware︎ path models the dependency between each step using 
knowledge from different fields of biology..   

S-aware tree inference

G-aware alignment

? 
the future of phylogenomics 

?

this talk..

e.g. PRANK

Löytynoja & Goldman PNAS 2005



Species  tree-awareness

e50 SYSTEMATIC BIOLOGY VOL. 64

FIGURE 5. Gene tree–species tree models in the context of the phylogenomics inference pipeline. Left: the inference pipeline (some steps are
not represented, such as sequencing error correction). Right: graphical representation of the inferential problem for a selection of the models
and associated phylogenetic software discussed in the main text. The sequence of steps in the graphical model representations correspond to the
hierarchical sequence of evolutionary process generating genomic sequences (cf. Fig. 1). The likelihood that must be computed is also shown.
Graphical model conventions are observed: stochastic nodes, nodes corresponding to data considered as known are gray, and nodes whose
states are inferred are in white. The models have been simplified, and parameters others than the gene tree and the species tree have not been
represented.

Simulating gene trees.—Generating a simulated gene tree
according to a model is straightforward, and usually
involves traversing a species tree from its root to its leaves
(although simulation under the coalescent is done from
the leaves to the root). Assume there are

). Alternatively, one
can consider replacement transfer, wherein, if a member

of the homologous gene family is present in the
recipient genome, it is replaced by the transferred
gene. Computationally, this introduces a dependency
between gene tree branches that prevents the use of
algorithms that rely on the independence of gene
lineages (see below), but simulations can be carried
out in a straightforward manner (

http://sysbio.oxfordjournals.org/
D
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Molecular phylogenetics infers gene trees based on sequence..

gene tree

sequences  

G

Ai

“sequence only” inference

species tree-unaware

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



Today’s sequences are a results of a series of replication events

parents

offspring

parent

offspring

recombinationcell division

grandparents

asexual 
reproduction

sexual  
reproduction

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. 

DNA 
replicationfather mother



mutation

Errors that occur during replication are inherited 

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

C A C T

A G

C G

sequences in descendants

sequence in the ancestor
TACCACGAC..

TACCACGAT..TACCAAGAC..

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



molecular machine

(human hemoglobin)

CAC CAA Valine Valine

DNA amino acids

neutral

CAC CGC Valine Alanine   ?

TAG TAC Methionine Isoleucine      deleterious

genetic code

(START)

43 = 64 ! 20

codons amino 
 acids

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 and a variety of other factors. 

empirical models of substitution events
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 G

Ai

CAT+GTR LG
Lartillot & Philippe 2004 Le & Gascuel 2008



The story of homologs genes can be reconstructed
Given a model of sequence evolution the gene tree can be reconstructed, because it induces a 
probability distribution over site patterns (some site patterns are more likely than others given a 
particular gene tree), and in return, the site patterns we observe inform us about the gene tree along 
which they were generated. 

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

TACCACGAC..

TACCAAGAC..

TATCAGGAC..

TATCAGGAT..

TATCACGAC..
gene tree

Felsenstein 1981

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

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

sequences 
with many indep. sites G

Ai

Likelihood of the sequences A given the gene tree G:

i = 1 . . . L

p(A|G)

substitution events
G A



The story of homologs genes can be reconstructed

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

TACCACGAC..

TACCAAGAC..

TATCAGGAC..

TATCAGGAT..

TATCACGAC..

Felsenstein 1981

G

Ai

Calculating the likelihood of the sequences A given the gene tree G  

p(A|G)

PTC (l1)
l1

T

C

A
C

C

A

C

T

C

= .. ×PTC (l1)×PCC (l2)×PCC (l3)×PCC (l4) × PCC (l4) 

requires summing over all possible substitution paths.    

sum over subs. along branch 
conditional on states on top and bottom sum over ancestral states

l2

l3

l4 l5

C

T

for l=0.2 subs./site  
1.6% will have 2 subs. )(



The story of individual gene families is often blurred
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The problem is gene trees are not species trees
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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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population genetics processes. A species tree induces a probability distribution over gene 
trees (some gene trees are more likely than others given a particular species tree), and in 
return, the inferred distribution of gene trees informs about the species tree along which 
they were generated.  
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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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A species tree induces a probability distribution over gene trees (some gene trees are more 
likely than others given a particular species tree), and in return, the inferred distribution of 
gene trees informs about the species tree along which they were generated.  
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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- 
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Given a model of gene family evolution a species tree induces a probability distribution over gene trees, 
thus some gene trees are more likely than others given a particular species tree.
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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 

Zukerkandl & Pauling 1965

.. but gene trees are generated along the species tree



X

X

X

Birth

Death

Species tree
branch

Speciation

tim
e

tim
e

 Duplication

Loss

X

X

X

X

b)a)
Birth-and-death process Birth-and-death process along the species tree

Descendant branches 
with independent 
birth-and-death 

processes

S

Gj

S

DL

.. but gene trees are generated along the species tree

Given a model of gene family evolution a species tree induces a probability distribution over 
gene trees. For the DL process 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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implemented in ALE: 

http://github.com/ssolo/ALE

Given a model of gene family evolution a species tree induces a probability distribution over 
gene trees. For the DL process 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 trees and species trees can be jointly reconstructed
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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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Estimating genes and species history can be achieved through a hierarchical structure, on top of 
which a species tree is inferred from gene trees through models of gene family evolution, themselves 
inferred from sequence alignments through models of sequence evolution.  

Felsenstein 1981Arvestad 2010
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Estimating genes and species history can be achieved through a hierarchical structure, on top of 
which a species tree is inferred from gene trees through models of gene family evolution, themselves 
inferred from sequence alignments through models of sequence evolution.  

Daubin & Boussau 2011
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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 Research 325
www.genome.org

emlősök fajfája

gének száma
ősi genómokban

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

Using 6966 gene families from 36 mammals we jointly reconstructed the species tree and gene trees.
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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.  
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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 4 suggests that man and horse are slightly 

more closely related  than man and oxen, but this piece of molecular evi- 
dence cannot be taken seriously  as long as it remains single. 

As mentioned, the absence of one residue at or next to  the N-terminus 
of chains seems to be limited to a relatively small group of 
mammals. We may therefore assume that we  are dealing with a deletion 

Zukerkandl & Pauling 1965
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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.

Genome-scale coestimation of species and gene trees

 Cold Spring Harbor Laboratory Press on February 6, 2013 - Published by genome.cshlp.orgDownloaded from 
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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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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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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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Stewart 2013

DNA from outside the cell can be incorporated in to the genome and passed on vertically.

Bacteria

Archaea

thermophilic enzymes
antibiotic resistance

Horizontal Gene Transfer classic examples:

Horizontal gene transfer
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Acyrthosiphon pisum

colour of flamingos and the human eye’s macula lutea

plants, alga and fungi; bacteria and archaea;

they produce it

they eat it

except!

Carotenoids

a species of aphid living on peas

Horizontal gene transfer

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

ssolo@elte.hu

Moran & Jarvik 2010 Science
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Moran & Jarvik 2010 Science

Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

fungi
red aphid

animals

loss of enzymes  
for carotenoid biosynthesis

gene 
transfer

pea aphids

Horizontal gene transfer

(if we assume only D&L we need 
many losses)

ssolo@elte.hu
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Elysia chlorotica

Rumpho et al. 2008 PNAS

photosynthesis

chloroplasts of 
algae and green plants cyanobacteria

Horizontal gene transfer

Horizontal gene transfer is common among unicellular organisms, but examples are know even among animals.

Eastern emerald elysia  
(US East Coast) 

except!



Elysia chlorotica

Egysejtűek között gyakori a géntranszfer, de többsejtű élőlényeknél, köztük az állatok közt is ismertek példák.  

Elysia chlorotica

Rumpho et al. 2008

Eastern emerald elysia  
(US East coast) 

algae and green plants

Solar-Powered  
Sea Slug

animals

endosymbiosis

HGT

Majority of plastid genes 
transferred to the nucleus

plastid ancestor

Horizontal gene transfer

of photosynthesis-supporting genes



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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The problem is gene trees are not species trees

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).

Horizontal Gene Transfer and the History of Life
Daubin & Szöllősi 2016
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Gene tree evolving  
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Gene tree 

A gene tree is a deformation of the species tree through the prism of 
genome evolution and population genetics processes.
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.. gene trees are generated along the species tree
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DTL

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

Given a model of gene family evolution a species tree induces a probability distribution over 
gene trees. For the DTL process 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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a) b)

FIGURE 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 show in Figure ; (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) The Robinson-Foulds distance to the
real trees demonstrates 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 on reconciliations of gene trees reconstructed from 342 universal single-copy cyanobacterial gene families.
The mean number of copies for joint (diamonds, blue online) and sequence trees (squares, red online) is plotted together with the standard
deviation (dark and light gray lines, blue and red online). The time order of the speciations corresponds to Figure 3 of
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FIGURE 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 show in Figure ; (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) The Robinson-Foulds distance to the
real trees demonstrates 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 on reconciliations of gene trees reconstructed from 342 universal single-copy cyanobacterial gene families.
The mean number of copies for joint (diamonds, blue online) and sequence trees (squares, red online) is plotted together with the standard
deviation (dark and light gray lines, blue and red online). The time order of the speciations corresponds to Figure 3 of ). 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 Appendix 1.

families with 10 or more genes in any of the 36
cyanobacteria present in version 5 of the HOGENOM
database (Penel et al. 2009). Families with more than
150 genes were not considered. For each family, amino
acid sequences were extracted from the database
and aligned using MUSCLE (v3.8.31) (

, sampled reconciled gene trees using
ALEsample (sampling at least 5000 reconciled trees) to
sample DTL rates and reconciled gene trees, and ALEml

to find the ML DTL rates and the corresponding ML
reconciled gene tree.

For each ALEsample sample, we computed the
majority consensus tree and fully resolved “real” trees
for each gene family were calculated based on the
ALEsample sample of trees by finding the tree that
maximized CCPs based on the sample. For both real
and simulated alignments, sequence-only trees were
also inferred using PhyML (version 20110526) (
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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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0.001).
This demonstrates how topological errors can have a pro-
found impact on ASR, as even conserved sites can be subject
to wrong ancestral amino acid inferences.

We finally examined the PP for residues inferred differently
with the S-unaware trees and with the S-aware trees. The
average PP reaches 0.82 and 0.81 for the S-unaware trees
and S-aware trees, respectively. This shows that the difference
in inferences can involve residues that are unambiguously
reconstructed with the S-unaware trees, and that the use of
S-aware trees can radically change ancestral predictions.

Resurrection and Experimental validation
We previously used the biochemical and biophysical proper-
ties of reconstructed ancestral LeuB enzymes to investigate
thermal adaptation in Bacillus (Hobbs et al. 2012).
Furthermore, we used the biochemical and biophysical prop-
erties of the resurrected enzymes as a measure of their accu-
racy (e.g., a high Michaelis–Menten constant suggests a
biologically unrealistic, and therefore inaccurate, ancestral
enzyme). Here, we have used the same approach to compare
two versions of the same ancestral LeuB enzyme from the last
common ancestor of the Firmicutes, the bacterial phylum to
which

(a) (b)

FIG. 2. Impact of the phylogenetic tree on ASR. (a) Phylogenetic reconstruction accuracy. Robinson–Foulds distances were computed between S-
unaware trees (LG or C60) or S-aware trees and the “true” tree. The exODT model is the reconciliation model described in Szöllo00 si, Tannier, et al. (2013)
(b) ASR accuracy depending on the phylogenetic tree. Distances between inferred and true ancestral sequences were computed for nodes defining
similar monophyletic clades between the S-unaware or S-aware tree and the true tree. ***P value< 0.001; NS, nonsignificant.
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extant  
LeuB

resurrected  
LeuB 

{
{

3-isopropylmalate 
dehydrogenase 

E. C. 1.1.1.85

Enzyme K(IPM)
M Topt �G‡

N�U

(mM) (�C) (kJmol�1)

BPSYC 0.2 47 94.9

BSUB 0.7 53 95.9

BCVX 1.1 69 100.7

Reconciled Tree

+ LG 1.5 85 114.4

Reconciled Tree

+ EX EHO 1.6 85 110.9

Sequence Tree

+ EX EHO 6.8 78 91.4

Table 1: Biophysical parameters for the ancestral LeuB enzyme of
the Firmicutes ancestor. Values obtained in this study for the ancestor of
Firmicutes (bold characters) were inferred using either the LeuB sequence tree
or the LeuB reconciled tree and either with the site-homogeneous LG model or
with the site-heterogeneous EX EHO model. Data for contemporary (first three
lines) are shown for comparison)

obtained with S-unaware trees is not distributed uniformly
with evolutionary rates. Reconstruction errors tend to occur
more frequently at slow-evolving sites (average posterior rate
of 1.3) with the S-unaware trees in comparison with the S-
aware trees (average posterior rate of 1.46, P value< 0.001).
This demonstrates how topological errors can have a pro-
found impact on ASR, as even conserved sites can be subject
to wrong ancestral amino acid inferences.

We finally examined the PP for residues inferred differently
with the S-unaware trees and with the S-aware trees. The
average PP reaches 0.82 and 0.81 for the S-unaware trees
and S-aware trees, respectively. This shows that the difference
in inferences can involve residues that are unambiguously
reconstructed with the S-unaware trees, and that the use of
S-aware trees can radically change ancestral predictions.

Resurrection and Experimental validation
We previously used the biochemical and biophysical proper-
ties of reconstructed ancestral LeuB enzymes to investigate
thermal adaptation in Bacillus ).
Furthermore, we used the biochemical and biophysical prop-
erties of the resurrected enzymes as a measure of their accu-
racy (e.g., a high Michaelis–Menten constant suggests a
biologically unrealistic, and therefore inaccurate, ancestral
enzyme). Here, we have used the same approach to compare
two versions of the same ancestral LeuB enzyme from the last
common ancestor of the Firmicutes, the bacterial phylum to
which Bacillus belongs. These enzymes were inferred and res-
urrected to investigate the influence of the phylogenetic tree
on potential biological conclusions regarding protein pheno-
types. The two enzymes were reconstructed either with the
LeuB S-aware tree or with the LeuB S-unaware tree and are
named LeuBS–aw and LeuBS–unaw, respectively. The ALE pro-
gram, which was used to reconcile sequence and species in-
formation, detected 0 duplications, 14 lateral gene transfers,
and 15 losses. The S-aware tree has a Robinson–Foulds dis-
tance with the S-unaware tree equal to 32, which is very high.
The LeuBS–aw and LeuBS–unaw sequences differ by approxi-
mately 10% (36 amino acids). Note that LeuB is the only
enzyme on which we performed resurrections.

The Michaelis–Menten constant ( ) for the substrate
isopropylmalate (IPM) with LeuB is similar to those mea-
sured for other thermophilic LeuB enzymes, such as the con-
temporary BCVX enzyme and the previously reconstructed

FIG. 2. Impact of the phylogenetic tree on ASR. (a) Phylogenetic reconstruction accuracy. Robinson–Foulds distances were computed between S-
unaware trees (LG or C60) or S-aware trees and the “true” tree. The exODT model is the reconciliation model described in
(b) ASR accuracy depending on the phylogenetic tree. Distances between inferred and true ancestral sequences were computed for nodes defining
similar monophyletic clades between the S-unaware or S-aware tree and the true tree. ***P value< 0.001; NS, nonsignificant.
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site rates used during the ML reconstruction of ancestral sequences.
Orange: Species tree-unaware gene trees. Blue: Species tree-aware gene
trees. The two data series are overlapped.
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Table 1: Biophysical parameters for the ancestral LeuB enzyme of
the Firmicutes ancestor. Values obtained in this study for the ancestor of
Firmicutes (bold characters) were inferred using either the LeuB sequence tree
or the LeuB reconciled tree and either with the site-homogeneous LG model or
with the site-heterogeneous EX EHO model. Data for contemporary (first three
lines) are shown for comparison)
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just how much HGT is there?

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 show in Figure A.4; (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) The Robinson-Foulds distance to the
real trees demonstrates 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 on reconciliations of gene trees reconstructed from 342 universal single-copy cyanobacterial gene families.
The mean number of copies for joint (diamonds, blue online) and sequence trees (squares, red online) is plotted together with the standard
deviation (dark and light gray lines, blue and red online). The time order of the speciations corresponds to Figure 3 of
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Two out of three transfers inferred based S-unaware gene trees  
are the result phylogenetic errors.
Two out of three losses inferred based S-unaware gene trees  
are the result phylogenetic errors.
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Spurious (false positives) Ds lead to an overestimation of ancestral  
genome contents, missing Ds (false negatives) lead to an underestimation.

gene tree with errors correct gene tree

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.

Genome-scale coestimation of species and gene trees

 Cold Spring Harbor Laboratory Press on February 6, 2013 - Published by genome.cshlp.orgDownloaded from 
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reconstruction methods used. Csuros and Miklos [86 ] used a phylogenetic birth–death model to study the evo-
lution of gene family profiles via gene gain, duplication and loss along a candidate species tree. This method
did not use information from the gene phylogenies, but was instead based upon counts of homologous genes
on each genome. Analyses under this model suggested that gene loss outnumbered gene gain on most branches
of the archaeal tree, so that genomic streamlining from a relatively complex common ancestor was suggested to
represent the dominant mode of archaeal genome evolution [

A B C

Figure 5. Ancestral reconstruction using only phylogenetic profiles can lead to artefactually large ancestral
gene contents.
Grey circles denote observed genes in the genomes of present-day organisms; blue circles and crosses denote inferred
ancestral presence or absence in ancestral genomes. (a) The phylogenetic profile of this gene family is consistent with
presence at all ancestral nodes, with a single loss in the branch leading to one of the modern lineages. (b) The gene family tree
indicates that the gene was not present in the common ancestor; instead, it originated later in evolution, but was subsequently
transferred into the right-hand side of the species tree. (c) An important caveat of introducing phylogenetic information in the
form of gene family trees is that, while it mitigates the systematic bias of profile only methods in overestimating the number of
genes in ancestral genomes, it can also lead to an underestimation of the number of genes in ancestral gene contents if errors
are present in the gene phylogeny. Here, an incorrect inference of gene transfer places the origin of the gene too recently
in the species tree. As discussed in the main text errors in the gene phylogeny can be greatly reduced using species tree
aware methods.

Emerging Topics in Life Sciences (2018) 2 595–605
https://doi.org/10.1042/ETLS20180021

Spurious (false positives) Ts lead to an underestimation of ancestral genome contents,  
missing Ts (false negatives) lead to an overestimation at deep nodes.

what about ancestral gene content?

Ignoring transfer, i.e. considering only DL also leads to an overestimate.
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Spurious (false positives) Ds lead to an overestimation of ancestral  
genome contents, missing Ds (false negatives) lead to an underestimation.

gene tree with errors correct gene tree
gene tree with “unmodelled” transfers

But, ignoring transfer, i.e. considering only DL also leads to an overestimate!

what is the effect of spurious HGTs on ancestral gene content?

mailto:ssolo@elte.hu


 

Is HGT frequent only in prokaryotes?

reconstruction methods used. Csuros and Miklos [86 ] used a phylogenetic birth–death model to study the evo-
lution of gene family profiles via gene gain, duplication and loss along a candidate species tree. This method
did not use information from the gene phylogenies, but was instead based upon counts of homologous genes
on each genome. Analyses under this model suggested that gene loss outnumbered gene gain on most branches
of the archaeal tree, so that genomic streamlining from a relatively complex common ancestor was suggested to
represent the dominant mode of archaeal genome evolution [86 ,87 ].
One potential limitation of profile-based approaches is that, without information from the individual gene

trees, there is very limited power to detect horizontal gene transfer unless the gene family has an extremely
patchy phylogenetic distribution [88]. As illustrated in Figure 5a,b, this can lead to a systematic overestimation
of the number of genes in ancestral genomes [48,86 ]. This limitation has motivated the development of models
that extend the birth–death approach by explicitly considering information from the gene trees, leading to
probabilistic gene tree-species tree reconciliation [89]. The main advantage of using species-tree aware gene tree
reconstruction methods such as ALE, is that conditional on the species tree being correct, these methods
produce dramatically more accurate gene trees [89–92 ], and correspondingly fewer gene transfer events. This
reduction in the number of spurious transfer events caused by errors in the gene tree ameliorates the problem
of underestimating the number of genes in ancestral genomes (Figure 5c).
Williams et al. [48] used one such method, ALE [89], to model gene family evolution on the archaeal species

tree. In contrast with profile only analyses, the results supported a scenario in which archaeal gene content has
gradually increased through time, with
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Figure 5. Ancestral reconstruction using only phylogenetic profiles can lead to artefactually large ancestral
gene contents.
Grey circles denote observed genes in the genomes of present-day organisms; blue circles and crosses denote inferred
ancestral presence or absence in ancestral genomes. (a) The phylogenetic profile of this gene family is consistent with
presence at all ancestral nodes, with a single loss in the branch leading to one of the modern lineages. (b) The gene family tree
indicates that the gene was not present in the common ancestor; instead, it originated later in evolution, but was subsequently
transferred into the right-hand side of the species tree. (c) An important caveat of introducing phylogenetic information in the
form of gene family trees is that, while it mitigates the systematic bias of profile only methods in overestimating the number of
genes in ancestral genomes, it can also lead to an underestimation of the number of genes in ancestral gene contents if errors
are present in the gene phylogeny. Here, an incorrect inference of gene transfer places the origin of the gene too recently
in the species tree. As discussed in the main text errors in the gene phylogeny can be greatly reduced using species tree
aware methods.
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Figure 4. Comparison between alternative genome evolution reconstruction methods. (a) Comparing methods that consider transfers alongside duplications and
losses, we find that the gene-tree aware method (ALEml_undated, circles) infers an order of magnitude more transfers for fungi. The gene-tree unaware method
(Count, squares) loses its ability to detect transfers as gene families become universal or near universal (28 species for fungi, 40 for cyanobacteria), whereas the
gene-tree aware method does not. (b) To differentiate gene-tree aware reconstruction that considers transfer (DTL) to one that only accounts for duplications and
losses, but does not consider transfer (DL), we compare the number of genes in ancestral genomes to the number of genes in extant genomes. The DTL method
infers ancestral genome sizes that fall within the distribution for extant genomes ( p . 0.5 two-sided Wilcoxon test) for both fungi and cyanobacteria. In contrast,
gene numbers based on the DL method are systematically larger than extant ones ( p , 1023 for cyanobacteria and p ¼ 0.02 for fungi with a one-sided Wilcoxon
test for both tree A and B). Fungi are in red (tree A) and orange (tree B), and cyanobacteria in green throughout.
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Figure 5. Similar rate of transfers in fungi and cyanobacteria. The cyanobacterial and fungal datasets we considered differ both in the number of genomes
(40 versus 28) and in their age (nearly three billion years versus. less than three quarters of a billion years). (a) In order to account for differences in age,
we consider the ratio T/(T þ D), i.e. the fraction of transfer events among all gene birth events (duplications plus transfers) and L/(T þ D þ L) the ratio of
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patterns, necessitate thoughtful methodologies to overcome
possible sources of errors and uncertainties.

(a) Reconstruction of gene histories
Gene sequences are often too short to contain sufficient infor-
mation for accurate and robust reconstruction of the history of
a gene family; worse, even when this information is present,
models of sequence evolution may fail to capture it correctly.
In general, a gene family’s history cannot be reliably inferred,
nor interpreted in terms of gene-level events from the set of
sequences alone [1,2]. Using additional information coming
from the species tree is a way to improve gene tree quality
(figure 1). This is the approach taken by ‘gene tree-aware
approaches’. Alternatively, it is possible to entirely do away
with the sequences and avoid gene tree reconstruction: the
gene tree unaware ‘gene content approach’ considers only gene
presence/absence patterns, or numbers of genes per species.

(i) Gene content approaches
Gene content approaches work with data in the form of either
presence/absence of a gene family inside a given genome, or
numbers of genes of a gene family inside a given genome
(figure 1). In both cases, parsimony approaches or probabilis-
tic models have been used to reconstruct the evolution of
gene families along a species phylogeny.

Among parsimony methods, one can choose between
Wagner and Dollo parsimony. Choosing Dollo parsimony
amounts to making a strong assumption about the pattern of
gene family evolution, as it means that a gene family can be
gained only once, on a single branch of the species phylogeny.
In short, this means that gene transfers are forbidden. Wagner
parsimony can be more moderate in its assumptions, but still
requires that costs be defined for all types of events involved in
gene family evolution, i.e. duplications, transfers, losses. There
is no objective way to set these costs, and users often try a
range of costs, eyeball the results, and choose the costs that
produce the evolutionary scenarios that seem most reasonable
[3]. The most systematic approaches use ancestral genome
sizes to pick costs that generate ancestral genomes that are
neither too big nor too small, but still lack a proper statistical
framework [4,5].

Probabilistic approaches either rely on an ad hoc adap-
tation of substitution models used to describe sequence

evolution [6], or rely on a birth–death model that includes
rates of gene duplication, transfer and loss (DTL) [7,8].
They can include corrections for unobserved data, i.e. gene
families that are present in none of the sampled species, but
that were present in ancestral species [6]. These approaches
do not require arbitrary choices of costs: instead rates are esti-
mated from the data. Different models can then be tested
against each other, for instance to test whether there is signifi-
cant support for the presence of gene transfer in the data.
These tests rely on the well-known machinery for model test-
ing, and include likelihood ratio tests, Akaike or Bayesian
information criterion, or Bayes factors if inference is
performed in a Bayesian setting.

Whether they are analysed by parsimony or probabilistic
approaches, gene content data are limited in their ability to
detect events of gene family evolution. Even the approaches
that use the numbers of genes and not just their pattern of pres-
ence/absence will make mistakes that approaches based on the
consideration of gene tree topologies could avoid if the gene
trees are accurately reconstructed (figure 1b).

(ii) Gene tree-aware approaches
Most gene families share parts of their histories, i.e. have been
inherited together from ancestors to descendants during
parts of their history (figure 1). If we can reconstruct the
parts of their histories where genes have co-evolved, then
jointly reconstructing gene histories can be very helpful,
because more information is available to reconstruct each
gene history. In cases where there is no gene transfer, then
all genes share a common pattern of descent along the species
tree. When genes can be transferred, they may share only part
of their history with other gene families.

Gene tree-aware approaches were first used to deal with
incomplete lineage sorting (ILS) through the multispecies
coalescent [9]. In that framework, all gene families have evolved
within the boundaries of the species history, and heterogen-
eities among gene histories originate from population-level
sorting of alleles only. More recently, similar models have
been proposed to deal with other processes of genome evo-
lution, namely gene DTL. For an in-depth review, please see
reference [1]. With these models, gene families can have a
wider array of histories, and can differ drastically from the
species tree. Invariably, whether they deal with ILS or DTL
events, gene tree-species tree models have been found to
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Figure 1. How a gene history can be incorrectly reconstructed if the gene tree is not taken into account, or if taxonomic sampling is incomplete. (a) Inference
according to the gene content approach. (b) Inference according to a gene tree-aware approach. (c) Inference according to a gene tree-aware approach, with a more
complete taxonomic sampling. Ignoring gene phylogeny and having insufficient species sampling lead to underestimation of gene transfer. In all cases, the same
true gene history is assumed, but only with sufficient taxonomic sampling and with a gene tree-aware approach can it be recovered.
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Figure 3. Genome evolution in cyanobacteria. Edges are colour-coded according to the inferred numbers of losses along the branches. Crimson bars represent
numbers of gene gains (transfers þ originations) arriving on the branch; taupe bars represent numbers of duplications happening on the branch. At each
node, genome content size is represented as a green disc. (a) Inferences from ALEml_undated. (b) Inferences from Count.
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reconstruction methods used. Csuros and Miklos [86 ] used a phylogenetic birth–death model to study the evo-
lution of gene family profiles via gene gain, duplication and loss along a candidate species tree. This method
did not use information from the gene phylogenies, but was instead based upon counts of homologous genes
on each genome. Analyses under this model suggested that gene loss outnumbered gene gain on most branches
of the archaeal tree, so that genomic streamlining from a relatively complex common ancestor was suggested to
represent the dominant mode of archaeal genome evolution [86 ,87 ].
One potential limitation of profile-based approaches is that, without information from the individual gene

trees, there is very limited power to detect horizontal gene transfer unless the gene family has an extremely
patchy phylogenetic distribution [88]. As illustrated in Figure 5a,b, this can lead to a systematic overestimation
of the number of genes in ancestral genomes [48,86 ]. This limitation has motivated the development of models
that extend the birth–death approach by explicitly considering information from the gene trees, leading to
probabilistic gene tree-species tree reconciliation [89]. The main advantage of using species-tree aware gene tree
reconstruction methods such as ALE, is that conditional on the species tree being correct, these methods
produce dramatically more accurate gene trees [89–92 ], and correspondingly fewer gene transfer events. This
reduction in the number of spurious transfer events caused by errors in the gene tree ameliorates the problem
of underestimating the number of genes in ancestral genomes (Figure 5c).
Williams et al. [48] used one such method, ALE [89], to model gene family evolution on the archaeal species

tree. In contrast with profile only analyses, the results supported a scenario in which archaeal gene content has
gradually increased through time, with de novo gene origination, duplication and transfer generally outweighing
gene loss. In this analysis, LACA was inferred to have encoded 1090 gene families, rising to

A B C

Figure 5. Ancestral reconstruction using only phylogenetic profiles can lead to artefactually large ancestral
gene contents.
Grey circles denote observed genes in the genomes of present-day organisms; blue circles and crosses denote inferred
ancestral presence or absence in ancestral genomes. (a) The phylogenetic profile of this gene family is consistent with
presence at all ancestral nodes, with a single loss in the branch leading to one of the modern lineages. ( ) The gene family tree
indicates that the gene was not present in the common ancestor; instead, it originated later in evolution, but was subsequently
transferred into the right-hand side of the species tree. (c) An important caveat of introducing phylogenetic information in the
form of gene family trees is that, while it mitigates the systematic bias of profile only methods in overestimating the number of
genes in ancestral genomes, it can also lead to an underestimation of the number of genes in ancestral gene contents if errors
are present in the gene phylogeny. Here, an incorrect inference of gene transfer places the origin of the gene too recently
in the species tree. As discussed in the main text errors in the gene phylogeny can be greatly reduced using species tree
aware methods.
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Stronger transfer highways in fungi

detected in this clade and in agreement with previous reports
[38]. The species involved in the largest number of transfers
in either tree A or tree B is A. nidulans, precisely the species
whose position is contentious. This suggests that lateral gene
transfers in fungi may be significant enough to make recon-
struction of the species phylogeny difficult. Although deeper
sampling could change the numbers of gene transfers found
on each pair of branches, for instance by breaking branches
involved in a highway, it seems unlikely that the conclusion
that there are branch pairs or group of branches exchanging
large numbers of genes in fungi would change.

The distribution of transferred genes along chromosomes
appears to be consistent with the transfer of chromosomal

segments that can include more than one gene. Counting
only transfers to the terminal branches, transferred genes
appear preferentially next to another transferred gene: on
average 4.7 times more often in fungi (on tree A; 6.1 times
more often on tree B), and 5.3 times more often in cyano-
bacteria. Given that genes transferred on terminal branches
make up a minority of the genomes, this means that transfers
tend to affect blocks of several genes at a time.
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Figure 5. Similar rate of transfers in fungi and cyanobacteria. The cyanobacterial and fungal datasets we considered differ both in the number of genomes
(40 versus 28) and in their age (nearly three billion years versus. less than three quarters of a billion years). (a) In order to account for differences in age,
we consider the ratio T/(T þ D), i.e. the fraction of transfer events among all gene birth events (duplications plus transfers) and L/(T þ D þ L) the ratio of
loss events to all events. (b) To ascertain the effect of the differences in the number of genomes, we constructed replicates with random subsamples of genomes
of varying numbers. Extrapolation of the results suggests that T/(D þ T ) for fungi is as large or larger than for cyanobacteria (for details see §3d). Fungi are shown
with squares for tree A (red), and circles for tree B (orange) and cyanobacteria with triangles (green).
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Figure 6. Stronger highways in fungi. Data points, red for tree A and orange for tree B, correspond to numbers of transfers between pairs of branches (‘highways of
transfers’) in either fungi phylogeny plotted in decreasing order. The continuous line (green online) shows the mean number of transfers between pairs of branches
among 25 replicates where a random set of 28 cyanobacterial genomes were chosen as in figure 5b. The shaded area shows the 95% CI. Fungi are in red and
cyanobacteria in green throughout.
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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 
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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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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 

D

L
T

?

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.

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.

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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of the tree of life. The recent realization that
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throughout the evolution of the eukaryotic
domain (Keeling and Palmer 2008; Andersson
2009) will allow to compare the information
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record.
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Estimating genes and species history can be achieved through a hierarchical structure, on top of 
which a species tree is inferred from gene trees through models of gene family evolution, themselves 
inferred from sequence alignments through models of sequence evolution.  

Daubin & Boussau 2011
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reconstruction methods used. Csuros and Miklos [86 ] used a phylogenetic birth–death model to study the evo-
lution of gene family profiles via gene gain, duplication and loss along a candidate species tree. This method
did not use information from the gene phylogenies, but was instead based upon counts of homologous genes
on each genome. Analyses under this model suggested that gene loss outnumbered gene gain on most branches
of the archaeal tree, so that genomic streamlining from a relatively complex common ancestor was suggested to
represent the dominant mode of archaeal genome evolution [86 ,87 ].
One potential limitation of profile-based approaches is that, without information from the individual gene

trees, there is very limited power to detect horizontal gene transfer unless the gene family has an extremely
patchy phylogenetic distribution [88]. As illustrated in Figure 5a,b, this can lead to a systematic overestimation
of the number of genes in ancestral genomes [48,86 ]. This limitation has motivated the development of models
that extend the birth–death approach by explicitly considering information from the gene trees, leading to
probabilistic gene tree-species tree reconciliation [89]. The main advantage of using species-tree aware gene tree
reconstruction methods such as ALE, is that conditional on the species tree being correct, these methods
produce dramatically more accurate gene trees [89–92 ], and correspondingly fewer gene transfer events. This
reduction in the number of spurious transfer events caused by errors in the gene tree ameliorates the problem
of underestimating the number of genes in ancestral genomes (

A B C

Figure 5. Ancestral reconstruction using only phylogenetic profiles can lead to artefactually large ancestral
gene contents.
Grey circles denote observed genes in the genomes of present-day organisms; blue circles and crosses denote inferred
ancestral presence or absence in ancestral genomes. (a) The phylogenetic profile of this gene family is consistent with
presence at all ancestral nodes, with a single loss in the branch leading to one of the modern lineages. (b) The gene family tree
indicates that the gene was not present in the common ancestor; instead, it originated later in evolution, but was subsequently
transferred into the right-hand side of the species tree. (c) An important caveat of introducing phylogenetic information in the
form of gene family trees is that, while it mitigates the systematic bias of profile only methods in overestimating the number of
genes in ancestral genomes, it can also lead to an underestimation of the number of genes in ancestral gene contents if errors
are present in the gene phylogeny. Here, an incorrect inference of gene transfer places the origin of the gene too recently
in the species tree. As discussed in the main text errors in the gene phylogeny can be greatly reduced using species tree
aware methods.
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presence at all ancestral nodes, with a single loss in the branch leading to one of the modern lineages. (b) The gene family tree
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form of gene family trees is that, while it mitigates the systematic bias of profile only methods in overestimating the number of
genes in ancestral genomes, it can also lead to an underestimation of the number of genes in ancestral gene contents if errors
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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
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Boussau, Szöllősi, Duret, Gouy, Tannier & Daubin Genome Res. (2013) 
Genome-scale coestimation of species and gene trees 
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Gene trees and species trees can be jointly reconstructed

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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gene 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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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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Rocks & clocksRocks
The geological record is the only source of information concerning absolute time

Establishing a maximum constraint is 
far more problematic — it relies on 
negative evidence — the absence of fossil.

The fossil record is directly informative on the minimum ages 
of clades based on the age of their oldest fossil representative 

oldest 
fossil

oldest 
fossil

?

?
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In the present treatment back mutations are ignored because of un- 
certainty of their probability and because accuracy of experimental points 
does not justify a refinement of the theory, 

Consider a type of protein such as the globins with practically all 
sites changeable. Table IX shows that  the mean difference between 
some mammalian hemoglobin chains and  the corresponding human 

chains is 22. This figure represents 15% of the hemoglobin chains, in 
relation to the mean length of the a and chains ( 143.5 residues).  We 
assume the  mean epoch of separation 'of man and  that of each of the 
mammals listed  in  Table IX to be at -80 million years. Thereby is 
defined as on Fig. It is approximately equal  to million years. The 
average and change is 55%, On  the curve of Fig. 3 this gives the 

separation at -375 million years. This figure is one-third lower than 

The molecular clock hypothesis reflects the observation that the differences between homologous amino 
acid sequences from different mammals are roughly proportional to their time of divergence. 

ssolo@elte.hu

divergence time according to fossils

se
qu

en
ce

 d
iv

er
ge

nc
e

Zukerkandl and Pauling 1965

Molecular Clocks

2↵+ 2�

~130 million years
18 aa substitutions

1 & 2 substitutions
~11 million years

mailto:ssolo@elte.hu


In the present treatment back mutations are ignored because of un- 
certainty of their probability and because accuracy of experimental points 
does not justify a refinement of the theory, 

Consider a type of protein such as the globins with practically all 
sites changeable. Table IX shows that  the mean difference between 
some mammalian hemoglobin chains and  the corresponding human 

chains is 22. This figure represents 15% of the hemoglobin chains, in 
relation to the mean length of the a and chains ( 143.5 residues).  We 
assume the  mean epoch of separation 'of man and  that of each of the 
mammals listed  in  Table IX to be at -80 million years. Thereby is 
defined as on Fig. It is approximately equal  to million years. The 
average and change is 55%, On  the curve of Fig. 3 this gives the 

separation at -375 million years. This figure is one-third lower than 

The molecular clock hypothesis reflects the observation that the differences between homologous amino 
acid sequences from different mammals are roughly proportional to their time of divergence. 

Wysocki et al. 2014 & Wikipedia

evolutionary rates vary 
molecular clocks are local
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Rocks & Clocks
Inadequate modelling of the global violation of the molecular clock historically lead to great controversies..   

Donoghue and Yang 2015 dos Reis et al. 2012

… today, Bayesian RMC methods have resolved most, but not 
all controversies, using sequence based local molecular 
clocks anchored by multiple fossil calibrations.
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~ 1-1.5 Gya

Bangiomorpha

Rocks & Clocks

Hug et al. 2016
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Rocks & Clocks
For majority of life and most it's history we lack sufficient fossils to anchor local clocks.

Hug et al. 2016

Knoll et al. 2016

ssolo@elte.hu

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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2. A brief outline of Proterozoic palaeobiology
Historically, palaeontologists were sceptical of the idea that
bacteria could preserve as fossils, even rejecting reports
that later proved to be correct [4]. High-resolution imaging
has more recently demonstrated that bacteria can be found in
Phanerozoic sedimentary rocks, preserved as films on carbon-
aceous plant remains, inclusions in precipitated minerals and
carbonate rinds templated by cyanobacterial sheaths [5].
Most of these microfossils are simple rods and filaments,
whose metabolic or phylogenetic relationships can be inferred,
if at all, only by sedimentary association. The Proterozoic
Eon (2500–541 Ma; figure 1)—Earth’s middle age—is quali-
tatively distinct. A confluence of ecological circumstance and
unique preservational mode provides a micropalaeontological
window through which we can view, among other things,
aspects of the diversity and environmental distribution of
early cyanobacteria and eukaryotes.

A key aspect of Proterozoic microfossil preservation lies in
the fact that before the radiations of sponges, radiolarians and,
later, diatoms, the marine silica cycle worked differently than it

simple filaments containing sulfur-rich inclusions that appear
to record sulfur-oxidizing bacteria along an oxic–anoxic inter-
face [9]), many Proterozoic bacteria are reasonably, if broadly,
interpreted in terms of cyanobacteria, based on a combination
of morphology, orientation within sediments and environ-
mental distribution. This does not mean that all Proterozoic
cyanobacteria were fully modern in terms of their molecu-
lar biology, but rather that the phylogenetic and functional
framework built through research on living cyanobacteria
can be applied fruitfully to the interpretation of Proterozoic
remains [7]. Proterozoic sedimentary rocks also contain
evidence of early eukaryotes (e.g. [10–12]) and microfossils
preserved in Upper Paleoproterozoic iron formations may
preserve a record of iron-loving bacteria (figure 2c; [13]). Infor-
mative as these records are, they trickle to a stop in rocks older
than about two billion years.

Stromatolites—laminated structures that can be flat-lying,
domal, club-shaped or conoidal—are the most conspicuous
palaeobiological features of Proterozoic carbonates, extend-
ing the record of microbial life in both time and space

ProterozoicHadean Archean Phanerozoic

oldest known minerals
(Jack Hills zircon)

oldest low-grade
meta-sedimentary rocks

oxygen begins to approach
modern levelsglobal ice ages

oldest 13C-depleted
reduced carbon

stromatolites, C and S isotopes
 and, possibly, fossils document life

cyanobacteria

expansion of aerobic metabolism

oldest eukaryotic microfossils animal
diversification

humans

?

inconsistent with proxy data

inconsistent with proxy data

5002500

whiffs of oxygen?
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Figure 1. A time table for Earth’s early history, showing the major eons (Hadean, Archean, Proterozoic and Phanerozoic), an estimate of atmospheric oxygen history
constructed from geochemical proxy data [1 – 3] and key environmental (above) and biological (below) events discussed in the text. Oxygen partial pressure in per
cent of PAL. (Online version in colour.)
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… and genes from other species!
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Fossils provide direct evidence on minimum age, but 
only indirect evidence on maximum and relative ages.   

Transfers are not informative on absolute age, but do  
provide direct evidence on relative ages.   

?
?
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implemented in ALE: 

http://github.com/ssolo/ALE
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Relative age constrains from transfers

Eric  
Tannier
LBBE
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HGT events inferred by an “undated” version of the species tree-aware method ALE were input into the 
MaxTiC (maximal time consistency) optimisation method to obtain relative age constrains.
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A direct comparison between fossils and transfers is not possible. Following Zuckerkandl and Pauling, we 
correlated both fossil and transfer based age estimates with sequence divergence: 

40 genomes

informative constraints

ALE 
+ 

MaxTiC

dos Reis et al. 2012
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Rocks, clocks and genes from other species
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To directly compare relative age constraints, we measured how different relaxed molecular clock models, without 
fossil calibrations, are able to predict the relative timing of speciations implied by fossils and by transfers. 
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Cyanobacteria (40 genomes, Szöllosi)
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Archaea (60 genomes, Williams)
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Fungi (60 genomes, Nagy)

Prior
(control)

Strict clock
(single rate)

Lognormal
(autocorrelated)

Uncorrelated γ
(branch-wise
autocorrelated)

White-noise
(uncorrelated)

a

c d

b

Davin, Tannier, Williams, Boussau, Daubin  & Szöllősi,  
Nature Ecology and Evolution (2018) 
Gene Transfers Can Dated the Tree of Life

mailto:ssolo@elte.hu
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Mammals (36 species, Dos Reis)
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Cyanobacteria (40 genomes, Szöllosi)
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Archaea (60 genomes, Williams)
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To directly compare relative ages, we measured how different relaxed molecular clock models, without 
fossil calibrations, are able to predict the relative timing of speciations implied by fossils and by transfers. 
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Rocks, clocks and genes from other species
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The order of speciations according to LGT. 5000 chronograms with a speciation time order compatible 
with LGT-based constraints were sampled per data set.

Tomitani et al. 2006
microfossils ~ 2.1 Gya

biogenic methane ~ 3.5 Gya

0.6-0.8 Gya

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-

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-

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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Tomitani et al. 2006
microfossils ~ 2.1 Gya

biogenic methane ~ 3.5 Gya

0.6-0.8 Gya

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-

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-

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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Until Zuckerkandl and Pauling put forth the ‘molecular clock’1 
hypothesis, the geological record alone provided the times-
cale for evolutionary history. Their demonstration that dis-

tances between amino acid sequences correlate with divergence 
times estimated from fossils showed that information in DNA can 
be used to date the tree of life. Since then, the theory and method-
ology of the molecular clock have been developed extensively, and 
inferences from clock analyses (such as the diversification of pla-
centals before the demise of dinosaurs2,3) are hotly debated. Despite 
these controversies, combining information from rocks and clocks 
is now widely accepted to be indispensable3–5, whereby state-of-the-
art estimates of divergence times rely on sequence-based relaxed 
molecular clocks anchored by multiple fossil calibrations. This 
approach provides information on both the absolute timescale and 
the relative variation of the evolutionary rates across the phylogeny 
(Fig. 1a). Yet, because most life is microbial, and most microbes do 
not leave discernable fossils, major uncertainties remain about the 
ages of microbial groups and the timing of some of the earliest and 
most important events in the evolutionary history of life6,7.

In addition to leaving only a faint trail in the geological record, 
the evolution of microbial life has left a tangled phylogenetic sig-
nal due to extensive lateral gene transfer (LGT). LGT, the acquisi-
tion of genetic material potentially from distant relatives, has long 
been considered an obstacle for reconstructing the history of life8 
because different genetic markers can yield conflicting estimates of 
the phylogeny of a species. However, it has been previously shown 
that transfers identified using appropriate phylogenetic methods 
carry information that can be harnessed to reconstruct a species 
history9–14. This reconstruction is possible because different hypoth-
eses of species relationships yield different LGT scenarios and can 
therefore be evaluated using phylogenetic models of genome evolu-
tion15–19. But, in addition to carrying information about the relation-
ships among species, transfers can carry a record of the timing of 
species diversification because they have occurred between species 
that existed at the same time10,20,21. As a consequence, a transfer event 
can be used to establish a relative age constraint between nodes in a 
phylogeny independently of any molecular clock hypothesis. That is,  

the ancestor node of the donor lineage must predate the descen-
dant node of the receiving lineage (Fig. 1b, Supplementary Fig. 8). 
Below, we show that the dating information carried by transfers is 
consistent with molecular clock-based estimates of relative diver-
gence times in representative groups from the three domains of life.

Results
We examined genome-scale datasets consisting of homologous gene 
families from complete genomes in Cyanobacteria (40 genomes22), 
Archaea (60 genomes11) and Fungi (60 genomes23). For each gene 
family, we used the species tree-aware probabilistic gene tree infer-
ence method called ‘amalgamated likelihood estimation (ALE) 
undated’22,24 to sample evolutionary scenarios involving events of 
duplication, transfer and loss of genes conditional on a rooted, but 
undated species phylogeny and multiple sequence alignment of the 
family. We recorded the donor and recipient for each transfer, using 
the frequency with which that transfer was observed in the entire 
sample to score support. We then used a newly developed opti-
mization method called ‘maximum time consistency’ (MaxTiC)25 
(see Methods and Supplementary Information) to extract a maxi-
mal subset of consistent transfers that specifies a time order of 
speciation events in the species tree. We found that the maximal 
subset of transfers implies a time order of speciations that corre-
lates with the distance between amino acid sequences of extant 
organisms (Spearman’s ρ =  0.741, P <  10−6; Fig. 1d, Supplementary 
Fig. 9). A similar correlation (Fig. 1c) can be observed if, following 
Zuckerkandl and Pauling1, we compare fossil dates and sequence 
divergence in mammals2 (10 time points, Pearson’s R2 =  0.664, 
P <  0.003 and Spearman’s ρ =  0.83, P =  0.0056).

We observed a strong correlation between time estimates 
from MaxTiC and molecular clocks in all our datasets (P <  10−3; 
Supplementary Figs. 14–16). This result suggests that LGTs indeed 
carry information on the relative age of nodes in all three domains 
of life. However, this result is not conclusive because part of the cor-
relation trivially arises from the fact that parent nodes are necessar-
ily both older and more distant to extant sequences than their direct 
descendants26. To control for this effect, we compared the relative 

Gene transfers can date the tree of life
Adrián A. Davín1, Eric Tannier1,2, Tom A. Williams3, Bastien Boussau1, Vincent Daubin! !1*  
and Gergely J. Szöllősi! !4,5*

Biodiversity has always been predominantly microbial, and the scarcity of fossils from bacteria, archaea and microbial eukary-
otes has prevented a comprehensive dating of the tree of life. Here, we show that patterns of lateral gene transfer deduced 
from an analysis of modern genomes encode a novel and abundant source of information about the temporal coexistence of 
lineages throughout the history of life. We use state-of-the-art species tree-aware phylogenetic methods to reconstruct the 
history of thousands of gene families and demonstrate that dates implied by gene transfers are consistent with estimates 
from relaxed molecular clocks in Bacteria, Archaea and Eukarya. We present the order of speciations according to lateral 
gene transfer data calibrated to geological time for three datasets comprising 40 genomes for Cyanobacteria, 60 genomes 
for Archaea and 60 genomes for Fungi. An inspection of discrepancies between transfers and clocks and a comparison with 
mammalian fossils show that gene transfer in microbes is potentially as informative for dating the tree of life as the geological 
record in macroorganisms.
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microfossils  

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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parasite Nanoarchaeum (see Supplementary Fig. 2), despite the early 
divergence of the DPANN clade from other Archaea.

In Fungi, we recover LGTs that provide information on the order 
of some of the deepest splits. In particular, among crown groups, 
LGTs indicate that Zoopagomycota33 (blue in Fig. 4, estimated age 
of 0.71 Ga) diverged earlier than Mucoromycotina, Basidiomycota 

partially take relative constraints into account in a typical relaxed 
clock analysis by two means. First, when fossil calibrations are 
available for some nodes, we can propagate their minimum age to 
all nodes constrained by transfers to be older, and, symmetrically, 
we can propagate their maximum age to all nodes constrained by 
transfers to be younger. Second, we can use rejection sampling; 
that is, discard posterior samples that fall below a threshold level 
of agreement with transfer-based constraints. These approaches, 
however, do not guarantee that all strongly supported relative  
constraints will be respected. To produce time-calibrated chro-
nograms that respect all constraints (Fig. 4), we used a heuristic 

than recipient clades, but the opposite pattern is observed for conflicting 
transfers rejected by MaxTiC (green), consistent with the idea that MaxTiC 
identifies genuine LGTs.
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Fig. 4 | The order of speciations according to LGTs calibrated to geological time. Five thousand chronograms with a speciation time order compatible 
with LGT-based constraints were sampled per dataset and calibrated to geological time for Cyanobacteria (a), Archaea (b) and Fungi (c) (for details see 
Methods). The countinous black line corresponds to the consensus chronogram. Red shading represents the spread of node orders within the sample: 
nodes are in bright red if there is little or no uncertainty on their order according to LGT, in a light red smear if there is high uncertainty on their order. Dates 
in units of millions of years ago are provided for clades discussed in the text, which are labelled and shaded. Confidence intervals indicate 95% highest 
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speciation time order compatible 

with LGT-based constraints were sampled per dataset and calibrated to geological time for Cyanobacteria (a), Archaea (b) and Fungi (c) (for details see 
Methods). The black line corresponds to the consensus 

.

m
chronogram. Red shading represents the spread of node orders within the sample: nodes are in 

bright red if there is little or no uncertainty on their order according to LGT, in a light red smear if there is high uncertainty on their order. Dates in units 
of millions of years ago are provided for clades discussed in the text, which are labelled and shaded. Confidence intervals indicate 95% HPD of the time 
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Do clocks & transfers predict rocks?

Thaumarchaeota are the dominant archaea in most 
soil systems where they constitute up to 5% of all 
prokaryotes

972.4–669.9 My
Morris PNAS 2018
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Lateral gene transfer from the dead 

A       B C        D 
b1a1 c2 , c1  d1 

X1 X2

.. but the species lineage from which a gene was transferred may have gone extinct or not have been sampled.

Nicolas
Lartillot

http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
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The combination of speciation dynamics and  
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A       B C        D 
b1a1 c2 , c1  d1 

X1 X2

d1

c1

a1 b1

c2

A       B C        D 
b1a1 c2 , c1  d1 

X1 X2

..

x

x

x

speciation dynamics

gene birth and death 

Duplication

Transfer

Loss

represented species phylogeny

n sampled species N-n unsampled species

donor

present

host

a) c)

b)

Daubin & Boussau 2011



te
tf

t = t0f
⌧

N � 1

�

N

n
e�n �

N (t0f�t0e)
o

⌧

N � 1

N � n n

t = t0e

e
f

transfer back at

unrepresented speciation at

evolution outside

with rate

with rate

direct transfer 

branch
branch

unrepresented species represented species

Tindirect ⇡
Z N

n�

0

Z N
n�

t0e

⌧
n
e�n �

N (t0f�t0e)
o �

N
dt0fdt

0
e

=
1

en

⌧

2n


2N

�

�
,Tdirect ⇡

Z N
n�

0

⌧

N
dt0e =

1

N

⌧

2n


2N

�

�
,
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Gogarten lab
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The story of homologs genes can be reconstructed

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

TACCACGAC..

TACCAAGAC..

TATCAGGAC..

TATCAGGAT..

TATCACGAC..

Felsenstein 1981
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C
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C
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C

T

C

= .. ×PTC (l1)×PCC (l2)×PCC (l3)×PCC (l4) × ..

sum over subs. along branch 
conditional on states on top and bottom sum over ancestral states

C

T

Calculating the likelihood of the sequences A given the gene tree G  

p(A|G)
requires summing over all possible substitution paths.    
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.. but gene trees are generated along the species tree
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sum over gene birth and death events  
along a branch conditional on reconciliation

sum over all reconciliations with  
species tree conditional on gene tree

Arvestad 2010

Given a model of gene family evolution a species tree induces a probability distribution over 
gene trees. For the DTL process 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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is possible if n ⌧ N

.. but gene trees are generated along the species tree

Given a model of gene family evolution a species tree induces a probability distribution over 
gene trees. For the DTL process to calculate the likelihood of a gene tree we sum over all 
possible gene birth and death events along a given species tree.  

implemented in ALE: 

http://github.com/ssolo/ALE

http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
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is possible if n ⌧ N
Can we detect 
mass extinction 
events?

DTL
dates

.. but gene trees are generated along the species tree
Modeling variation in N, the total number of species, over geological times, could be of particular interest. 
Indeed, a corollary of the observation that LGT events record evolutionary paths along the complete species 
tree is that the phylogenies of genes from a limited sample of extant species carry information about extinct 
lineages, and therefore about the size and dynamics of ancient biodiversity.  

implemented in ALE: 
http://github.com/ssolo/ALE

http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
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FIGURE 5. Gene tree–species tree models in the context of the phylogenomics inference pipeline. Left: the inference pipeline (some steps are
not represented, such as sequencing error correction). Right: graphical representation of the inferential problem for a selection of the models
and associated phylogenetic software discussed in the main text. The sequence of steps in the graphical model representations correspond to the
hierarchical sequence of evolutionary process generating genomic sequences (cf. Fig. 1). The likelihood that must be computed is also shown.
Graphical model conventions are observed: stochastic nodes, nodes corresponding to data considered as known are gray, and nodes whose
states are inferred are in white. The models have been simplified, and parameters others than the gene tree and the species tree have not been
represented.
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5. Gene tree–species tree models in the context of the phylogenomics inference pipeline. Left: the inference pipeline (some steps are
not represented, such as sequencing error correction). Right: graphical representation of the inferential problem for a selection of the models
and associated phylogenetic software discussed in the main text. The sequence of steps in the graphical model representations correspond to the
hierarchical sequence of evolutionary process generating genomic sequences (cf. Fig. 1). The likelihood that must be computed is also shown.
Graphical model conventions are observed: stochastic nodes, nodes corresponding to data considered as known are gray, and nodes whose
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Efficiently integrating over the space of reconciled gene trees

Szöllősi, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013) 
Efficient exploration of the space of reconciled gene trees 
Szöllősi, Tannier, Daubin & Boussau Systematic Biology (2015) 
The inference of gene trees with species trees

P (A|S, rates) =
Z

G
p(A|G)p(G|S, rates)

using ALE we can approximate the integral in the DTL version of the Felsenstein equation:

This opens the possibility for efficient MCMC or ML exploration of  L(S, rates|A)

Felsenstein 1988

DTL

S

Aij

S



Efficiently exploring the space of reconciled gene trees

Based on a sample of trees conditional clade probabilities can be used to estimate posterior probability of any 
gene tree that can be amalgamated.  This is usually a very large number of trees (e.g. for 104 samples 1012 trees, 
but up to 1040).
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Efficiently exploring the space of reconciled gene trees

Based on a sample of trees conditional clade probabilities can be used to estimate posterior probability of any 
gene tree that can be amalgamated.  This is usually a very large number of trees (e.g. for 104 samples 1012 trees, 
but up to 1040).



Efficiently exploring the space of reconciled gene trees
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Szöllősi, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013) 
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Szöllősi, Tannier, Lartillot & Daubin Systematic Biology (2013) 
Lateral Gene Transfer from the Deadimplemented in ALE: 

http://github.com/ssolo/ALE

Based on a sample of trees conditional clade probabilities can be used to estimate posterior probability of any 
gene tree that can be amalgamated.  This is usually a very large number of trees (e.g. for 104 samples 1012 trees, 
but up to 1040). The dynamic programming used in gene tree-species tree reconciliation can be extended to 
approximate the joint likelihood efficiently for a very large set of gene trees.
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The inference of gene trees with species trees
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Using phylogenetic incongruence to reconstruct a dated ToL

gene 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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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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atransferthatimpliesthatthespeciationattimet1occurredbeforethespeciationatt2.Thereconciliationofa
largenumberofgenetrees(typically,fromallthehomologousgenesrepresentedinthegenomesunderstudy)
withaspeciestreecanyieldafullyresolvedtimeorderofevolutionaryevents(Szölló́sietal.2012).
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species tree

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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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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Estimating genes and species history can be achieved through a hierarchical structure, on top of 
which a species tree is inferred from gene trees through models of gene family evolution, themselves 
inferred from sequence alignments through models of sequence evolution.  
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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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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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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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independent development of bilateral symmetry in benthic ctenophores,
Vallicula and Coeloplana (Supplementary Data 4).
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2. A brief outline of Proterozoic palaeobiology
Historically, palaeontologists were sceptical of the idea that
bacteria could preserve as fossils, even rejecting reports
that later proved to be correct [4]. High-resolution imaging

simple filaments containing sulfur-rich inclusions that appear
to record sulfur-oxidizing bacteria along an oxic–anoxic inter-
face [9]), many Proterozoic bacteria are reasonably, if broadly,
interpreted in terms of cyanobacteria, based on a combination
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Figure 1. A time table for Earth’s early history, showing the major eons (Hadean, Archean, Proterozoic and Phanerozoic), an estimate of atmospheric oxygen history
constructed from geochemical proxy data [1 – 3] and key environmental (above) and biological (below) events discussed in the text. Oxygen partial pressure in per
cent of PAL. (Online version in colour.)
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