HGT in the context of species tree-aware methods

The problem is gene trees are not species trees

A gene tree is a deformation of the species tree through the prism of
genome evolution and population genetics processes.
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models of gene family evolution with DT&L
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faster models of gene family evolution with DT&L

.. 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.

calculation parameters
complexity (ML or Bayes)
DL DL
/\ ~10 x log(#species) x #genes D&L rates
= BV branch lengths, root
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models of gene family evolution with DT&L

The solution is to model how gene trees are generated along the species tree

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

Joint likelihood: P(z===| A\ ) P(A\] /o))
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models of gene family evolution with DT&L

“Realistic simulations” suggest S-aware methods are important

@ Simulations based on realistic trees
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models of gene family evolution with DT&L

“Realistic simulations” suggest S-aware methods are important
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models of gene family evolution with DT&L

S-aware methods accurately recover number of DTL events
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models of gene family evolution with DT&L

Real data and experiments suggest S-aware methods are important

More accurate gene trees, ancestral sequences (simulations & experiment) and chromosomes (synteny):

ancestral gene order
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implemented in ALE:
http://github.com/ssolo/ALE
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Groussin, Hobbs, Szo6llési, Gribaldo, Arcus & Gouy Mol. Biol. Evol. (2015)
Toward More Accurate Ancestral Protein Genotype—Phenotype
Reconstructions with the Use of Species Tree-Aware Gene Trees

Szoll6si, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead

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



models of gene family evolution with DT&L

S-aware method are better at reconstructing gene trees..

S-aware gene trees and ancestral sequences reconstructed along them
are significantly more accurate according to simulations

gene tree accuracy ancestral sequence accuracy
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models of gene family evolution with DT&L

S-aware method are better at reconstructing gene trees..

Ancestral sequences reconstructed along S-aware gene trees produce
a biochemically more realistic and thermodynamically more stable ancestral protein.

in vitro biochemical essay
on reconstructed ancestral sequences

Enzyme Ky "8 T,  AGY_, resurrected LeuB of
mM) & () (kJmol™1) Firmicutes LCA
BPSYC 0.2 4 47 94.9
BSUB } 07 § 53 95.9
BCVX 11 869 100.7 DTL
S-aware Tree species tree
+1LG 1.5 0 85 1144

S-aware Tree
+ EX_EHO 1.6 85 110.9

S-unaware 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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Groussin, Hobbs, Szo6llési, Gribaldo, Arcus & Gouy Mol. Biol. Evol. (2015)
Toward More Accurate Ancestral Protein Genotype—Phenotype
http:/github.com/ssolo/ALE Reconstructions with the Use of Species Tree-Aware Gene Trees




just how much HGT is there?

LUCA

S~
u |
Proteobacteria

S AN

Cyanobacteria

ﬁv

>E5m:w

Arc \RSQ

/ Euryarchaeota

7 4 \

Crenarchaeota

Bacteria

Eukarya

Doolittle 1999

Archaea



just how much HGT is there?

Two out of three transfers inferred based S-unaware gene trees
are the result phylogenetic errors.

Two out of three losses inferred based S-unaware gene trees
are the result phylogenetic errors.
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Efficient exploration of the space of reconciled gene trees



just how much HGT is there?
what about ancestral gene content?

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



just how much HGT is there?
what about ancestral gene content?

Spurious (false positives) Ds lead to an overestimation of ancestral
genome contents, missing Ds (false negatives) lead to an underestimation.
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just how much HGT is there?
what about ancestral gene content?

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

A only phylogenetic profile B including gene phylogeny C gene tree errors

DTL

species tree

Ignoring transfer, i.e. considering only DL also leads to an overestimate.

N

gene tree with “unmodelled” transfers



just how much HGT is there?

Is HGT frequent only in prokaryotes?

A only phylogenetic profile
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Sz6ll6si, Davin, Tannier, Daubin & Boussau Phil. Trans.Roy.Soc.B (2015)
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.
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just how much HGT is there?

There is extensive gene transfer among fungi
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just how much HGT is there?

There is extensive gene transfer among fungi

B including gene phylogeny

A only phylogenetic profile

28 fungi genomes
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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
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Sz6ll6si, 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?

Stronger transfer highways in fungi

350 T T T T T
fungi tree A [
fungi tree B
300 | cyano replicates -
250 .
200 .
O]
150 DDD |
O
100 - = 1
50 F I = 5= o' ' e NN |
0 10 20 30 40 50

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% (. Fungi are in red and
cyanobacteria in green throughout.

Szo6ll6si, Davin, Tannier, Daubin & Boussau Phil. Trans.Roy.Soc.B (2015)
Genome-scale phylogenetic analysis finds extensive gene transfer among fungi.



HGT as information

Horizontal gene transfer as noise

Gene transfers result in apparently contradicting gene phylogenies, fungi can seem closely related to aphids. A

potentially high rate of transfer esp. early in the evolution of life, suggests that the vertical signal may be drowned
in noise.
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HGT as information

Horizontal gene transfer as information

Transfer events, encoded in the topologies of gene trees can be thought of as “molecular fossils”
that record the order of speciation events.
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Sz6ll6si, Boussau, Abby, Tannier & Daubin PNAS (2012)
Phylogenetic modeling of lateral gene transfer
reconstructs the pattern and relative timing of speciations
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HGT as information

Gene trees and species trees can be jointly reconstructed

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.

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



Amalgamated Likelihood Estimation

The solution is to model how gene trees are generated along the species tree

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

Joint likelihood: P(z===| A\ ) P(A\] /o))

EENEEEEE  EEEEE Most likely species tree-aware gene tree

species tree
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alignment

/\

Rooted binary 7ﬁ g
species tree ; 0 j: (:)
e

2a+

u +2’y

+28

SZOLLOSI gergely.szollosi@oist.jp



Amalgamated Likelihood Estimation

The solution is to model how gene trees are generated along the species tree

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

Joint likelihood: P(z===| A\ ) P(A\] /o))

EENEEEEE  EEEEE Most likely species tree-aware gene tree

species tree

Gene family
alignment

/\

Rooted binary 7ﬁ g
species tree ; 0 j: (:)
e

2a+

u +2’y

+28

SZOLLOSI gergely.szollosi@oist.jp



Amalgamated Likelihood Estimation

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.

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

Sequence likelihood: Joint likelihood:

P(===] A\) ZP( | A P(

—> | ALE

Gene family >
alignment
Reconciled
species tree-aware
Gene tree gene trees
distribution

Szoll6si, Tannier, Lartillot & Daubin Systematic Biology (2013)
Rooted

Lateral Gene Transfer from the Dead
Szo6ll6si, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013) species tree

Efficient exploration of the space of reconciled gene trees

http://github.com/ssolo/ALE




Amalgamated Likelihood Estimation

P(

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 1049).
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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 1049).
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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). 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.

amalgamated

sample of gene trees best sequence-only
based on sequence gene tree gene tree
¢ 1010 10710 DTL
a >T‘< b species tree
2X . 4 Species Species
e tree tree
a ? 5/10 5/10
3X ! :
b d
c . i
b fe 3/8
5X >"‘J‘< 5/5 5/5
c d 5/8 % g
a % /\ i ] P
genes a b ¢ d e f a b e f A
speies A B C D E F A B E F .
joint likelihoods: 13 X g x P(1 transfer and 1 loss) P :
. . . Szoll6si, Tannier, Lartillot & Daubin Systematic Biology (2013)
implemented in ALE: Lateral Gene Transfer from the Dead
. . Sz6ll6si, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013)
http :// (¢ ithub.com/ssolo/ALE Efficient exploration of the space of reconciled gene trees

Szoll6si, Tannier, Daubin & Boussau Systematic Biology (2015)
The inference of gene trees with species trees



Amalgamated Likelihood Estimation

Using phylogenetic incongruence to reconstruct a dated ToL e :

s
+ae?

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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faster models of gene family evolution with DT&L

.. 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.

calculation parameters
complexity (ML or Bayes)
DL DL
~10 x log(#species) x #genes D&L rates
3 branch lengths, root
DTL DTL
~ 10 X #species? x #genes D, T&L rates
- o ’ dated tree
DL DL
log(#species) x #genes D&L rates, root
“undated” “undated”
DTL DTL
#species % log(#species) x #genes D,T&L rates, root




faster models of gene family evolution with DT&L

“undated”
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implemented in ALE:
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faster models of gene family evolution with DT&L
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faster models of gene family evolution with DT&L
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faster models of gene family evolution with DT&L

“undated”
DTL

A undated
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implemented in ALE:
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faster models of gene family evolution with DT&L
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faster models of gene family evolution with DT&L
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outgroup-free rooting

A GENECLOCKS
erc RECONSTRUCTING A DATED TREE OF LIFE USING PHYLOGENETIC INCONGRUENCE
OUTGROUP ROOTING OUTGROUP-FREE ROOTING
outgroup i: : 3
output
/ transfers P root

species tree

input
root
output
A AAR
input

ingroup



outgroup-free rooting

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
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outgroup-free rooting

Resolving LACA

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
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outgroup-free rooting

Early bacterial evolution is a playground full of
open fundamental questions

® 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?
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Bacteria

Distant out-groups can distort the
root of the in group
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recent new genomes
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New genomes, old questions
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CPR nested within Bacteria

Gracilicutes Terrabacteria

® More complex, free-living ancestor
® Diderm (double-membraned)
ancestor?

CPR basal

Gracilicutes Terrabacteria

LBCA

Small-genomed, host-associated
ancestor?

Monoderm (single-membraned
ancestor?)

Bacteria

New genomes, old questions

(Tenericutes)
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outgroup-free rooting
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Fewer genomes, but better models, more signal?

What we need is a good sample..
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outgroup-free rooting

What we need is a good sample..

BACTERIA (254,090)
SPECIES NN 5,555
GENERA I 12,037
FAMILIES I 2,886
ORDERS M 1,163

Australian
Centre for
Ecogenomics

CLASSES [l 360
PHYLA W 127

PVC
Elusimicrobiota

Welcome to GTDB e
GENOME TAXONOMY DATABASE

258,406 genomes

Gracilicutes

Spirochaetota

Fewer genomes, but better models, more signal?

265 genomes / 11,272 gene families
62 marker genes
using the history of 1% as a scaffold

Terrabacteria

usobacteriota

Cyanobacteria +
Margulisbacteria

ST

Armatimonadota +
Eremiobacterota

Dependentiae

Release 06-RS202 (27th April 2021)
..to access alternative rooting signal.

Aquificota +
Campylobacterota +
Deferribacterota

Acidobacteriota /
Nitrospirota 7/ //

Myxococcota

Bdellovibrionota
Desulfuromonadota +
Desulfobacterota

Proteobacteria

SZOLLOSI

Chloroflexota +
Dormibacterota

21

Actinobacteriota

Firmicutes
—— >95% bootstrap support

—— 90-95% boomigwyport

<90% bootstrap support

0.3

Coleman et al., Science 372, eabe0511 (2021) 7 May 2021
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outgroup-free rooting

Using the history of 1% as a scaffold

Can an archaeal outgroup resolve the root?

62 marker genes

>95% bootstrap support

90-95% bootstrap support
Firmicutes

Fusobacteriota

<90% bootstrap support

Armatimonadota +
. Actinobacteriota Eremiobacterota Z CPR
Spirochaetota ST
Aquificota +

Campylobacterota +
Deferribacterota

Chloroflexota +

Nitrospirota
Dormibacterota

Bdellovibrionota
Cyanobacteria +

Myxococcota Margulisbacteria

Desulfuromonadota+
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Elusimicrobiota
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29 shared
PVC .
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DPANN
0.4

TACK+Asgardarchaeota

Coleman et al., Science 3'72, eabe0511 (2021) 7 May 2021




outgroup-free rooting

The archaeal outgroup cannot resolve the root

Using the history of 1% as a scaffold

Gracilicutes Terrabacteria

Root hypothesis log-
likelihood
difference to
ML

Observed outgroup root (Fig.

p-value | Study

0.58% This study (ML tree)

LBCA CPR nested within Bacteria

® More complex, free-living ancestor
® Diderm (double-membraned)
ancestor?

Gracilicutes Terrabacteria

Gracilicutes and
Terrabacteria

S1)

Between Firmicutes and 3.3 (26)
Actinobacteriota

Deinococcota, Synergistota -3.78

and Thermotogota basal*

Planctomycetota basal 4.9 (8)
Chloroflexota basal -6.2 A 9)
CPR basal -16.74  0.37%(11, 16)

DPANN basal within archaeal -19. % (1, 20)

outgroup | i

Fusobacteriota basal -24.2 «.‘

Between -24.58 This study (ALE

root, see below)

Table S2: Support for published hypotheses usin outgroup rooting. *Our unrooted
topology was incompatible with some published hypotheses, including a clade of
Thermotogales and Aquificales at the root (6, 7).

" CPR

CPR basal

Y

®.6ca

® Small-genomed, host-associated
ancestor?

® Monoderm (single-membraned
ancestor?)



outgroup-free rooting

FCB

Gracilicutes
Spirochaetota

PVC
Elusimicrobiota

Transfers can root the bacterial tree of life

The root falls between two major clades of Bacteria, the Gracilicutes and the Terrabacteria,
on one of three statistically equivalent adjacent branches
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outgroup-free rooting

Resolving LBCA

z X 265 genomes / 11,272 gene families
62 marker genes
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. . 9
Just how much HGT is there: Average gene transmission

Is there a tree of bacteria? 66%

Horizontal aene transfer vertical

A
\

34%
horizontal

2 X 265 genomes / 11,272 gene families
62 marker genes

—————————— Speciation

Vertical descent
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HGT as information

Applying species tree-aware inference

GENECLOCKS
RECONSTRUCTING A DATED TREE OF LIFE USING PHYLOGENETIC INCONGRUENCE

WHERE IS THE DATED TREE?

DTL

root

dates

species tree




HGT as information

&

" sequence divergence

Molecular Clocks

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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HGT as information

&

" sequence divergence

Molecular Clocks

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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HGT as information

Molecular Clocks

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.

evolutionary rates vary

100-# molecular clocks are local
and

% ditterences
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" sequence divergence

divergence time according to fossils

i faster local
clock

_ Wysocki et al. 2014 & Wikipedia
Zukerkandl and Pauling 1965



HGT as information

Rocks

The geological record is the only source of information concerning absolute time

Time

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

?
olde.st : oldest
fOSSll : fOSSil

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



HGT as information

Rocks & Clocks

ssolo@elte.hu

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

THE ROYAL SOCIETY

Donoghue and Yang 2015

Prototheria

... today, Bayesian RMC methods have resolved most, but not
all controversies, using sequence based local molecular
clocks anchored by multiple fossil calibrations.
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HGT as information

Rocks & Clocks

@ Kaiserbacteria
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Rocks & Clocks

(Tenericutes)

Bacteria

Nomurabacteria

Caldiserica
Dictyoglomi
Thermotogae

Marinimicrobia @
Bacteroidetes

Chiorobi

PVC

Caldithrix

andidate

Aminicentantes
dc
Tectomicrobia, Mods

°
Wirthbacteria

Microgenomates

Major lineages with isolated representative: italics
Major lineage lacking isolated representative: @

Gammagproteobacteria

Eukaryotes

P02
(PAL)

Phyla Radiation

oldest low-grade
meta-sedimentary rocks

ssolo@elte.hu

For majority of life and most it's history we lack sufficient fossils to anchor local clocks.

Knoll et al. 2016

oxygen begins to approach
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and, possibly, fossils document life
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TACK
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Hug et al. 2016 e




HGT as information

Horizontal gene transfer as information

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

1
5 OOPCRERS transfer

2 3
transfers transfers

different
time order

B Y Ny O @

different
root

species tree

gene tree reconciliation

A CDB C D A B CC DD A B CC Db A B CC DD

Sz6ll6si, Boussau, Abby, Tannier & Daubin PNAS (2012)
Phylogenetic modeling of lateral gene transfer
reconstructs the pattern and relative timing of speciations

LBBE



HGT as information ssolo@elte.hu
... and genes from other species!

Fossils provide direct evidence on minimum age, but Transfers are not informative on absolute age, but do
only indirect evidence on maximum and relative ages. provide direct evidence on relative ages.




HGT as information

“undated”
DTL

UMJo.'}ﬂl re Ccon fi-/a c-h o

undated
DTL

DTL “undated” DTL

implemented in ALE:

http://github.com/ssolo/ALE




HGT as information

“undated”
DTL

UMJo.'}ﬂl re Ccon fi-/a c-h o

undated
DTL

DTL “undated” DTL

implemented in ALE:

http://github.com/ssolo/ALE




HGT as information

Relative age constrains from transfers

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.

TV\AL L;e.\-O/?

DTL

undated

A B C D rel. dates
UuJa'}nl re con A‘/a o'\‘iov‘ |

undated rel. dates

Eric
Tannier



HGT as information

Rocks, clocks and genes from other species

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.

fzs:zgrlﬁzl clock faster local clock in DTL

prochlorococcus
36 mammals \ 40 cyanobacteria undated
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L - Al Prior
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07 ( /%\ ) ? D
T A =Y 7 - ~TTTTYTTTT Strict clock
95% ' (single rate)

]
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(autocorrelated)
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L ____: _______________________________ Uncorrelated y

(branch-wise
autocorrelated)

v OO0 00 OO 00 el
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with maximum age

0.4

3322 HGT events

fraction of relative age constraints satisfied

fraction of relative age constraints satisfied

Bambuseae

{ 4—-»»««-— faster local clock

Nature Ecology and Evolution (2018)

‘ Davin, Tannier, Williams, Boussau, Daubin & Szollosi,
Arundinarieae
Gene Transfers Can Dated the Tree of Life



HGT as information

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.

Fraction of relative age constraints satisfied

Fraction of relative age constraints satisfied
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(branch-wise - ——————— ]
autocorrelated) gene trees
White-noise
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Davin, et al.
Nature Ecology and
Evolution (2018)



HGT as information

Do clocks & transfers predict rocks?

Combing RMCs with relative constraints and fossil calibrations we can infer dated trees in RevBayes

root max. 4.52 Gy

b Archaea (60 genomes, Williams)
1 root max. 3.85 Gy

root max. 35 Gy 972.4-669.9 My
Morris PNAS 2018
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+

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

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



HGT as information

a) Hadean

Terrabacteria

A geological timescale for bacterial evolution and oxygen adaptation

Archaean

Work in progress..

Proterozoic Phanerozoic

Bacillota
(Firmicutes)

Actinomycetota

Chloroflexota

Patesibacteria

Armatimonadota
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b)
Phylum

Class

Order

Bacterial ranking
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|
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https://github.com/dschrempf/mcmc-date

PCAN o

Condition log-likelihood improvement over MFl | AU test p-value
Moon-forming impact (MFI) -4736205 0 1x10

MFI + Fossils -4735968 237 8x1077

MFI + Fossils + GOE (Concatenate) -4735871 334 2x108

MFI + Fossils + GOE (ExtraTrees) -4735539 666 9x10°

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

h

new “reldate” model

ALE

ttp://qithub.com/ssolo/ALE




HGT as information

Lateral gene transfer from the dead

.. but the species lineage from which a gene was transferred may have gone extinct or not have been sampled.
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Lartillot Sz6ll6si, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead



HGT as information

N species

A minimal model of speciation dynamics

the Moran process
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HGT as information

A minimal model of speciation dynamics

a) speciation dynamics C) represented species phylogeny
0000000000
Vidibllx4
0000000000
Lix4 411V
0000000000

b) gene birth and death

Duplication ( &) = oot ssellelsedlassssiNE
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Transfer @\O o
...... ~?
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HGT as information Gene birth-death by Duplication, Transfer and Loss

0 duplication rate
Duplication

7 transfer rate

Transfer

T/N T/N

Loss




HGT as information

The combination of speciation dynamics and
gene birth and death generates gene trees

o speciation/extinction rate
0 gene duplication rate

T gene transfer rate

A gene loss rate

a) speciation dynamics C) represented species phylogeny

0000000000
TIPI el .
O0@O0O000@@0 ...l Qo
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b) gene birth and death
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HGT as information

..(almost) all transfers are from the dead..

Present Day

Rate of speciation

prox. balanced by DA ' unrepresented speciation at

rate of extinction

Q |
v DA
Phase of Q transfer back at
diversification :
t = t’e with rate

r o
t =1y withrate — T, O direct transfer

5 IIGPEN T/ 7s evolution outside
) YL % / /
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D T

N—-19Q

Origin of life :
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Prebiotic
evolution /" N N
no no o ’ ’ o
Tindirect ~ T {e_"ﬁ(tf_te)} — dt’dt!
Gogarten lab indirect /0 /t’e N e
ne T , 1 7 [2N I 7 |2N
Tdirect ~ _dte = o | T | = 5 | ——|>
o N N2n | o en2n | o

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



HGT as information

..(almost) all transfers are from the dead..

Present Day

Rate of speciation

prox. balanced by DA ' unrepresented speciation at

rate of extinction

Q |
v DA
Phase of Q transfer back at
diversification :
t = t’e with rate

r o
t =1y withrate — T, O direct transfer

5 IIGPEN T/ 7s evolution outside
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Origin of life :
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Gogarten lab indirect /0 /t’e N e
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Szollési, Tannier, Lartillot & Daubin Systematic Biology (2013)
Lateral Gene Transfer from the Dead



HGT as information

..(almost) all transfers are from the dead..

Present Day

anch |

Rate of speciation A \ y ted iati t
prox. balanced by unrepresente spec%lon a X branch e
rate of extinction t =t ! with rate  — @ direct transfer
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Szollési, Tannier, Lartillot & Daubin Systematic Biology (2013)
Lateral Gene Transfer from the Dead



HGT as information

..(almost) all transfers are from the dead..

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



HGT as information

.. but gene trees are generated along the species tree

gene tree species tree

Calculating the likelihood P A\

I &) requires

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

calculating p(G;|S) is possible if n < N

a) evolutionary scenario
along complete phylogeny

unrepresented
speciations
represented
speciation

gene —
duplication

extinct or unsampled
gene lineages ' _gene
'\ transfers
A2
\

genes observed in sampled species

implemented in ALE:

b) reconciliation
! and likelihood calculation
unrepresented !

species

unr'epresented speciation
at t =t with rate o

< 1
<

represented
speciation at
t=1t3

duplication at branch ¢
t =t with rate § no event with
observed descendent

between t3 and t;

with prob. Ge(t1,t3)

t=to

no event with
observed descendent
between " and "’
with prob. G(t/,t")

t=t

transfer at ¢ = "
with rate 7

present at
t=

gene lineage at ¢ = ¢
with prob. E(t")

genes observed in sampled species

Sz6ll6si, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead

http://github.com/ssolo/ALE

DTL

: gene trees:

Szo6ll6si, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013)
Efficient exploration of the space of reconciled gene trees



HGT as information

.. 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.

Can we detect
mass extinction
events?

implemented in ALE:

http./github.com/ssolo/ALE

calculating p(G;|S) is possible if 7 < N

DTL

b) reconciliation dateS

! and likelihood calculation
|

unrepresented
species

unr'epresented speciation
at t =t with rate o

< 1

represented
speciation at
t=1t3

- ranch
duplication at branch ¢

t =t with rate § no event with
observed descendent
between t3 and t;

with prob. Ge(t1,t3)

t=to

no event with
observed descendent
between ' and "’
with prob. G(t/,t")

t=t

transfer at ¢ = "
with rate 7

present at
t=

gene lineage at ¢ = ¢
with prob. E(t")

genes observed in sampled species

Szollési, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead

Szo6ll6si, Rosikiewicz, Boussau, Tannier & Daubin Systematic Biology (2013)
Efficient exploration of the space of reconciled gene trees



HGT as information

.. 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.

calculating p(G;|S) is possible if 7 < N

DTL

Can we detect :

mass extinction b) econciliation
events? ! and likelihood calculation

unrepresented !
species ! L
unrepresented speciation
4 at t =t with rate o
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< 1
<

represented
speciation at
t=1t3

- h
duplication at branch e

|
|
|
|
|
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1
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I
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I
I
|
}
|
|
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________________________________________________________

t=to
t=1;
transfer at ¢ = "
with rate 7
|
| present at
extinct or unsampled l t=20
|

gene lineage at ¢ = ¢
with prob. E(t")

genes observed in sampled species

Szollési, Tannier, Lartillot & Daubin Systematic Biology (2013)

Lateral Gene Transfer from the Dead

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

implemented in ALE:

http./github.com/ssolo/ALE




HGT as information

Routes to cyanobacterial genomes

474 single copy families from 36 cyanobacteria

28% of Ts between non-
overlapping branches

6% from above the root of
Cyanobacteria
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Lateral Gene Transfer from the Dead



HGT as information

Phylogenomics inference pipeline

tree

Gene
sequences

Genome
sequences

fast models of gene family evolution with DT&L

Species tree-awareness

S-aware

Gene tree-species tree models published in the literature

QY @
©® © © ©
D — O @

S-unaware

P(A|G) P(GIS) P(AIGS) P(A]S)
PhyML BEST DLCoal *BEAST Prime-GSR SNAPP
[Guindon & [Edwards et al., 2007]; [Rasmussen & [Heled & [Akerborg et al., 2009]; [Bryant et al., 2012];
Gascuel, 2003]; Kellis, 2012]; Drummond, 2008]; IMa2 ALE
RAxML [LME;IE?OIE]_ PHYLDOG [Hey, 2011]; [Szollési ct al., 2013b];
[Stamatakis et al., 2005]; v ’ [Boussau et al., 2013]; Prlme'DLRS
MrBayes ODT [Si6strand et al., 2012];
[Ronquist et al., 2012]; [Szollési et al., 2012];
ALE
BEAST ASTRAL AleRax ...' _
[Drummond et al., 2012]; [Mirarab et al. 2014] e a m

Szollosi,.., Boussau 2015 Syst. Biol.

10.1101/2023.10.06.56109
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HGT as information fast models of gene family evolution with DT&L

Efficiently integrating over the space of reconciled gene trees

AleRax

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

P(A|S,rates):/p(A\G)p(G\S,rates)
G
Felsenstein 1988

AleRax: A tool for gene and species tree co-estimation DTL
and reconciliation under a probabilistic model of gene
duplication, transfer, and loss

Benoit Morel,!2, Tom A. Williams,? Alexandros Stamatakis,*!? and Gergely
J. Sz0l16si,>67

1Computational Molecular Evolution group, Heidelberg Institute for Theoretical Studies, Heidelberg,
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Technology - Hellas
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HGT as a postdoc!

Model-Based Evolutionary Genomics Unit
EFIAR-ELRYT /ZUVRAZy b
https://www.o0ist.jp/research/research-units/modevolgenom

Okinawa Institute of Science and Technology

gergely.szollosi@oist. jp

Join us for a postdoc at the interface of
computational & evolutionary biology! Use
probabilistic models & machine learning to
model coevolution, reconstruct the Tree of
Life, understand somatic evolution or
pursue your own project..



