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i.e., gene transfers can date the tree of life.
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time orders of speciation events inferred from transfers to dates 
obtained using molecular clocks in the absence of calibrations. As a 
control for the shape of the tree, we measured the random expecta-
tion by sampling chronograms from the prior on divergence times 
but keeping the species phylogeny fixed (without any sequence 
information). To compare the dating information from transfers 
to the information conveyed by fossils, we used the same uncali-
brated approach on the same mammalian dataset as above2,27 and 
derived relative node age constraints from fossil calibrations (see 
Supplementary Information). For the Bacteria, Archaea and Fungi 
datasets, we derived relative node age constraints from the maximal 
consistent subsets of transfers obtained using MaxTiC25. For both 
fossil-based and transfer-based constraints, we then measured the 
fraction of constraints that are in agreement with each chronogram. 
As shown in Fig. 2, both fossil-based and transfer-based constraints 
agree with uncalibrated molecular clocks significantly more than 
expected by chance. The observed agreement is robust against the 

choice of different clock models (Fig. 2), priors on divergence time 
and models of protein evolution (Supplementary Figs. 17–19). This 
result demonstrates the presence of a genuine and substantial dating 
signal in gene transfers.

Interestingly, the molecular clock models show differences in 
their agreement with relative time constraints. As expected, the 
strict molecular clock model generally explores a narrow range of 
dated trees compared with relaxed clocks. However, on average, 
chronograms based on the strict molecular clock agree less with 
relative time constraints than those based on relaxed clock models. 
This effect is particularly clear in mammals, for which the median 
fraction of satisfied constraints falls within the 95% confidence 
interval of the random control (Fig. 2a). This result is caused, in 
large part, by the accelerated evolutionary rate in rodents being 
interpreted (in the absence of fossil calibrations) as evidence for 
an age older than that implied by fossils (Supplementary Fig. 4).  
The lognormal model is best suited to recover such autocorre-
lated (for example, clade-specific) rate variations along the tree, 
and indeed exhibits a median of 100% agreement with fossil-based 
relative age constraints. The uncorrelated gamma model performs 
second best, perhaps because it is, in fact, autocorrelated along 
each branch27. Consistent with this idea, the completely uncorre-
lated white-noise model fares the worst (Fig. 2a–d). This result is in 
agreement with previous model comparisons in eukaryotes, verte-
brates and mammals27. A similar pattern is apparent when consider-
ing LGT-derived relative age constraints in Cyanobacteria, Archaea 
and Fungi, suggesting strong autocorrelated variation of evolution-
ary rates in these groups that are best recovered using the lognormal 
model (Fig. 2b–d).

The motivating principle of the MaxTiC algorithm is that transfers 
from the maximum consistent set carry a robust and genuine dating 
signal, while conflicting transfers are likely artefactual. Two lines of 
evidence suggest that this is indeed the case. First, the agreement of 
relative time constraints derived from transfers excluded by MaxTiC 
with the node ranking inferred by uncalibrated molecular clocks 
tends to be lower than random (Supplementary Fig. 12). Second, 
while the average sequence divergences for donor clades tend to be 
higher than for corresponding recipient clades in the set of self-con-
sistent transfers (P <  10−8, one sided t-test for difference greater than 
zero; Fig. 3), they are lower for those discarded by MaxTiC (P <  10−8, 
one sided t-test for difference lower than zero; Fig. 3).

One obvious difference between the fossil-based and transfer-
based relative ages presented in Fig. 2 is that the level of agreement 
is patently lower for transfer-based relative ages. While in mammals 
approximately half of the chronograms proposed by the lognormal 
model agree with 100% of the relative constraints, for other datasets 
no model reaches 80% agreement. This result indicates that some 
relative constraints derived from LGT consistently disagree with 
uncalibrated molecular clock estimates. These disagreements are 
difficult to interpret because both molecular clocks and our trans-
fer-based inferences may be subject to error; simulations suggest 
that spurious gene transfer inferences do occur with ALE, albeit at 
a low rate25 (Supplementary Fig. 23). Nonetheless, the low error rate 
obtained from simulations suggests that at least some transfers con-
tradicting the molecular clocks are genuine. This result yields the 
exciting idea of a new source of dating information, independent of 
and complementary to the molecular clock.

To gain further insight into the robustness of these transfer-
based estimates, we evaluated their statistical support from the 
data. Since MaxTiC yields a fully ordered species tree, the relative 
age constraints derived from its output are potentially overspecified 
and include constraints with relatively low statistical support. To 
ascertain the extent of overspecification, we evaluated the statistical 
support of relative constraints by taking random samples of 50% of 
gene families and reconstructing the corresponding MaxTiC 1,000 
times (Supplementary Figs. 20–22). We then counted the number 
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Fig. 1 | Gene transfers, like fossils, carry information on the timing of 
species divergence. a, The geological record provides the only source of 
information concerning absolute time. That is, the age of the oldest fossil 
representative of a clade provides direct evidence of its minimum age 
(for example, the broken line for the blue clade), but inferring maximum 
age constraints (for example, the broken line for the red clade), and by 
extension the relative age of speciation nodes, must rely on indirect 
evidence of the absence of fossils in the geological record5,31,42,43. b, Gene 
transfers, in contrast, do not carry information on absolute time,  
but they do define relative node age constraints by providing direct 
evidence of the relative age of speciation events. For example, the gene 
transfer depicted by the black arrow implies that the diversification of 
the blue donor clade predates the diversification of the red clade (that is, 
node D is necessarily older than node R). Note, however, that the depicted 
transfer is not informative about the relative age of nodes D′  and R.  
c, Sequence divergence (here measured in units of expected number 
of nucleotide substitutions along a strict molecular clock time tree, see 
Supplementary Information) for 36 mammals2 is correlated (Pearson’s 
R2!= !0.664, P!< !0.003) with age estimates based on the fossil record (ages 
corresponding to the time of divergence in million years (Myr)). d, A similar 
relationship can be seen for gene transfer-based relative ages by plotting 
the sequence divergence (measured similar to c) against the relative 
age of ancestral nodes for 40 cyanobacterial genomes (Spearman’s rank 
correlation ρ!= !0.741, P!< !10−6) inferred by the MaxTiC algorithm25.
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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 
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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 

Zukerkandl and Pauling found that the differences between homologous amino acid sequences 
from different mammals are roughly proportional to their time of divergence. 
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Zukerkandl and Pauling 1965 Wysocki et al. 2014 & Wikipedia

evolutionary rates vary, 
molecular clocks are local
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Reading the entrails of chickens:
molecular timescales of evolution and
the illusion of precision
Dan Graur1 and William Martin2

1Department of Biology and Biochemistry, University of Houston, Houston, TX 77204-5001, USA
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For almost a decade now, a team of molecular evolu-
tionists has produced a plethora of seemingly precise
molecular clock estimates for divergence events rang-
ing from the speciation of cats and dogs to lineage
separations that might have occurred ,4 billion years
ago. Because the appearance of accuracy has an irresis-
tible allure, non-specialists frequently treat these esti-
mates as factual. In this article, we show that all of
these divergence-time estimates were generated
through improper methodology on the basis of a single
calibration point that has been unjustly denuded of
error. The illusion of precision was achieved mainly
through the conversion of statistical estimates (which
by definition possess standard errors, ranges and confi-
dence intervals) into errorless numbers. By employing
such techniques successively, the time estimates of
even the most ancient divergence events were made to
look deceptively precise. For example, on the basis of
just 15 genes, the arthropod–nematode divergence
event was ‘calculated’ to have occurred 1167 6 83
million years ago (i.e. within a 95% confidence interval
of ,350 million years). Were calibration and derivation
uncertainties taken into proper consideration, the 95%
confidence interval would have turned out to be at least
40 times larger (,14.2 billion years).

‘We demand rigidly defined areas of doubt and
uncertainty.’ Douglas Adams

People have always been fascinated with dating the
past, particularly in the absence of historical records.
James Ussher (1581–1656), Archbishop of Armagh and
Primate of All Ireland, is considered the first scholar to
have employed internal (biblical) and external (astronom-
ical) evidence to date events that were considered undat-
able by his predecessors. In his Annales Veteris Testamenti
(Annals of the Old Testament) published in 1650, Ussher
established the first day of creation as Sunday ‘upon the 23
day of the Julian October’ 4004 BC.With similar precision,
he dated Adam and Eve’s expulsion from Paradise, the
destruction of Sodom and Gomorra and the landing of
Noah’s ark onMount Ararat. Generations of scholars were

so captivated by the appearance of precision of these dates,
that hardly anyone questioned their veracity.

In a modern rendition of Ussher’s feat, a team of
molecular evolutionists has inferred ostensibly precise
molecular-clock dates for speciation events ranging from
the divergence between cats and dogs to the early
diversification of prokaryotes [1–12]. The findings were
summarized in a Trends in Genetics review [13]. With few
exceptions [14–24], it has escaped the notice of most
readers that all these divergence-time estimates are based
on a single calibration point and tenuous methodology.
In this article, we document the manner in which a
calibration point that is both inaccurate and inexact – and
in many instances inapplicable and irrelevant – has been
used to produce an exhaustive evolutionary timeline that
is enticing but totally imaginary. We will relate a dating
saga of ballooning inapplicability and snowballing error
through which molecular equivalents of the 23rd October
4004 BC date have been mass-produced in the most
prestigious biology journals.

Chapter 1: the origin of the primary 310 6 0 million-year
calibration
The saga starts with ‘an accurate calibration point’ for
obtaining ‘reliable estimates of divergence times from
molecular data’ [1]. From among the many calibration
points available in the paleontological literature, ‘the
relatively well-constrained fossil divergence time between
the ancestor of birds (diapsid reptiles) and mammals
(synapsid reptiles)’ was selected [1]. This divergence time
was said to be 310 million years ago (MYA). As a cali-
brating measurement, the 310-MYA value is treated as
extremely accurate and extremely precise. That is, the
divergence time estimate between diapsids and synapsids
is used as if it had neither directional nor random errors
around the mean (i.e. 310 ^ 0 MYA). We note that this
number is extremely important because all subsequent
divergence-time estimates are based on it.

In an article by Hedges et al. [1], the 310 ^ 0 MYA date
was said to be derived from Volume 2 of The Fossil Record
edited byM. J. Benton. BecauseThe Fossil Record is a one-
volume publication, we assume that the authors intended
to cite the second edition from 1993 [25]. Because no
page numbers were given, we carefully read the relevant
portions of the 845-page tome and found no mention ofCorresponding author: William Martin (w.martin@uni-duesseldorf.de).
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Rocks & Clocks

Inadequate modelling of the global violation of the molecular clock historically lead to great controversies..   

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.hu

GENECLOCKS

@sllsi

mailto:ssolo@elte.hu
mailto:ssolo@elte.hu


Rocks & Clocks
ssolo@elte.hu

GENECLOCKS

@sllsi

~ 1-1.5 Gya
Bangiomorpha

.. sequence based local molecular clocks anchored by multiple fossil calibrations.

mailto:ssolo@elte.hu
mailto:ssolo@elte.hu


Rocks & Clocks
For the majority of life’s diversity and most its history we lack sufficient fossils to anchor local clocks.

Knoll et al. 2016

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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Figure 1. A time table for Earth’s early history, showing the major eons (Hadean, Archean, Proterozoic and Phanerozoic), an estimate of atmospheric oxygen history
constructed from geochemical proxy data [1 – 3] and key environmental (above) and biological (below) events discussed in the text. Oxygen partial pressure in per
cent of PAL. (Online version in colour.)
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Moran & Jarvik 2010

Acyrthosiphon pisum

Horizontal gene transfer is common among unicellular organisms, but examples are 
know even among animals.
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Doolittle 1999

Horizontal gene transfer as noise

LUCA

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

ssolo@elte.hu

GENECLOCKS

@sllsi

mailto:ssolo@elte.hu


1 
transfer

2 
transfers

3 
transfers

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

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

Rooting cyanobacteria wo. an outgroup:
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An anaerobe that could fix CO2 to acetyl-CoA 
and generate acetate and ATP from it.
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… and genes from other species!

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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Joint reconstruction of gene trees and the species tree
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gene trees

gene 
birth and death  

substitution 
events

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

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

TACCACGAC..

TACCAAGAC..

TATCAGGAC..

TATCAGGAT..

TATCACGAC..

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

sequences 
(data)

p(G|S)

species tree

p(A|G)
DTL

S

Gj

S

Aij

dates

S Gj Aij

dates

Using a hierarchical model where gene trees are generated along the species tree and sequences are 
generated along gene trees we can in theory jointly infer gene trees and species trees.  
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gene trees

gene 
birth and death  

substitution 
events

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

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

TACCACGAC..

TACCAAGAC..

TATCAGGAC..

TATCAGGAT..

TATCACGAC..

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

sequences 
(data)

p(G|S)

species tree 
(treated as data)

p(A|G)
DTL

S

Gj

S

Aij

dates

S Gj Aij

Species-tree-aware reconstruction of gene trees

dates

In practice, at present, fixing the species tree is much faster computational and still allows us to estimate  
more accurate gene trees, better ancestral sequences, improved synteny and fewer transfers.
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Species-tree-aware reconstruction of 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 Dead

Groussin, Hobbs, Szöllősi, Gribaldo, Arcus & Gouy Mol. Biol. Evol. (2015)  
Toward More Accurate Ancestral Protein Genotype–Phenotype Reconstructions 
with the Use of Species Tree-Aware Gene 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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FIG. 3. Reconstruction errors also affect slow-evolving sites with S-un-
aware trees. For a given gene tree reconstruction method, the pattern of
reconstruction errors for all internal nodes over the 100 simulations was
analyzed in the light of site-specific (posterior) evolutionary rates. Rates
were computed a posteriori with the use of the Gamma distribution of
site rates used during the ML reconstruction of ancestral sequences.
Orange: Species tree-unaware gene trees. Blue: Species tree-aware gene
trees. The two data series are overlapped.
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“real” tree based sequences!

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)

LeuB
3-isopropylmalate dehydrogenase  

E. C. 1.1.1.85
extant Firmicutes

more simulations..

Mathieu
Groussin

MIT

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

More accurate gene trees, better ancestral sequences, improved synteny and fewer transfers

S-aware gene trees S-aware gene trees
S-unaware gene trees S-unaware gene trees

Firmicute ancestor  
ASR

significantly reduced number of DTL events  
(- 24% in Ds, - 59% in Ts and - 46%  in Ls).

http://scholar.google.hu/citations?view_op=view_citation&hl=en&user=sPrYT-oAAAAJ&citation_for_view=sPrYT-oAAAAJ:8k81kl-MbHgC
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Relative age constrains from transfers

Eric  
Tannier

LBBE

Transfers 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.

undated rel. dates
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Daubin Chauve, Rafiey, Davin, Scornavacca, Veber, Boussau, Szollosi, Daubin, Tannier bioR𝝌iv (2017)  

MaxTiC: Fast Ranking Of A Phylogenetic Tree By Maximum Time Consistency with Lateral Gene Transfers
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Relative age constrains from transfers

Eric  
Tannier

LBBE

Transfers 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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Chauve, Rafiey, Davin, Scornavacca, Veber, Boussau, Szollosi, Daubin, Tannier bioR𝝌iv (2017)  
MaxTiC: Fast Ranking Of A Phylogenetic Tree By Maximum Time Consistency with Lateral Gene Transfers

HGT events

40 Cyano. 
60 Arch. 
60 Fungi

e.g for cyano 3322  
informative constraints

ALE 
+ 

MaxTiC
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Rocks, clocks and genes from other species

3322 HGT events

12 calibrations
with maximum age

A direct comparison between fossils and transfers is not possible. Following Zuckerkandl and 
Pauling, we correlated both fossil and transfer based age estimates with sequence divergence: 

40 genomes

informative constraints

ALE 
+ 

MaxTiC

dos Reis et al. 2012
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3322 HGTs
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Adrian
Davin

LBBE

informative  
constraints

Part of the above correlation may trivially result from the fact that parent nodes are 
necessarily both older and more distant to extant sequences than their direct descendants ..

http://rdcu.be/KrjA

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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time orders of speciation events inferred from transfers to dates 
obtained using molecular clocks in the absence of calibrations. As a 
control for the shape of the tree, we measured the random expecta-
tion by sampling chronograms from the prior on divergence times 
but keeping the species phylogeny fixed (without any sequence 
information). To compare the dating information from transfers 
to the information conveyed by fossils, we used the same uncali-
brated approach on the same mammalian dataset as above2,27 and 
derived relative node age constraints from fossil calibrations (see 
Supplementary Information). For the Bacteria, Archaea and Fungi 
datasets, we derived relative node age constraints from the maximal 
consistent subsets of transfers obtained using MaxTiC25. For both 
fossil-based and transfer-based constraints, we then measured the 
fraction of constraints that are in agreement with each chronogram. 
As shown in Fig. 2, both fossil-based and transfer-based constraints 
agree with uncalibrated molecular clocks significantly more than 
expected by chance. The observed agreement is robust against the 

choice of different clock models (Fig. 2), priors on divergence time 
and models of protein evolution (Supplementary Figs. 17–19). This 
result demonstrates the presence of a genuine and substantial dating 
signal in gene transfers.

Interestingly, the molecular clock models show differences in 
their agreement with relative time constraints. As expected, the 
strict molecular clock model generally explores a narrow range of 
dated trees compared with relaxed clocks. However, on average, 
chronograms based on the strict molecular clock agree less with 
relative time constraints than those based on relaxed clock models. 
This effect is particularly clear in mammals, for which the median 
fraction of satisfied constraints falls within the 95% confidence 
interval of the random control (Fig. 2a). This result is caused, in 
large part, by the accelerated evolutionary rate in rodents being 
interpreted (in the absence of fossil calibrations) as evidence for 
an age older than that implied by fossils (Supplementary Fig. 4).  
The lognormal model is best suited to recover such autocorre-
lated (for example, clade-specific) rate variations along the tree, 
and indeed exhibits a median of 100% agreement with fossil-based 
relative age constraints. The uncorrelated gamma model performs 
second best, perhaps because it is, in fact, autocorrelated along 
each branch27. Consistent with this idea, the completely uncorre-
lated white-noise model fares the worst (Fig. 2a–d). This result is in 
agreement with previous model comparisons in eukaryotes, verte-
brates and mammals27. A similar pattern is apparent when consider-
ing LGT-derived relative age constraints in Cyanobacteria, Archaea 
and Fungi, suggesting strong autocorrelated variation of evolution-
ary rates in these groups that are best recovered using the lognormal 
model (Fig. 2b–d).

The motivating principle of the MaxTiC algorithm is that transfers 
from the maximum consistent set carry a robust and genuine dating 
signal, while conflicting transfers are likely artefactual. Two lines of 
evidence suggest that this is indeed the case. First, the agreement of 
relative time constraints derived from transfers excluded by MaxTiC 
with the node ranking inferred by uncalibrated molecular clocks 
tends to be lower than random (Supplementary Fig. 12). Second, 
while the average sequence divergences for donor clades tend to be 
higher than for corresponding recipient clades in the set of self-con-
sistent transfers (P <  10−8, one sided t-test for difference greater than 
zero; Fig. 3), they are lower for those discarded by MaxTiC (P <  10−8, 
one sided t-test for difference lower than zero; Fig. 3).

One obvious difference between the fossil-based and transfer-
based relative ages presented in Fig. 2 is that the level of agreement 
is patently lower for transfer-based relative ages. While in mammals 
approximately half of the chronograms proposed by the lognormal 
model agree with 100% of the relative constraints, for other datasets 
no model reaches 80% agreement. This result indicates that some 
relative constraints derived from LGT consistently disagree with 
uncalibrated molecular clock estimates. These disagreements are 
difficult to interpret because both molecular clocks and our trans-
fer-based inferences may be subject to error; simulations suggest 
that spurious gene transfer inferences do occur with ALE, albeit at 
a low rate25 (Supplementary Fig. 23). Nonetheless, the low error rate 
obtained from simulations suggests that at least some transfers con-
tradicting the molecular clocks are genuine. This result yields the 
exciting idea of a new source of dating information, independent of 
and complementary to the molecular clock.

To gain further insight into the robustness of these transfer-
based estimates, we evaluated their statistical support from the 
data. Since MaxTiC yields a fully ordered species tree, the relative 
age constraints derived from its output are potentially overspecified 
and include constraints with relatively low statistical support. To 
ascertain the extent of overspecification, we evaluated the statistical 
support of relative constraints by taking random samples of 50% of 
gene families and reconstructing the corresponding MaxTiC 1,000 
times (Supplementary Figs. 20–22). We then counted the number 
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Fig. 1 | Gene transfers, like fossils, carry information on the timing of 
species divergence. a, The geological record provides the only source of 
information concerning absolute time. That is, the age of the oldest fossil 
representative of a clade provides direct evidence of its minimum age 
(for example, the broken line for the blue clade), but inferring maximum 
age constraints (for example, the broken line for the red clade), and by 
extension the relative age of speciation nodes, must rely on indirect 
evidence of the absence of fossils in the geological record5,31,42,43. b, Gene 
transfers, in contrast, do not carry information on absolute time,  
but they do define relative node age constraints by providing direct 
evidence of the relative age of speciation events. For example, the gene 
transfer depicted by the black arrow implies that the diversification of 
the blue donor clade predates the diversification of the red clade (that is, 
node D is necessarily older than node R). Note, however, that the depicted 
transfer is not informative about the relative age of nodes D′  and R.  
c, Sequence divergence (here measured in units of expected number 
of nucleotide substitutions along a strict molecular clock time tree, see 
Supplementary Information) for 36 mammals2 is correlated (Pearson’s 
R2!= !0.664, P!< !0.003) with age estimates based on the fossil record (ages 
corresponding to the time of divergence in million years (Myr)). d, A similar 
relationship can be seen for gene transfer-based relative ages by plotting 
the sequence divergence (measured similar to c) against the relative 
age of ancestral nodes for 40 cyanobacterial genomes (Spearman’s rank 
correlation ρ!= !0.741, P!< !10−6) inferred by the MaxTiC algorithm25.
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time orders of speciation events inferred from transfers to dates 
obtained using molecular clocks in the absence of calibrations. As a 
control for the shape of the tree, we measured the random expecta-
tion by sampling chronograms from the prior on divergence times 
but keeping the species phylogeny fixed (without any sequence 
information). To compare the dating information from transfers 
to the information conveyed by fossils, we used the same uncali-
brated approach on the same mammalian dataset as above2,27 and 
derived relative node age constraints from fossil calibrations (see 
Supplementary Information). For the Bacteria, Archaea and Fungi 
datasets, we derived relative node age constraints from the maximal 
consistent subsets of transfers obtained using MaxTiC25. For both 
fossil-based and transfer-based constraints, we then measured the 
fraction of constraints that are in agreement with each chronogram. 
As shown in Fig. 2, both fossil-based and transfer-based constraints 
agree with uncalibrated molecular clocks significantly more than 
expected by chance. The observed agreement is robust against the 

choice of different clock models (Fig. 2), priors on divergence time 
and models of protein evolution (Supplementary Figs. 17–19). This 
result demonstrates the presence of a genuine and substantial dating 
signal in gene transfers.

Interestingly, the molecular clock models show differences in 
their agreement with relative time constraints. As expected, the 
strict molecular clock model generally explores a narrow range of 
dated trees compared with relaxed clocks. However, on average, 
chronograms based on the strict molecular clock agree less with 
relative time constraints than those based on relaxed clock models. 
This effect is particularly clear in mammals, for which the median 
fraction of satisfied constraints falls within the 95% confidence 
interval of the random control (Fig. 2a). This result is caused, in 
large part, by the accelerated evolutionary rate in rodents being 
interpreted (in the absence of fossil calibrations) as evidence for 
an age older than that implied by fossils (Supplementary Fig. 4).  
The lognormal model is best suited to recover such autocorre-
lated (for example, clade-specific) rate variations along the tree, 
and indeed exhibits a median of 100% agreement with fossil-based 
relative age constraints. The uncorrelated gamma model performs 
second best, perhaps because it is, in fact, autocorrelated along 
each branch27. Consistent with this idea, the completely uncorre-
lated white-noise model fares the worst (Fig. 2a–d). This result is in 
agreement with previous model comparisons in eukaryotes, verte-
brates and mammals27. A similar pattern is apparent when consider-
ing LGT-derived relative age constraints in Cyanobacteria, Archaea 
and Fungi, suggesting strong autocorrelated variation of evolution-
ary rates in these groups that are best recovered using the lognormal 
model (Fig. 2b–d).

The motivating principle of the MaxTiC algorithm is that transfers 
from the maximum consistent set carry a robust and genuine dating 
signal, while conflicting transfers are likely artefactual. Two lines of 
evidence suggest that this is indeed the case. First, the agreement of 
relative time constraints derived from transfers excluded by MaxTiC 
with the node ranking inferred by uncalibrated molecular clocks 
tends to be lower than random (Supplementary Fig. 12). Second, 
while the average sequence divergences for donor clades tend to be 
higher than for corresponding recipient clades in the set of self-con-
sistent transfers (P <  10−8, one sided t-test for difference greater than 
zero; Fig. 3), they are lower for those discarded by MaxTiC (P <  10−8, 
one sided t-test for difference lower than zero; Fig. 3).

One obvious difference between the fossil-based and transfer-
based relative ages presented in Fig. 2 is that the level of agreement 
is patently lower for transfer-based relative ages. While in mammals 
approximately half of the chronograms proposed by the lognormal 
model agree with 100% of the relative constraints, for other datasets 
no model reaches 80% agreement. This result indicates that some 
relative constraints derived from LGT consistently disagree with 
uncalibrated molecular clock estimates. These disagreements are 
difficult to interpret because both molecular clocks and our trans-
fer-based inferences may be subject to error; simulations suggest 
that spurious gene transfer inferences do occur with ALE, albeit at 
a low rate25 (Supplementary Fig. 23). Nonetheless, the low error rate 
obtained from simulations suggests that at least some transfers con-
tradicting the molecular clocks are genuine. This result yields the 
exciting idea of a new source of dating information, independent of 
and complementary to the molecular clock.

To gain further insight into the robustness of these transfer-
based estimates, we evaluated their statistical support from the 
data. Since MaxTiC yields a fully ordered species tree, the relative 
age constraints derived from its output are potentially overspecified 
and include constraints with relatively low statistical support. To 
ascertain the extent of overspecification, we evaluated the statistical 
support of relative constraints by taking random samples of 50% of 
gene families and reconstructing the corresponding MaxTiC 1,000 
times (Supplementary Figs. 20–22). We then counted the number 
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Fig. 1 | Gene transfers, like fossils, carry information on the timing of 
species divergence. a, The geological record provides the only source of 
information concerning absolute time. That is, the age of the oldest fossil 
representative of a clade provides direct evidence of its minimum age 
(for example, the broken line for the blue clade), but inferring maximum 
age constraints (for example, the broken line for the red clade), and by 
extension the relative age of speciation nodes, must rely on indirect 
evidence of the absence of fossils in the geological record5,31,42,43. b, Gene 
transfers, in contrast, do not carry information on absolute time,  
but they do define relative node age constraints by providing direct 
evidence of the relative age of speciation events. For example, the gene 
transfer depicted by the black arrow implies that the diversification of 
the blue donor clade predates the diversification of the red clade (that is, 
node D is necessarily older than node R). Note, however, that the depicted 
transfer is not informative about the relative age of nodes D′  and R.  
c, Sequence divergence (here measured in units of expected number 
of nucleotide substitutions along a strict molecular clock time tree, see 
Supplementary Information) for 36 mammals2 is correlated (Pearson’s 
R2!= !0.664, P!< !0.003) with age estimates based on the fossil record (ages 
corresponding to the time of divergence in million years (Myr)). d, A similar 
relationship can be seen for gene transfer-based relative ages by plotting 
the sequence divergence (measured similar to c) against the relative 
age of ancestral nodes for 40 cyanobacterial genomes (Spearman’s rank 
correlation ρ!= !0.741, P!< !10−6) inferred by the MaxTiC algorithm25.
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To directly compare relative age constraints, we measured how different relaxed molecular clock 
models, without fossil calibrations, are able to predict the relative timing of speciations implied by 
fossils and by transfers. 

faster local 
clock in rodents

faster local clock 
in prochlorococcus

faster local clock
●●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●●

●●●●●●●●●●●●●●●

●

●●●●●●●●●●

●●●

●●●●

●

●●●●●●●●●●

●●

●

●●●●●●●●●●●●●

●●

●●●●●●●●●●●●●●

●

●●●●●●●●●●

●

●●●

●

●●●●●●

●

●●●●●●●●●●●

●

●●●●●

●

●●●●●●●●●

●

●●●●●●●●●

●

●●●●●●●●●●

●

●●

●

●●●●●●

●

●●

●

●

●●●

●

●●●

●

●●●

●●

●●●●●●●●●●●●●●●●

●

●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●

●●

●●

●●

●●

●

●●●●●●●

●

●

●●●●

●

●●●●●●●●●●●●●●

●

●●●●●●●

●

●●

●

●●

●

●●●●

●

●●●●●●●●●●

●

●●

●

●●

●

●●●●

●

●●●

●●

●●●●●●●●

●

●

●●●

●

●

●●●●●●

●●

●

●

●

●

●●●

●

●●

●

●

●

●●●

●

●

●●

●●

●

●●●

●

●

●

●●●●

●

●●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●

●

●

●

●●

●

●●●

●

●

●

●

●

●

●

●

●

●

●●●●

●●●●

●

●

●

●

●

●

●●

●●●

●

●●●

●

●●

●

●

●

●

●

●

●

●

●●●●

●

●●

●

●

●

●

●●●

●●

●

●

●

●●

●

●

●

●

●

●

●●

●

●

●

●

●●

●

●●●●●●

●●

●

●

●

●●●

●

●●

●

●

●

●●●

●●

●

●●

●

●

●●

●

●

●

●

●

●

●

●●●

●●

●●●

●

●●

●●●

●

●●

●

●

0.6

0.7

0.8

0.9

1.0

Fr
ac

tio
n 

of
 re

la
tiv

e 
ag

e 
co

ns
tra

in
ts

 s
at

is
fie

d

Mammals (36 species, Dos Reis)

●

●
●

●

●

●

●

●

●

●

●●●●
●

●

●●
●●

●

●

●●

●

●

●

●

●
●
●

●

●
●●●

●
●●

●

●●

●

●
●●●●

●

●●
●

●●
●●
●
●
●
●
●●●

●

●
●●
●
●

●
●

●●●●●●●
●●●
●●
●●

●
●
●
●●
●●
●●
●●●●●
●
●

●

●●
●

●

●
●
●
●

●●
●●●●●

●

●●
●
●
●
●●●

●

●●
●
●

●

●
●
●

●

●

●

●●●●
●●
●●●

●
●

●●●
●

●

●

●

●
●●●●
●●
●

●
●
●●

●

●
●
●●

●

●
●
●

●

●●●
●
●
●

●

●

●●●
●●●
●
●
●●
●●
●

●
●
●●●●●●●●
●●●

●

●●●
●
●
●

●●●
●
●
●
●
●●
●●●●●●●

●

●
●
●
●●●●
●
●●●
●
●
●●
●

●

●●●●
●

●

●●
●
●●●●
●
●
●
●●
●
●●

●

●●●●
●●●●●
●
●
●●
●
●●●

●

●●●
●
●●●
●●●
●
●●●

●

●
●●
●

●

●

●
●
●
●●●●
●●
●●
●
●
●
●
●●
●
●

●

●
●
●

●

●

●

●

●●
●●●●●

●

●
●●●
●
●●●
●●●
●

●●
●
●●
●
●

●●●

●

●
●●●
●

●●
●●

●●●●●
●
●

●

●●
●
●●●

●

●
●
●●
●

●

●
●
●

●

●

●
●

●

●●●●
●
●

●

●●
●
●

●

●
●●
●
●●

●●
●●
●

●

●●●

●
●
●●●
●●●●●●

●

●
●●
●

●

●
●
●

●

●

●

●
●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●●●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

0.4

0.5

0.6

0.7

0.8

Fr
ac

tio
n 

of
 re

la
tiv

e 
ag

e 
co

ns
tra

in
ts

 s
at

is
fie

d

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

ssolo@elte.hu

GENECLOCKS

S

Gj

S

Aij

DTL
undated

rel. dates
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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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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
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Rocks, clocks and genes from other species
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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ML methods all support the monophyly of heterocystous cya-
nobacteria (Fig. 1B). Monophyly also was supported when the
third nucleotide in each codon was excluded from the analyses
(data not shown). Several topological differences occur among
the trees constructed by the three methods: (i) the positions of
Tolypothrix and Nostoc PCC 7120 (formerly described as
Anabaena) in the heterocystous clade in the NJ tree differ from
MP and ML, (ii) Phormidium and Leptolyngbya form a cluster in
the NJ and MP trees but are distributed separately in ML, and
(iii) positions of Symploca and Pseudanabaena vary in a cluster
composed of Lyngbya, Trichodesmium, Symploca, Prochlorothrix,
Synechocystis PCC 6803, and Pseudanabaena, depending on the
analytical method.

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

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

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

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

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

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

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

Fig. 2. Modern cyanobacterial akinetes and Archaeoellipsoides fossils. (A)
Three-month-old culture of living A. cylindrica grown in a medium without
combined nitrogen. A, akinete; H, heterocyst; V, vegetative cells. (B–D) Shown
are Archaeoellipsoides fossils from 1,500-Ma Billyakh Group, northern Siberia
(B); 1,650-Ma McArthur Group, northern Australia (C); and 2,100-Ma
Franceville Group, Gabon (D). (Scale bars, 10 !m.)
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parasite Nanoarchaeum (see Supplementary Fig. 2), despite the early 
divergence of the DPANN clade from other Archaea.

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

and Ascomycota (purple, grey and green in Fig. 4, estimated ages of 
0.24 Ga, 0.64 Ga and 0.53 Ga, respectively). Note that some inferred 
LGTs could result from processes such as hybridization or allopoly-
ploidization, and that these processes contribute dating informa-
tion that can be treated in the same way as LGTs. On a wider scale, 
among eukaryotic groups, LGTs suggest that Amoebozoa (the out-
group, yellow in Fig. 4, estimated age of 0.85 Ga) diversified earlier 
than Opisthokonta and Apusozoa (the ingroup). This result indi-
cates that LGTs could strongly reduce the uncertainty associated 
with the divergence of the major eukaryotic clades34.

Discussion
Our demonstration that clocks and transfers contain complemen-
tary and compatible dating signals casts the phylogenetic discord of 
LGTs in a new light, and calls for the development of new methods 
to combine these two types of dating information. Relaxed molecu-
lar clock models are fitted in a Bayesian framework, but current 
Markov Chain Monte Carlo proposal mechanisms can handle abso-
lute, but not relative time constraints. Calibrating a molecular clock 
in a consistent probabilistic framework with both fossil-based and 
transfer-based time information will require modelling the effects 
of dependencies between separate parts of the tree, which current 
methods consider as independent. In the meantime, it is possible to 
partially take relative constraints into account in a typical relaxed 
clock analysis by two means. First, when fossil calibrations are 
available for some nodes, we can propagate their minimum age to 
all nodes constrained by transfers to be older, and, symmetrically, 
we can propagate their maximum age to all nodes constrained by 
transfers to be younger. Second, we can use rejection sampling; 
that is, discard posterior samples that fall below a threshold level 
of agreement with transfer-based constraints. These approaches, 
however, do not guarantee that all strongly supported relative  
constraints will be respected. To produce time-calibrated chro-
nograms that respect all constraints (Fig. 4), we used a heuristic 
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Until Zuckerkandl and Pauling put forth the ‘molecular clock’1 
hypothesis, the geological record alone provided the times-
cale for evolutionary history. Their demonstration that dis-

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

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

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

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

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

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