
The problem is gene trees are not species trees

standing questions such as the reconstruction
of the timing of life evolution or the root
of the tree of life. The recent realization that
horizontal gene transfer has been extensive
throughout the evolution of the eukaryotic
domain (Keeling and Palmer 2008; Andersson
2009) will allow to compare the information
derived from genome histories to the fossil
record.
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The solution is to model how gene trees are generated along the species tree 
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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 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 Szöllősi et al. (2012). In
the lower panel, we compare the number of Duplication, Transfer, and Loss events needed to reconcile joint and sequence trees. For details of
the inferences presented see 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) (Edgar 2004)
with default parameters. The multiple alignment
was subsequently cleaned using GBLOCKS (v0.91b)
(Talavera and Castresana 2007) with the options:

“-t=p -b1 50 -b2 50 -b5=a -t=p”.

Cleaned alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Reconstructing “real” trees.—For each cleaned alignment,
an MCMC sample was obtained using PhyloBayes
(v3.2e) (Lartillot et al. 2009) using an LG+!4+I
substitution model (Le and Gascuel 2008) with a burn-
in of 1000 samples followed by at least 3000 samples.
Following this step, gene families were separated into
two datasets: (i) dataset I, composed of 342 universal
single-copy families with exactly one copy in each of
the 36 cyanobacteria and, (ii) dataset II, which includes
dataset I, and is composed of 1099 families, each with at
least 10 genes in any of the 36 cyanobacterial genomes
considered. For the 342 single-copy universal gene
families of dataset I 10 000 trees were sampled.

For each family, we used the species tree shown
in Figure A.4, 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) (Guindon
and Gascuel 2003) using the LG+!4+I model with the
options:

“-b -4 -m LG -f e -v e -c 4 -a e -s BEST”.

“Real” gene trees are available from the Dryad
data repository at http://datadryad.org, doi:10.5061/
dryad.pv6df.

Sequence simulation.—To simulate amino acid sequences,
we used bppseqgen (v1.1.0) (Dutheil and Boussau 2008)
keeping the branch lengths and alignment sizes and
using the COMPLEX model corresponding to an LG
model with site rate variation described by a gamma
distribution with "=0.1 and 10% invariant sites.

Simulated alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Inference for simulated data.—For each simulated
alignment, an MCMC sample was obtained
using PhyloBayes (v3.2e) using a SIMPLE model
corresponding to a Poisson model (Felsenstein 1981)
with no rate variation.
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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 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 Szöllősi et al. (2012). In
the lower panel, we compare the number of Duplication, Transfer, and Loss events needed to reconcile joint and sequence trees. For details of
the inferences presented see Appendix 1.
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150 genes were not considered. For each family, amino
acid sequences were extracted from the database
and aligned using MUSCLE (v3.8.31) (Edgar 2004)
with default parameters. The multiple alignment
was subsequently cleaned using GBLOCKS (v0.91b)
(Talavera and Castresana 2007) with the options:

“-t=p -b1 50 -b2 50 -b5=a -t=p”.

Cleaned alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Reconstructing “real” trees.—For each cleaned alignment,
an MCMC sample was obtained using PhyloBayes
(v3.2e) (Lartillot et al. 2009) using an LG+!4+I
substitution model (Le and Gascuel 2008) with a burn-
in of 1000 samples followed by at least 3000 samples.
Following this step, gene families were separated into
two datasets: (i) dataset I, composed of 342 universal
single-copy families with exactly one copy in each of
the 36 cyanobacteria and, (ii) dataset II, which includes
dataset I, and is composed of 1099 families, each with at
least 10 genes in any of the 36 cyanobacterial genomes
considered. For the 342 single-copy universal gene
families of dataset I 10 000 trees were sampled.

For each family, we used the species tree shown
in Figure A.4, 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) (Guindon
and Gascuel 2003) using the LG+!4+I model with the
options:

“-b -4 -m LG -f e -v e -c 4 -a e -s BEST”.

“Real” gene trees are available from the Dryad
data repository at http://datadryad.org, doi:10.5061/
dryad.pv6df.

Sequence simulation.—To simulate amino acid sequences,
we used bppseqgen (v1.1.0) (Dutheil and Boussau 2008)
keeping the branch lengths and alignment sizes and
using the COMPLEX model corresponding to an LG
model with site rate variation described by a gamma
distribution with "=0.1 and 10% invariant sites.

Simulated alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Inference for simulated data.—For each simulated
alignment, an MCMC sample was obtained
using PhyloBayes (v3.2e) using a SIMPLE model
corresponding to a Poisson model (Felsenstein 1981)
with no rate variation.

 at U
niversitatsbibliothek on June 29, 2015

http://sysbio.oxfordjournals.org/
D

ow
nloaded from

 

S-aware S-unaware

S-unaware S-aware

“Realistic simulations” suggest S-aware methods are important 

S-awareS-unaware

Distance to true tree 
dates

sites  

species tree 

DTL

models of gene family evolution with DT&L



●

●

●
●
●●●●

●●
●

●

●

●

●
●

●

●

●

●

●

●

●
●

●
●
●

●

●

●

●

●

●
●

●

●

●

●

●
●

●

●
●

●

●
●●

●

●
●
●
●●

●

●

●

●
●●●

●●●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●
●●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●●
●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●●●

●

●

●

●

●●
●

●●●●
●

●

●
●●●●

●●

●

●

●●
●●

●●●

●

●●

●

●

●

●

●

●

●

●●●

●

●
●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●
●●

●

●●

●

●

●●
●

●

●

●

●

●

●

●

●

●

●

●●

●

●●

●

●

●

●

●

●

●
●

●

Ds joint Ds real Ts joint Ts real Ls joint Ls real

0
10

20
30

40
50

60

0 10 20 30 40 50

0
10

20
30

40
50

Ts real tree

D
s 

jo
in

t t
re

e

●
●

●
●

●

●
●
●
●

●

●
●

●
●

●
●

● ●

●
● ●

● ●
●

●

●
●

●

●
●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

0 10 20 30 40 50 60 70
0

10
20

30
40

50
60

70

Ts real tree

Ls
 jo

in
t t

re
e

●
●

●
●

●

●

●

●

●

●

●

●

●

●

●

●
●
●
●
●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●
●
●

●

●

●

●

●

●

●

●
●
●

●
●

●

●

●

●
●

●
●

●

●

●
●
●

●

●

●
●
●

●
●
●
●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

●

●
●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

● ●
●
●
●

●
●
●
●
●

●
●
●
●
●
●
●
●

●
●
●
●
●

●
●
●
●

●

●

●
●
●

●
●

●
●
●
●
●

●

●
●
●
●

●

●
●
●

●
●

●
●
●
●

●
●
●
●

●
●

●

●

●

●
●

●

●
●

●
●

●

●

●

●

●

●

●

0 5 10 15 20

0
5

10
15

20

Ts input tree

Ts
 re

co
ns

tru
ct

ed
 tr

ee

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● LsDs Ts

 

true truetrue

in
fe

rr
ed

in
fe

rr
ed

in
fe

rr
ed

S-aware methods accurately recover number of DTL events 

S-aware      true      S-aware      true      S-aware      true      

Ds Ts Ls

dates

sites  

species tree 

DTL

models of gene family evolution with DT&L



implemented in ALE: 
http://github.com/ssolo/ALE
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Reconstructions with the Use of Species Tree-Aware Gene Trees

by origination and losses of genes, which, for the moment,
necessarily yield several adjacency gains and losses.
Future work will also consist in deriving function infor-

mation from co-transfers, and trying the same principles
on other kinds of relations than adjacencies, starting for
example from the relation between domains forming the
same gene.
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Figure 4 Circularity of ancestral genomes. On the x axis is the
degree of a gene, that is, the number of adjacencies it belongs to, and
on the y axis there is the proportion of genes with this degree. In black,
there are the values for the sequence trees and in red for ALE trees.
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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 (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 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 (KM) for the substrate
isopropylmalate (IPM) with LeuBS–aw is similar to those mea-
sured for other thermophilic LeuB enzymes, such as the con-
temporary BCVX enzyme and the previously reconstructed

(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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Ancestral sequences reconstructed along S-aware gene trees produce  
a biochemically more realistic and thermodynamically more stable ancestral protein.
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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)
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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 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 Szöllősi et al. (2012). In
the lower panel, we compare the number of Duplication, Transfer, and Loss events needed to reconcile joint and sequence trees. For details of
the inferences presented see 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) (Edgar 2004)
with default parameters. The multiple alignment
was subsequently cleaned using GBLOCKS (v0.91b)
(Talavera and Castresana 2007) with the options:

“-t=p -b1 50 -b2 50 -b5=a -t=p”.

Cleaned alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Reconstructing “real” trees.—For each cleaned alignment,
an MCMC sample was obtained using PhyloBayes
(v3.2e) (Lartillot et al. 2009) using an LG+!4+I
substitution model (Le and Gascuel 2008) with a burn-
in of 1000 samples followed by at least 3000 samples.
Following this step, gene families were separated into
two datasets: (i) dataset I, composed of 342 universal
single-copy families with exactly one copy in each of
the 36 cyanobacteria and, (ii) dataset II, which includes
dataset I, and is composed of 1099 families, each with at
least 10 genes in any of the 36 cyanobacterial genomes
considered. For the 342 single-copy universal gene
families of dataset I 10 000 trees were sampled.

For each family, we used the species tree shown
in Figure A.4, 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) (Guindon
and Gascuel 2003) using the LG+!4+I model with the
options:

“-b -4 -m LG -f e -v e -c 4 -a e -s BEST”.

“Real” gene trees are available from the Dryad
data repository at http://datadryad.org, doi:10.5061/
dryad.pv6df.

Sequence simulation.—To simulate amino acid sequences,
we used bppseqgen (v1.1.0) (Dutheil and Boussau 2008)
keeping the branch lengths and alignment sizes and
using the COMPLEX model corresponding to an LG
model with site rate variation described by a gamma
distribution with "=0.1 and 10% invariant sites.

Simulated alignments are available from the
Dryad data repository at http://datadryad.org,
doi:10.5061/dryad.pv6df.

Inference for simulated data.—For each simulated
alignment, an MCMC sample was obtained
using PhyloBayes (v3.2e) using a SIMPLE model
corresponding to a Poisson model (Felsenstein 1981)
with no rate variation.

 at U
niversitatsbibliothek on June 29, 2015

http://sysbio.oxfordjournals.org/
D

ow
nloaded from

 

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

S-aware -unaware S-aware -unaware S-aware -unaware

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.

sites  

species tree 
DTL



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

what about ancestral gene content?

sites  

species tree 
DTL

just how much HGT is there?



 

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.

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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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 ∼1500 families
among modern Archaea. In this regard, it is important to note that gene tree reconciliation methods (Figure 5)
outperform profile only methods, because they are able to distinguish the ancestral gain and subsequent recur-
rent loss of a gene family from more recent gain followed by gene transfer. As a result, they tend to infer larger
rates of transfer and more realistic ancestral genome sizes [48,88]. Thus, the inference of a large ancestral
genome in LACA followed by reductive evolution can be explained by the very poor power to detect gene trans-
fer in the absence of evidence from gene tree topologies, and the corresponding systematic inflation of ancestral
genome sizes. While some doubt over the ancestral genome size remains, these and other analyses suggest that
the Wood–Ljungdahl pathway may have been the earliest carbon fixation pathway in the Archaea [48,93,94],
supporting the view that LACA was an anaerobic autotroph.

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.

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons
Attribution License 4.0 (CC BY).
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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 ∼1500 families
among modern Archaea. In this regard, it is important to note that gene tree reconciliation methods (Figure 5)
outperform profile only methods, because they are able to distinguish the ancestral gain and subsequent recur-
rent loss of a gene family from more recent gain followed by gene transfer. As a result, they tend to infer larger
rates of transfer and more realistic ancestral genome sizes [48,88]. Thus, the inference of a large ancestral
genome in LACA followed by reductive evolution can be explained by the very poor power to detect gene trans-
fer in the absence of evidence from gene tree topologies, and the corresponding systematic inflation of ancestral
genome sizes. While some doubt over the ancestral genome size remains, these and other analyses suggest that
the Wood–Ljungdahl pathway may have been the earliest carbon fixation pathway in the Archaea [48,93,94],
supporting the view that LACA was an anaerobic autotroph.
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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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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 ∼1500 families
among modern Archaea. In this regard, it is important to note that gene tree reconciliation methods (Figure 5)
outperform profile only methods, because they are able to distinguish the ancestral gain and subsequent recur-
rent loss of a gene family from more recent gain followed by gene transfer. As a result, they tend to infer larger
rates of transfer and more realistic ancestral genome sizes [48,88]. Thus, the inference of a large ancestral
genome in LACA followed by reductive evolution can be explained by the very poor power to detect gene trans-
fer in the absence of evidence from gene tree topologies, and the corresponding systematic inflation of ancestral
genome sizes. While some doubt over the ancestral genome size remains, these and other analyses suggest that
the Wood–Ljungdahl pathway may have been the earliest carbon fixation pathway in the Archaea [48,93,94],
supporting the view that LACA was an anaerobic autotroph.
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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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28 fungi genomes

reconstructions that only account for duplications and losses,
but do not consider transfer (DL), infer systematically more
genes to have been present in ancestral genomes than in
extant ones. The largest ancestral genomes are inferred by DL
methods in the common ancestors of clades where DTL
methods predict the most transfers: the deepest node in the
Aspergillus genus has ancestral gene contents of 14 244 genes
according to the DL estimate, in comparison with 8238 genes
for the DTL-based estimate. The extant gene content in the
genus in our sample is between 7797 (A. fumigatus A1163)
and 8891 (Aspergillus terreus).

(d) Rates of transfers are similar in fungi
and cyanobacteria

Rates of transfer in fungi and in cyanobacteria appear to be
very similar, as shown by the ALEml_undated inferences
(figure 5a). This finding does not come from differences in
the age of the clades as we compare ratios of numbers of
events, which controls for age. It does not appear to come
from incomplete sampling either, as figure 5b shows that pre-
dictions based on subsampling the species in each dataset still
converge to similar ratios of numbers of events for fungi and
cyanobacteria. To extrapolate the T/(T þ D) values, we fit an
ad hoc curve that reaches saturation exponentially starting from
an initial value for zero species. Using all subsampled replicates
a least-squares Marquardt–Levenberg algorithm yielded the
similar asymptotic values of T/(T þ D), with 0.8+0.1 (fungi
assuming tree A), 0.7+0.03 (fungi assuming tree B) and
0.74+0.01 in cyanobacteria. The same procedure for L/(T þ
D þ L) produced the slightly higher asymptotic value for
fungi of 0.582+0.01 for tree A and 0.595+0.01 for tree B,
compared with 0.52+0.01 compared with cyanobacteria.

These genome-wide inferences confirm earlier reports
based on manual analyses of smaller datasets that significant
numbers of transfers occurred in fungi, in particular in the
Aspergillus clade [35–38]. Overall, these data show that gen-
omes in prokaryotes and eukaryotes are not undergoing

fundamentally different dynamics. We consider that additional
analyses of datasets for different clades of both prokaryotes and
eukaryotes, using gene tree-aware approaches as in this work,
would provide a more fine-grained, quantitative view of the
dynamics of genome evolution across the entire tree of life.

(e) There are highways of gene transfer in fungi
One feature of genome evolution in prokaryotes that has
received considerable attention is the concept of highways
of gene transfers [29,48]. According to this model, some
pairs of species or clades have exchanged large numbers of
genes throughout their history, possibly because of a shared
ecological niche. ALEml_undated inferences provide us with
an opportunity to look for such highways in cyanobacteria
and fungi. Figure 6 shows the distribution of the number of
transfers per pairs of branches of the species tree in both
cyanobacteria and fungi. Both distributions show a long
tail, with many transfers occurring between branches that
otherwise have exchanged little genetic material. However,
some pairs of branches show very high numbers of gene
transfer events. The heterogeneity is strongest in fungi,
where some pairs of branches are predicted to have under-
gone more than 150 gene transfers, or even 300 transfers on
tree B (figure 7). These transfers do not seem to be due to
hybridization, as most of them are not replacement transfers,
whereby a gene in a species is replaced by another gene
coming from another species (the median branch-wise frac-
tion of gene transfers that are compensated by loss on the
same branch, i.e. replacement transfers, is 31% for fungi on
tree A, 34% on tree B and 49% for cyanobacteria). For the
same reason, these transfers cannot be misinterpreted events
of ILS. In fact, among genes that have only one orthologue
per species, genes that have undergone a gene transfer tend
to change position on the chromosome more often than
genes that have not undergone a gene transfer (see figure 7,
right, for the Aspergillus clade). The pairs of branches with
the largest numbers of transfers belong to the Aspergillus
clade, in agreement with the overall larger amount of transfers

2000

4000

6000

8000

10 000

12 000

14 000

0 10 20 30 40

10–1

10–2

10–3

10–4

1

no
. g

en
es

extant DTL DL extant DTL DL

m
ea

n 
no

. T
s 

pe
r g

en
e

no. species represented in gene family

***
**

**

(a) (b)
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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
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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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“un-modelled” transfers

just how much HGT is there?



 

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.

( f ) Genes tend to be transferred together
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.

(g) ALEml_undated reconstructs accurate gene trees
In [23], we found using realistic simulations that amalgam-
ation of gene trees using a DTL model produced accurate
gene trees: the number of duplications and transfers needed
to reconcile our reconstructed trees was statistically indistin-
guishable from the corresponding number of events needed

0

0.2

0.4

0.6

0.8

1.0

T/
(T

+
D

)

no. species in species treeT/(T + D) L/(T + D + L)

br
an

ch
-w

is
e 

ra
tio

s 
of

 e
ve

nt
s

(a) (b)

 0

 0.2

 0.4

 0.6

 0.8

 1.0

10 20 30 40 50 60

fungi data tree A
mean

fungi data tree B
mean

cyano data
mean

cyano tree A tree B cyano tree A tree B
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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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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 ∼1500 families
among modern Archaea. In this regard, it is important to note that gene tree reconciliation methods (Figure 5)
outperform profile only methods, because they are able to distinguish the ancestral gain and subsequent recur-
rent loss of a gene family from more recent gain followed by gene transfer. As a result, they tend to infer larger
rates of transfer and more realistic ancestral genome sizes [48,88]. Thus, the inference of a large ancestral
genome in LACA followed by reductive evolution can be explained by the very poor power to detect gene trans-
fer in the absence of evidence from gene tree topologies, and the corresponding systematic inflation of ancestral
genome sizes. While some doubt over the ancestral genome size remains, these and other analyses suggest that
the Wood–Ljungdahl pathway may have been the earliest carbon fixation pathway in the Archaea [48,93,94],
supporting the view that LACA was an anaerobic autotroph.

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.

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology and distributed under the Creative Commons
Attribution License 4.0 (CC BY).
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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).
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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 ∼1500 families
among modern Archaea. In this regard, it is important to note that gene tree reconciliation methods (Figure 5)
outperform profile only methods, because they are able to distinguish the ancestral gain and subsequent recur-
rent loss of a gene family from more recent gain followed by gene transfer. As a result, they tend to infer larger
rates of transfer and more realistic ancestral genome sizes [48,88]. Thus, the inference of a large ancestral
genome in LACA followed by reductive evolution can be explained by the very poor power to detect gene trans-
fer in the absence of evidence from gene tree topologies, and the corresponding systematic inflation of ancestral
genome sizes. While some doubt over the ancestral genome size remains, these and other analyses suggest that
the Wood–Ljungdahl pathway may have been the earliest carbon fixation pathway in the Archaea [48,93,94],
supporting the view that LACA was an anaerobic autotroph.
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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.

( f ) Genes tend to be transferred together
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.

(g) ALEml_undated reconstructs accurate gene trees
In [23], we found using realistic simulations that amalgam-
ation of gene trees using a DTL model produced accurate
gene trees: the number of duplications and transfers needed
to reconcile our reconstructed trees was statistically indistin-
guishable from the corresponding number of events needed
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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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Szöllősi, Davin, Tannier, Daubin & Boussau Phil.Trans.Roy.Soc.B (2015) 
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.  

just how much HGT is there?



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.   

HGT as information
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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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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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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.

ACKNOWLEDGMENTS

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

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

REFERENCES

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

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

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

Species tree

Gene tree

Gene tree/species tree reconciliation

T

?

L

D

t2

t2

t1

t1

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

http://github.com/ssolo/ALE
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Szöllősi, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013) 
Efficient exploration of the space of reconciled gene trees 

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

Sequence likelihood: Joint likelihood:

∑

Given the species tree, which gene tree  produced my sequences? .. 
and in what evolutionary context?

Amalgamated Likelihood Estimation



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).
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Efficiently exploring 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, 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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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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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
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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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.. but gene trees are generated along the species tree

If we model the process generating gene trees along the species tree we can hope to infer 
better gene trees and species trees. To calculate the likelihood of a gene tree we sum over all 
possible gene birth and death events along a given species tree.  
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Transfers can root the archaeal tree of life
Using ALE on gene families from 60 genomes allowed us to root the Archaeal tree without an out-group 
while at the same time reconstructing ancestral gene contents using the history of 1% as a scaffold. 

62 genomes / 31,236  gene families 

Integrative modeling of gene and genome evolution
roots the archaeal tree of life
Tom A. Williamsa,b,1, Gergely J. Szöll}osic,2, Anja Spangd,2, Peter G. Fostere, Sarah E. Heapsb,f, Bastien Boussaug,
Thijs J. G. Ettemad, and T. Martin Embleyb
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A root for the archaeal tree is essential for reconstructing the
metabolism and ecology of early cells and for testing hypotheses
that propose that the eukaryotic nuclear lineage originated from
within the Archaea; however, published studies based on outgroup
rooting disagree regarding the position of the archaeal root. Here
we constructed a consensus unrooted archaeal topology using
protein concatenation and a multigene supertree method based on
3,242 single gene trees, and then rooted this tree using a recently
developed model of genome evolution. This model uses evidence
from gene duplications, horizontal transfers, and gene losses con-
tained in 31,236 archaeal gene families to identify the most likely
root for the tree. Our analyses support the monophyly of DPANN
(Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota,
Nanohaloarchaea), a recently discovered cosmopolitan and geneti-
cally diverse lineage, and, in contrast to previous work, place the tree
root between DPANN and all other Archaea. The sister group to
DPANN comprises the Euryarchaeota and the TACK Archaea, in-
cluding Lokiarchaeum, which our analyses suggest are monophyletic
sister lineages. Metabolic reconstructions on the rooted tree suggest
that early Archaea were anaerobes that may have had the ability to
reduce CO2 to acetate via the Wood–Ljungdahl pathway. In contrast
to proposals suggesting that genome reduction has been the pre-
dominant mode of archaeal evolution, our analyses infer a relatively
small-genomed archaeal ancestor that subsequently increased in
complexity via gene duplication and horizontal gene transfer.

evolution | phylogenetics | Archaea

The Archaea are one of the primary domains of cellular life
(1). In addition to the classically defined Euryarchaeota and

Crenarchaeota (1), the scope of archaeal diversity has been dra-
matically expanded in recent years by the discovery of major new
lineages using traditional and molecular methods. These lineages
are of major ecological and evolutionary significance and include
the Thaumarchaeota (2, 3), ammonia oxidizers found in soils and
the open ocean, where they play a critical role in the global ni-
trogen cycle (3); the DPANN (Diapherotrites, Parvarchaeota,
Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaea) Archaea, a
diverse group with small cells and genomes, whose reduced met-
abolic repertoires suggest that they may be symbionts or parasites
of other prokaryotes (4, 5); and the “Asgard” Archaea, the closest
archaeal relatives of eukaryotes described to date (6, 7), whose
phylogenetic position and gene content are key to ongoing de-
bates about eukaryote origins. In recent years, phylogenetic
analyses have supported a clade uniting the Thaumarchaeota,
Crenarchaeota, Aigarchaeota, and Korarchaeota that has been
informally named the “TACK” Archaea (8) or “Proteoarchaeota”
(9). The deeper relationships between the major archaeal line-
ages, and the root of the archaeal tree, remain matters of debate,
however. Resolving these questions is important for under-
standing the origins and evolution of the Archaea, and also for
testing hypotheses about the prokaryote-to-eukaryote transition,
one of the major unsolved problems in biology.

Recently published analyses (9, 10) used a bacterial outgroup to
root the archaeal tree, based on the assumption that the root of
the universal tree lies between the two prokaryotic domains or
within the Bacteria (11–15). Although outgroup rooting is a widely
used approach, it has at least two major difficulties in this context.
First, the analysis is restricted to a set of ∼30–70 genes conserved
between Bacteria and Archaea that comprises only a small frac-
tion (2–3%) of a typical archaeal genome. Second, tree-based
analyses at this depth are plagued by a phylogenetic artifact
known as long branch attraction (16, 17); the evolutionary process
along the long branch joining the two domains is difficult to model
and can induce errors in the resolution of the deepest branches
within the in-group. Despite their broadly similar datasets and
analytical approaches, previous analyses have reached different
conclusions regarding the position of the archaeal root (9, 10, 18).
Petitjean et al. (9) rooted the tree between the Euryarchaeota and
the TACK Archaea, whereas Raymann et al. (10) placed the root
between most of the Euryarchaeota and a clade comprising
the TACK Archaea, the Thermococcales, and the cluster I
methanogens (a euryarchaeotal clade comprising Methanococcus,
Methanothermobacter, and their relatives). A similar result—
euryarchaeote and methanogen paraphyly—was reported by Foster
et al. (18). These results provide contrasting predictions about the
nature of the ancestral archaeon, given that a root bipartition with
methanogens on both sides suggests that the earliest Archaea were

Significance

The Archaea represent a primary domain of cellular life, play
major roles in modern-day biogeochemical cycles, and are cen-
tral to debates about the origin of eukaryotic cells. However,
understanding their origins and evolutionary history is chal-
lenging because of the immense time spans involved. Here we
apply a new approach that harnesses the information in pat-
terns of gene family evolution to find the root of the archaeal
tree and to resolve the metabolism of the earliest archaeal cells.
Our approach robustly distinguishes between published rooting
hypotheses, suggests that the first Archaea were anaerobes that
may have fixed carbon via the Wood–Ljungdahl pathway, and
quantifies the cumulative impact of horizontal transfer on ar-
chaeal genome evolution.
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A root for the archaeal tree is essential for reconstructing the
metabolism and ecology of early cells and for testing hypotheses
that propose that the eukaryotic nuclear lineage originated from
within the Archaea; however, published studies based on outgroup
rooting disagree regarding the position of the archaeal root. Here
we constructed a consensus unrooted archaeal topology using
protein concatenation and a multigene supertree method based on
3,242 single gene trees, and then rooted this tree using a recently
developed model of genome evolution. This model uses evidence
from gene duplications, horizontal transfers, and gene losses con-
tained in 31,236 archaeal gene families to identify the most likely
root for the tree. Our analyses support the monophyly of DPANN
(Diapherotrites, Parvarchaeota, Aenigmarchaeota, Nanoarchaeota,
Nanohaloarchaea), a recently discovered cosmopolitan and geneti-
cally diverse lineage, and, in contrast to previous work, place the tree
root between DPANN and all other Archaea. The sister group to
DPANN comprises the Euryarchaeota and the TACK Archaea, in-
cluding Lokiarchaeum, which our analyses suggest are monophyletic
sister lineages. Metabolic reconstructions on the rooted tree suggest
that early Archaea were anaerobes that may have had the ability to
reduce CO2 to acetate via the Wood–Ljungdahl pathway. In contrast
to proposals suggesting that genome reduction has been the pre-
dominant mode of archaeal evolution, our analyses infer a relatively
small-genomed archaeal ancestor that subsequently increased in
complexity via gene duplication and horizontal gene transfer.

evolution | phylogenetics | Archaea

The Archaea are one of the primary domains of cellular life
(1). In addition to the classically defined Euryarchaeota and

Crenarchaeota (1), the scope of archaeal diversity has been dra-
matically expanded in recent years by the discovery of major new
lineages using traditional and molecular methods. These lineages
are of major ecological and evolutionary significance and include
the Thaumarchaeota (2, 3), ammonia oxidizers found in soils and
the open ocean, where they play a critical role in the global ni-
trogen cycle (3); the DPANN (Diapherotrites, Parvarchaeota,
Aenigmarchaeota, Nanoarchaeota, Nanohaloarchaea) Archaea, a
diverse group with small cells and genomes, whose reduced met-
abolic repertoires suggest that they may be symbionts or parasites
of other prokaryotes (4, 5); and the “Asgard” Archaea, the closest
archaeal relatives of eukaryotes described to date (6, 7), whose
phylogenetic position and gene content are key to ongoing de-
bates about eukaryote origins. In recent years, phylogenetic
analyses have supported a clade uniting the Thaumarchaeota,
Crenarchaeota, Aigarchaeota, and Korarchaeota that has been
informally named the “TACK” Archaea (8) or “Proteoarchaeota”
(9). The deeper relationships between the major archaeal line-
ages, and the root of the archaeal tree, remain matters of debate,
however. Resolving these questions is important for under-
standing the origins and evolution of the Archaea, and also for
testing hypotheses about the prokaryote-to-eukaryote transition,
one of the major unsolved problems in biology.

Recently published analyses (9, 10) used a bacterial outgroup to
root the archaeal tree, based on the assumption that the root of
the universal tree lies between the two prokaryotic domains or
within the Bacteria (11–15). Although outgroup rooting is a widely
used approach, it has at least two major difficulties in this context.
First, the analysis is restricted to a set of ∼30–70 genes conserved
between Bacteria and Archaea that comprises only a small frac-
tion (2–3%) of a typical archaeal genome. Second, tree-based
analyses at this depth are plagued by a phylogenetic artifact
known as long branch attraction (16, 17); the evolutionary process
along the long branch joining the two domains is difficult to model
and can induce errors in the resolution of the deepest branches
within the in-group. Despite their broadly similar datasets and
analytical approaches, previous analyses have reached different
conclusions regarding the position of the archaeal root (9, 10, 18).
Petitjean et al. (9) rooted the tree between the Euryarchaeota and
the TACK Archaea, whereas Raymann et al. (10) placed the root
between most of the Euryarchaeota and a clade comprising
the TACK Archaea, the Thermococcales, and the cluster I
methanogens (a euryarchaeotal clade comprising Methanococcus,
Methanothermobacter, and their relatives). A similar result—
euryarchaeote and methanogen paraphyly—was reported by Foster
et al. (18). These results provide contrasting predictions about the
nature of the ancestral archaeon, given that a root bipartition with
methanogens on both sides suggests that the earliest Archaea were
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Resolving LACA



● Among the most genetically and 
metabolically diverse group of cellular 
lifeforms


● Shaped evolution of the planet

● Enormous “new” diversity

● Interesting open questions about their 

early evolution

1. Is there a tree? Where’s the root? 

2. What was the last bacterial common 

ancestor like?

3. How did the rise of oxygen (re)shape 

bacterial evolution?

Hug et al. (2016); Doolittle (1999) 
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Figure 1 | A current view of the tree of life, encompassing the total diversity represented by sequenced genomes. The tree includes 92 named bacterial
phyla, 26 archaeal phyla and all five of the Eukaryotic supergroups. Major lineages are assigned arbitrary colours and named, with well-characterized lineage
names, in italics. Lineages lacking an isolated representative are highlighted with non-italicized names and red dots. For details on taxon sampling and tree
inference, see Methods. The names Tenericutes and Thermodesulfobacteria are bracketed to indicate that these lineages branch within the Firmicutes and
the Deltaproteobacteria, respectively. Eukaryotic supergroups are noted, but not otherwise delineated due to the low resolution of these lineages. The CPR
phyla are assigned a single colour as they are composed entirely of organisms without isolated representatives, and are still in the process of definition at
lower taxonomic levels. The complete ribosomal protein tree is available in rectangular format with full bootstrap values as Supplementary Fig. 1 and in
Newick format in Supplementary Dataset 2.
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>1000 new genomes from  
environmental sequences

Distant out-groups can distort the  
root of the in group

State of the art and objectives

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

lack of other ctenophore and sponge genomes; Supplementary Methods
7.2) also rejected Coelenterata but not Eumetazoa. Notably, relation-
ships within Ctenophora were strongly supported (Fig. 2). Both cydip-
pid and lobate ctenophores, previously viewed as monophyletic clades,
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Fig 1. New genomes old questions. The first wave of phylogenetic studies attempting to use complete genomes have in 
practice relied on a small minority (1%-10%) of genes selected to minimise phylogenetic discord. Nonetheless, these 
studies produced important results, they (A) brought back traditional views on deep animal relationships (Philippe 
2009), and (B) found support for (only) two primary domains of life (Williams 2012, 2013). In the last two years, how-
ever, inclusion of new Ctenophore genomes (Ryan 2013, Moroz 2014) has produced support for alternative branching 
orders implying multiple origins of the animal nervous system and muscles (A vs C), which later proved to be condi-
tional on model details such as the choice of out-group and gene set (Noshenko 2013, Pisani 2015). Similarly, new se-
quences from uncultivated archaeal “dark matter” (B vs. D) recovered a traditional three domain phylogeny (Rinke 
2013) and opened a debate about the branching order of major groups of Archaea (Raymann 2015). (E) GENECLOCKS 
proposes to resolve both questions by modelling phylogenetic discord, in order to  i) use of the remaining (90-99%) of 
genes and more importantly ii) to extract novel information by modelling phylogenetic discord in biological terms. 
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Figure 1 | A current view of the tree of life, encompassing the total diversity represented by sequenced genomes. The tree includes 92 named bacterial
phyla, 26 archaeal phyla and all five of the Eukaryotic supergroups. Major lineages are assigned arbitrary colours and named, with well-characterized lineage
names, in italics. Lineages lacking an isolated representative are highlighted with non-italicized names and red dots. For details on taxon sampling and tree
inference, see Methods. The names Tenericutes and Thermodesulfobacteria are bracketed to indicate that these lineages branch within the Firmicutes and
the Deltaproteobacteria, respectively. Eukaryotic supergroups are noted, but not otherwise delineated due to the low resolution of these lineages. The CPR
phyla are assigned a single colour as they are composed entirely of organisms without isolated representatives, and are still in the process of definition at
lower taxonomic levels. The complete ribosomal protein tree is available in rectangular format with full bootstrap values as Supplementary Fig. 1 and in
Newick format in Supplementary Dataset 2.
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Figure 1 | A current view of the tree of life, encompassing the total diversity represented by sequenced genomes. The tree includes 92 named bacterial
phyla, 26 archaeal phyla and all five of the Eukaryotic supergroups. Major lineages are assigned arbitrary colours and named, with well-characterized lineage
names, in italics. Lineages lacking an isolated representative are highlighted with non-italicized names and red dots. For details on taxon sampling and tree
inference, see Methods. The names Tenericutes and Thermodesulfobacteria are bracketed to indicate that these lineages branch within the Firmicutes and
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..to access alternative rooting signal. 

265 genomes / 11,272 gene families 
62  marker genes 

Tom
Williams

mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the

Coleman et al., Science 372, eabe0511 (2021) 7 May 2021 4 of 9
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Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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265 genomes / 11,272 gene families 
62  marker genes 
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Tom
Williams

mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the
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Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the

Coleman et al., Science 372, eabe0511 (2021) 7 May 2021 4 of 9

older
A B

Order of diversi!cation (oldest to youngest)

Terrabacteria

Gracilicutes

CPR

Chloroflexota

Actinobacteriota

Firmicutes

Spirochaeotota

Elusimicrobiota

Proteobacteria

Acidobacteriota

Verrucomicrobiota

Bacteroidota

Cyanobacteria

Cya
nobac

ter
ia

Chloro
fle

xo
ta

CPR

Firm
icu

tes

Acti
nobac

ter
iota

Spiro
ch

ae
to

ta

Elusim
icr

obiota

Pro
teo

bac
ter

ia

Acid
obac

ter
iota

Ver
ru

co
micr

obiota

Bac
ter

oidota

Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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Transfers can root the bacterial tree of life
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The root falls between two major clades of Bacteria, the Gracilicutes and the Terrabacteria,  
on one of three statistically equivalent adjacent branches  

mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the
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Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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Resolving LBCA

mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the
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Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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SS
mean verticality estimated to be 64% in the
focal and 68% in the secondary dataset.
Genome-wide reconciliation of gene trees

with the species tree demonstrates that the
optimal rooted species tree provides an apt
summary of much of bacterial evolutionary
history, even for the deepest branches of the
tree (50). From the gene’s eye view, gene fam-
ilies evolve neither entirely vertically nor hori-
zontally; core genes are occasionally transferred,
and even frequently exchanged genes contrib-
ute useful vertical signal; for example, the
median number of genes that evolve vertically
on a branch of the species tree is 998.92 in the
focal analysis (table S6), far greater than the
number of genes that have been concatenated

at the level of all Bacteria. From the perspec-
tive of the genome, constituent genes have
different ages (or residence times), correspond-
ing to the time atwhich they originated orwere
most recently acquired by gene transfer, with-
in the resolution of our taxonomic sampling.
This analysis indicates that, on average, 82%

of all genes from adequately represented
phyla (five or more genomes) were most re-
cently acquired after the diversification of that
phylum, although all genomes retain a smaller
proportion (10 to 27%) of genes that have de-
scended vertically from the stem lineage of
their phylum or even earlier (Fig. 3C). There
are two explanations for this distribution of
gene persistence times: (i) de novo gene orig-

ination within phyla (that is, lineage-specific
gene families) and (ii) the cumulative impact
of gene transfer, which curtails gene persist-
ence times when looking back from the pres-
ent day even though most transmissions are
vertical.

Ancestral proteome of the last bacterial
common ancestor

Reconciliation analyses not only allow us to
infer the acquisition of genes across the tree
but also to estimate the metabolic potential of
the last bacterial common ancestor (LBCA).We
built a second, smaller set of COG-based gene
families better suited for functional annota-
tion and reconciled their gene trees with the
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Fig. 2. Relative crown group ages of major bacterial phyla. Gene transfers
that occurred during the diversification of Bacteria provide a record of the
temporal sequence of events. We used the information provided by directional
(donor-to-recipient) patterns of gene transfer to infer the relative ages of
bacterial crown groups, focusing on phyla represented by at least five genomes in both
of our datasets. To summarize this time information, we sampled 1000 time orders
that were fully compatible with the constraints recovered from both datasets.

(A) Pairwise relative ages of phyla. The proportion of sampled time orders in which
each phylum on the x axis was recovered as younger than each phylum on the y axis.
(B) Relative age distributions of major phyla. For each sampled time order, we
ranked the phyla from oldest (1) to youngest (11) and plotted the distribution of the
ranks. The crown group radiations of Firmicutes, CPR, Proteobacteria, and
Acidobacteriota appear to be the oldest among sampled phyla, while those of
Elusimicrobiota and Spirochaetota are the youngest.

Fig. 1. A rooted phylogeny of Bacteria. (A) We used gene tree-species tree
reconciliation to infer the root of the bacterial tree. The unrooted maximum
likelihood phylogeny was inferred from a concatenation of 62 marker genes
under the best-fitting model, LG+C60+R8+F, which accounts for site heteroge-
neity in the substitution process and uses a mixture of eight substitution rates
estimated from the data to model across-site evolutionary rate variation.
Branches are colored according to bootstrap support value. The root falls
between two major clades of Bacteria, the Gracilicutes and the Terrabacteria, on
one of three statistically equivalent adjacent branches indicated by arrows,

shown as rooted trees in (B). All alternative roots tested were rejected (tables S3
and S4), with likelihoods decreasing as a function of distance from the root
region, as shown in (C). Previously proposed root positions, including the CPR
root, are highlighted in red. FCB are the Fibrobacterota, Chlorobia, Bacteroidota,
and related lineages; PVC are the Planctomycetota, Verrucomicrobiota, Chlamydiota,
and related lineages; DST are the Deinococcota, Synergistota, and Thermotogota;
ACD are Aquificota, Campylobacterota, and Deferribacterota; F/A are Firmicutes and
Actinobacteriota; MBDD are Myxococcota, Bdellovibrionota, Desulfomonadota, and
Desulfobacterota. Scale bar, 0.3 amino acid substitutions per site.
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BACTERIAL PHYLOGENY

A rooted phylogeny resolves early bacterial evolution
Gareth A. Coleman†, Adrián A. Davín†, Tara A. Mahendrarajah, Lénárd L. Szánthó, Anja Spang,
Philip Hugenholtz‡*, Gergely J. Szöllősi‡*, Tom A. Williams‡*

INTRODUCTION: Bacteria are the most diverse
and abundant cellular organisms on Earth, and
in recent years environmental genomics has
revealed the existence of an enormous diver-
sity of previously unknown lineages. Despite
the abundance of genomic sequence data, the
root of the bacterial tree and the nature of the
most recent common ancestor of Bacteria have
remained elusive. The problem is that even
with the help of new data, tracing billions of
years of bacterial evolution back to the root
has remained challenging because standard
phylogenetic models do not account for the
full range of evolutionary processes that shape
bacterial genomes. In particular, standardmod-
els treat horizontal gene transfer as an imped-
iment to the reconstruction of the tree of life
thatmust be removed from analyses. But if hori-
zontal gene transfer is modeled appropriately, it
can provide information about the deep past
that is unavailable to standard methods.

RATIONALE: We reconstructed and rooted the
bacterial tree by applying a hierarchical phylo-
genomic approach that explicitly uses informa-
tion from gene duplications and losses within
a genome as well as gene transfers between
genomes. This approach allowed us to root the
tree without including an archaeal outgroup.
Outgroup-free rooting is a promising approach
for Bacteria, both because the position of the
universal root is uncertain and because the
long branch separating Bacteria from Archaea
has the potential to distort the reconstruction
of within-Bacteria relationships. Outgroup-free
gene tree-species tree reconciliation allowed us
to quantitatively model both the vertical and
horizontal components of bacterial evolution
and integrate information from 11,272 gene
families to resolve the root of the bacterial
tree. Notably, these analyses also provided
estimates of the gene content of the last bac-
terial common ancestor.

RESULTS:Our analyses place the root between
two major bacterial clades, the Gracilicutes
and Terrabacteria. We found no support for
a root between the Candidate Phyla Radiation
(CPR), a lineage comprising putative sym-
bionts and parasites with small genomes,
and all other Bacteria. Instead, the CPR was
inferred to be a member of the Terrabacteria
and formed a sister lineage to the Chloro-
flexota and Dormibacterota. This suggests
that the CPR evolved by reductive genome
evolution from free-living ancestors. Gene
families inferred to have been present at the
root indicate that the last bacterial common
ancestor was already a complex double-
membraned cell capable ofmotility and chem-
otaxis that possessed a CRISPR-Cas system.
Although ~92% of gene families have ex-
perienced horizontal transfers during their
history, tracing their evolution along the most
likely rooted tree revealed that about two-thirds
of gene transmissions have been vertical. Thus,
bacterial evolution has a major vertical com-
ponent, despite a profound impact of hori-
zontal gene transfer through time. Horizontal
gene flows can also provide insight into the
temporal sequence of events during bacterial
diversification, because donor lineages must
be at least as old as recipients. Analysis of
gene transfers in our dataset suggests that the
diversification of the Firmicutes, CPR, Acid-
obacteriota, and Proteobacteria is the oldest
among extant bacterial phyla.

CONCLUSION: The vertical and horizontal com-
ponents of genome evolution provide com-
plementary sources of information about
bacterial phylogeny. The vertical component
provides a robust framework for interpreting
species diversity and allows us to reconstruct
ancestral states, while the horizontal compo-
nent helps to root the vertical tree and orient it
in time. The inferred Gracilicutes-Terrabacteria
root will be useful for investigating the tem-
po and mode of bacterial diversification,
metabolic innovation, and changes in cell ar-
chitecture such as the evolutionary transitions
between double (diderm) and single (mono-
derm) membranes. Future development of
methods that harness the complementarity of
vertical and horizontal gene transmission will
continue to further our understanding of life
on Earth.▪
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A rooted phylogeny of Bacteria. The reconciliation of bacterial gene phylogenies places the root between
the major clades of Gracilicutes (including Proteobacteria and Bacteroidota) and Terrabacteria (including
Firmicutes and Cyanobacteria). On the basis of this hypothesis, ancestral genome reconstruction predicts
that the last bacterial common ancestor (LBCA) was a complex, double-membraned cell and that, on
average, two-thirds of gene transmissions have been vertically inherited along this rooted tree.
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species tree (36). In the following reconstruc-
tion, we indicate when gene content inferences
differ between roots (36). Posterior probabil-
ities (PPs) for genes directly relevant to our
reconstruction are provided in table S7, and
all of the pathways we discuss below were con-
firmed in our analysis of the secondary dataset
(36). From the root placement and estimated
rates of gene family extinction in the focal
analysis (1), we predict that LBCA encoded 1293

to 2143 COG family members, the majority of
which (median estimates: 65 to 69.5%; 95%
confidence interval: 57 to 82%) survived to be
sampled in at least one present-day genome.
On the basis of the relationship between COG
family members and genome size for extant
Bacteria (Pearson’s correlation coefficient =
0.96, P = 8 × 10−153), we estimate the genome
size of LBCA to be 2.7 ± 0.4 Mb (SE) for root
1 of the focal analysis (Fusobacteriota with

Terrabacteria) (Fig. 1B), 2.6 ± 0.4Mb for root 2
(Fusobacteriota with Gracilicutes), and 1.6 ±
0.5 Mb for root 3 (Fusobacteriota root). Under
all three roots, the trend in genome size evo-
lution fromLBCA tomodern taxa is an ongoing
moderate increase through time in estimated
COG family complements and genome sizes.
The most notable departure from this trend
is a reduction in genome size of between 0.47
and 0.56 Mb on the CPR stem lineage after
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Fig. 3. The verticality of bacterial genome evolution. (A) The rooted bacterial
species tree (Fig. 1), with branches colored according to verticality: the fraction
of genes at the bottom of a branch that descend vertically from the top of that
branch (see inset; V, vertical; O, origination; T, transfer into a branch) (36). Node
heights reflect relative time order consistent with highly supported gene
transfers (Fig. 2). (B) Transfer propensity by COG functional category; that is,
the proportion of gene tree branches that are horizontal T/(V+T) for COG gene
families. Genes involved in information processing, particularly translation (J),
show the lowest transfer propensity (median: 0.31), while genes involved in cell

defense mechanisms (V, such as genes involved in antibiotic defense and
biosynthesis) are most frequently transferred (median transfer propensity: 0.47).
(C) From the genome’s eye view, this combination of vertical and horizontal
processes gives rise to a distribution of gene persistences (residence times),
reflecting the point in evolutionary history [within the Crown group, on the Stem,
or earlier (Before)] at which the gene was most recently acquired. Across all
phyla examined, 82% of genes on sampled genomes were most recently
acquired since the crown group radiation of that phylum. Lineage acronyms are
as in Fig. 1.
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all of the pathways we discuss below were con-
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(36). From the root placement and estimated
rates of gene family extinction in the focal
analysis (1), we predict that LBCA encoded 1293
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which (median estimates: 65 to 69.5%; 95%
confidence interval: 57 to 82%) survived to be
sampled in at least one present-day genome.
On the basis of the relationship between COG
family members and genome size for extant
Bacteria (Pearson’s correlation coefficient =
0.96, P = 8 × 10−153), we estimate the genome
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all three roots, the trend in genome size evo-
lution fromLBCA tomodern taxa is an ongoing
moderate increase through time in estimated
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and 0.56 Mb on the CPR stem lineage after
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Fig. 3. The verticality of bacterial genome evolution. (A) The rooted bacterial
species tree (Fig. 1), with branches colored according to verticality: the fraction
of genes at the bottom of a branch that descend vertically from the top of that
branch (see inset; V, vertical; O, origination; T, transfer into a branch) (36). Node
heights reflect relative time order consistent with highly supported gene
transfers (Fig. 2). (B) Transfer propensity by COG functional category; that is,
the proportion of gene tree branches that are horizontal T/(V+T) for COG gene
families. Genes involved in information processing, particularly translation (J),
show the lowest transfer propensity (median: 0.31), while genes involved in cell

defense mechanisms (V, such as genes involved in antibiotic defense and
biosynthesis) are most frequently transferred (median transfer propensity: 0.47).
(C) From the genome’s eye view, this combination of vertical and horizontal
processes gives rise to a distribution of gene persistences (residence times),
reflecting the point in evolutionary history [within the Crown group, on the Stem,
or earlier (Before)] at which the gene was most recently acquired. Across all
phyla examined, 82% of genes on sampled genomes were most recently
acquired since the crown group radiation of that phylum. Lineage acronyms are
as in Fig. 1.
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species tree (36). In the following reconstruc-
tion, we indicate when gene content inferences
differ between roots (36). Posterior probabil-
ities (PPs) for genes directly relevant to our
reconstruction are provided in table S7, and
all of the pathways we discuss below were con-
firmed in our analysis of the secondary dataset
(36). From the root placement and estimated
rates of gene family extinction in the focal
analysis (1), we predict that LBCA encoded 1293

to 2143 COG family members, the majority of
which (median estimates: 65 to 69.5%; 95%
confidence interval: 57 to 82%) survived to be
sampled in at least one present-day genome.
On the basis of the relationship between COG
family members and genome size for extant
Bacteria (Pearson’s correlation coefficient =
0.96, P = 8 × 10−153), we estimate the genome
size of LBCA to be 2.7 ± 0.4 Mb (SE) for root
1 of the focal analysis (Fusobacteriota with

Terrabacteria) (Fig. 1B), 2.6 ± 0.4Mb for root 2
(Fusobacteriota with Gracilicutes), and 1.6 ±
0.5 Mb for root 3 (Fusobacteriota root). Under
all three roots, the trend in genome size evo-
lution fromLBCA tomodern taxa is an ongoing
moderate increase through time in estimated
COG family complements and genome sizes.
The most notable departure from this trend
is a reduction in genome size of between 0.47
and 0.56 Mb on the CPR stem lineage after
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Fig. 3. The verticality of bacterial genome evolution. (A) The rooted bacterial
species tree (Fig. 1), with branches colored according to verticality: the fraction
of genes at the bottom of a branch that descend vertically from the top of that
branch (see inset; V, vertical; O, origination; T, transfer into a branch) (36). Node
heights reflect relative time order consistent with highly supported gene
transfers (Fig. 2). (B) Transfer propensity by COG functional category; that is,
the proportion of gene tree branches that are horizontal T/(V+T) for COG gene
families. Genes involved in information processing, particularly translation (J),
show the lowest transfer propensity (median: 0.31), while genes involved in cell

defense mechanisms (V, such as genes involved in antibiotic defense and
biosynthesis) are most frequently transferred (median transfer propensity: 0.47).
(C) From the genome’s eye view, this combination of vertical and horizontal
processes gives rise to a distribution of gene persistences (residence times),
reflecting the point in evolutionary history [within the Crown group, on the Stem,
or earlier (Before)] at which the gene was most recently acquired. Across all
phyla examined, 82% of genes on sampled genomes were most recently
acquired since the crown group radiation of that phylum. Lineage acronyms are
as in Fig. 1.
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just how much HGT is there?



Applying species tree-aware inference

RECONSTRUCTING A DATED TREE OF LIFE USING PHYLOGENETIC INCONGRUENCE
GENECLOCKS

WHERE IS THE DATED TREE?
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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. 
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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. 

Wysocki et al. 2014 & Wikipedia

evolutionary rates vary 
molecular clocks are local
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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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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.

ssolo@elte.huHGT as information



~ 1-1.5 Gya

Bangiomorpha

Rocks & Clocks

Hug et al. 2016

HGT as information



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.)

5444 " www.pnas.org!cgi!doi!10.1073!pnas.0600999103 Tomitani et al.

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
does today. Silica commonly left the oceans as an early stage
evaporitic precipitate, redistributing locally within coastal
carbonate sediments to form chert concretions that preserve
micrometre-scale textures, including microbiological features
(figure 2b,c; [6]). Thus, early diagenetic chert nodules preserve
a microbiological record of environments in which cyanobac-
teria were the principal primary producers. Relative to other
bacteria, cyanobacteria are commonly large, have distinctive
morphologies that reflect phylogenetically distinct patterns
of development and life history, and produce extracellular
polysaccharide sheaths and envelopes that are resistant to
decay and so preserve detailed patterns of cell shape and div-
ision [7]. Not all Proterozoic microfossils are phylogenetically
tractable, but a number of populations closely resemble
morphologically distinct cyanobacteria found today in com-
parable environments—for example, multicellular Hyella
species that live as endoliths within ooids [8].

Thus, while chemoautotrophic and heterotrophic bacteria
may occur among preserved populations (for example,

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
(figure 2a; [14,15]). Based on modern examples, where process
can be linked to preservable sedimentary pattern, Proterozoic
stromatolites are convincingly interpreted in terms of accretion
by densely interwoven cyanobacterial mat populations whose
copious extracellular polymeric exudates trapped fine-grained
sediments and provided a framework for penecontem-
poraneous carbonate precipitation [16]. As most Proterozoic
stromatolites accreted in oxic environments, this interpretation
is reasonable, but in older rocks, where alternate electron
donors would have been available, interpretation grows
more tenuous (see below).

Stromatolites show that benthic photosynthetic popu-
lations thrived throughout the photic zone in Proterozoic
oceans, inconsistent with speculation that dense bacterial
populations made contemporaneous surface waters turbid
[17]. While it is tempting to interpret the observed variability
of stromatolite macrostructure and microstructure in terms of
community heterogeneity, this is complicated by the obser-
vation that stromatolite form also reflects both physical and
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cent of PAL. (Online version in colour.)
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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.

ACKNOWLEDGMENTS

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

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

REFERENCES

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

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

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

Species tree

Gene tree

Gene tree/species tree reconciliation

T

?

L

D

t2

t2

t1

t1

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



… and genes from other species!

ssolo@elte.hu

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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HGT as information



implemented in ALE: 

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

Eric  
Tannier
LBBE

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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Rocks, clocks and genes from other species
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3322 HGT events
12 calibrations 

with maximum age

40 cyanobacteria36 mammals

95%

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. 

faster local clock 
in rodents faster local clock in 

prochlorococcus DTL
undated
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faster local clock
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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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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

sites  

gene trees 

HGT as information
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Transfer based relative dates correlate with molecular clocks
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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time order. Nodes left without node age estimates were assigned an indirect age 
corresponding to a random date distributed uniformly between the nearest existing 
dates such that the time order was obeyed. For each sampled time order, conflicting 
age estimates were removed in a fixed order corresponding to decreasing conflict 
calculated over all 5,000 sampled time orders, so that the ages that conflicted with 
the largest number of time orders were removed first.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. All data used in the study are available in the Supplementary 
Information or can be downloaded from the following website: ftp://pbil.univ-
lyon1.fr/pub/datasets/davin2017/.
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Fig. 4 | The order of speciations according to LGTs calibrated to geological time. Five thousand chronograms with a 
.

m
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 
calibrated time orders with the exception of nodes, indicated with an asterisk, that had unambiguous calibrated time orders for which the 95% HPD of the 
corresponding node from Supplementary Figs. 25–27 is given. Supplementary Figs. 1–3 provide the same consensus chronograms with species names at 
the tips.
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Combing RMCs with relative constraints and fossil calibrations we can infer dated trees in RevBayes 

https://github.com/dschrempf/mcmc-date

implemented in MCMCdate
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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

HGT as information
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Condition log-likelihood  
 

improvement over MFI AU test p-value 

Moon-forming impact (MFI) -4736205 0 1 x 10-14 

MFI + Fossils -4735968 237 8 x 10-17 

MFI + Fossils + GOE (Concatenate) -4735871 334 2 x 10-8 

MFI + Fossils + GOE (ExtraTrees) -4735539 666 9 x 10-6 

MFI + Fossils + GOE (XGBoost) -4735472 733 1 

 197 
A revised chronology of bacterial evolution 198 
Our analyses support the view that the deepest divergences within the bacterial domain occurred 199 
early in Earth history (Figure 2). We estimate that the last bacterial common ancestor (LBCA) lived 200 
4.4-3.9 Ga, after the moon-forming impact but likely before the period associated with the Late Heavy 201 
Bombardment 4.0-3.8 Ga (Bottke and Norman 2017). A frequent difficulty in deep time molecular 202 
clock analyses is that age estimates are sensitive to the root maximum age calibration, with the 203 
inferred root ages clashing against the maximum age due to a lack of informative maxima  elsewhere 204 
in the tree (Mahendrarajah et al. 2023; Moody et al. 2022; Mateos et al. 2023; Parsons et al. 2021). 205 
Our analyses incorporating different dataset  and alternative calibrations show that the GOE 206 
constraint provides new timing information that makes inferences robust to the model choice and root 207 
maximum age (Extended Data Figure 2 and 3 and Supplementary Note 6). 208 
  209 
We infer that the major bacterial descendant clades Gracilicutes and Terrabacteria, radiated 4.2-3.6 210 
Ga and 4.2-3.8 Ga, respectively, substantially earlier than previous estimates (Battistuzzi and Hedges 211 
2009). The extant phyla with the oldest crown groups are Bacillota (formerly Firmicutes; 3.6-3.0 Ga), 212 
Patescibacteria (3.4-2.9 Ga), Actinomycetota (3.4-2.8 Ga) and Cyanobacteriota (3.5-3.3 Ga, 213 
including the three classes Cyanobacteriia, Vampirovibrionia and Sericytochromatia (Oren, Mareš, 214 
and Rippka 2022), as defined by GTDB (Parks et al. 2022)). However, the crown of the photosynthetic 215 
lineage (Class Cyanobacteriia) is estimated to be substantially younger (2.5-2.0 Ga, Figure 3), in 216 
agreement with other studies that have estimated that the three classes diverged between 2.8-2.0 217 
Ga (P. M. Shih et al. 2017; Magnabosco et al. 2018; Oliver et al. 2021; Boden et al. 2021); published 218 
age ranges are reviewed in (Sánchez-Baracaldo et al. 2022). Pseudomonadota (formerly 219 
Proteobacteria; crown age 2.9-2.6 Ga) are somewhat younger than Cyanobacteriota (3.5-3.3 Ga) 220 
and other major terrabacterial phyla despite their extant phylogenetic and metabolic diversity.  221 
 222 
We find that the relative evolutionary divergence (RED) metric, which measures genetic divergence  223 
between sequenced taxa and is used by GTDB to partition prokaryotic diversity into taxonomic groups 224 
of similar age, correlates well with absolute geological time, with a Spearman correlation coefficient 225 
(ρ) of 0.93 between RED values and the age of nodes (Supplementary Note 6). A previous study 226 
focusing on fungal taxonomy found a similar consistency between RED and relative divergence times 227 
(Li et al. 2021), suggesting that RED is generally a good proxy for divergence time, despite its relative 228 
simplicity.   229 
 230 

https://github.com/dschrempf/mcmc-date

Work in progress.. 
A geological timescale for bacterial evolution and oxygen adaptation 

http://github.com/ssolo/ALE

new “reldate” model

HGT as information



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

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
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� speciation/extinction rate
� gene duplication rate
⌧ gene transfer rate
� gene loss rate

The combination of speciation dynamics and  
gene birth and death generates gene trees
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Lateral Gene Transfer from the Dead

is possible if n ⌧ N

.. but gene trees are generated along the species tree

implemented in ALE: 

http://github.com/ssolo/ALE

gene trees

HGT as information

summing over all possible gene birth and death events along a given species tree.  

gene tree species tree 

Calculating the likelihood requires  
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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
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

sites  

gene trees 
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Species  tree-awareness

[14:13 8/12/2014 Sysbio-syu048.tex] Page: e50 e42–e62

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 k lineages at
time tbegin (which at first is the beginning of a branch)
on a branch i which ends at tend, with birth rate !i
and death rate "i. Two waiting times tbirth and tdeath
are randomly drawn from exponential distributions, one
with parameter k∗!i, and the other with parameter
k∗"i. If both are longer than tend−tbegin, no event
occurs along this branch. If tbirth is the shortest, then
a birth event occurs, and tbegin← tbirth and k←k+1.
If tdeath is the shortest, then a death event occurs, and
tbegin← tdeath and k←k−1. In both cases, the lineage
that has undergone the event is chosen uniformly. Then
the process starts again. Lineages found at the end of
a branch of the species tree are then given as input
to the next birth–death processes, running along the
descendant branches.

Lateral gene transfer can be regarded as simply
a peculiar birth event, one which results in the
birth of a gene copy in a branch of a species tree
different from the species tree branch of the ancestral
copy. Computationally, this introduces a dependency
between species tree branches, requiring that all
contemporaneous branches are considered together. To
simulate gene trees, one can then consider different
rates for different birth events, that is for duplications
and transfers Szöllősi et al. (2012). 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 (Galtier 2007). More
problematically, however, no simulation method has
been constructed to take into consideration the fact
that, in the presence of transfer, gene trees record
evolutionary paths along the complete species tree,
including extinct and unsampled branches, and not
only along the phylogeny of the species in which their
descendants reside today. This is the case because, as
first noted by (Maddison 1997) and later elaborated
by Zhaxybayeva and Gogarten (2004); Fournier et al.
(2009), although transfer events imply that the donor
and receiver lineages existed at the same time, the
donor lineage might have subsequently become extinct,
or more generally, might not have been sampled.
Brute force simulation of transfers along a “complete
phylogeny” are expensive due to the large number of
species that must be considered. There are at least
two possible alternatives: (i) use instead parametric
bootstrap-like methods described below or (ii) use
approximations. One such approximation could be
based on the assumption that the number of species
represented in the species tree is much smaller that the
total number of species Szöllősi et al. (2013b), similar to
the assumptions of the coalescent.

A parametric bootstrap-like approach was used by
(Szöllősi et al. 2013b) in the context of the ALE+ex-ODT
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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 k lineages at
time tbegin (which at first is the beginning of a branch)
on a branch i which ends at tend, with birth rate !i
and death rate "i. Two waiting times tbirth and tdeath
are randomly drawn from exponential distributions, one
with parameter k∗!i, and the other with parameter
k∗"i. If both are longer than tend−tbegin, no event
occurs along this branch. If tbirth is the shortest, then
a birth event occurs, and tbegin← tbirth and k←k+1.
If tdeath is the shortest, then a death event occurs, and
tbegin← tdeath and k←k−1. In both cases, the lineage
that has undergone the event is chosen uniformly. Then
the process starts again. Lineages found at the end of
a branch of the species tree are then given as input
to the next birth–death processes, running along the
descendant branches.

Lateral gene transfer can be regarded as simply
a peculiar birth event, one which results in the
birth of a gene copy in a branch of a species tree
different from the species tree branch of the ancestral
copy. Computationally, this introduces a dependency
between species tree branches, requiring that all
contemporaneous branches are considered together. To
simulate gene trees, one can then consider different
rates for different birth events, that is for duplications
and transfers Szöllősi et al. (2012). 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 (Galtier 2007). More
problematically, however, no simulation method has
been constructed to take into consideration the fact
that, in the presence of transfer, gene trees record
evolutionary paths along the complete species tree,
including extinct and unsampled branches, and not
only along the phylogeny of the species in which their
descendants reside today. This is the case because, as
first noted by (Maddison 1997) and later elaborated
by Zhaxybayeva and Gogarten (2004); Fournier et al.
(2009), although transfer events imply that the donor
and receiver lineages existed at the same time, the
donor lineage might have subsequently become extinct,
or more generally, might not have been sampled.
Brute force simulation of transfers along a “complete
phylogeny” are expensive due to the large number of
species that must be considered. There are at least
two possible alternatives: (i) use instead parametric
bootstrap-like methods described below or (ii) use
approximations. One such approximation could be
based on the assumption that the number of species
represented in the species tree is much smaller that the
total number of species Szöllősi et al. (2013b), similar to
the assumptions of the coalescent.

A parametric bootstrap-like approach was used by
(Szöllősi et al. 2013b) in the context of the ALE+ex-ODT
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AleRax

HGT as information



Efficiently integrating over the space of reconciled gene 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:

Felsenstein 1988

DTL
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