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The Workshop on Molecular Evolution@Woods Hole

Antonis (me!) & Scott Handley



Darwin’s data



“The genome is, it's a fossil record; the genome is a 
landscape; the genome is a whole geography of 

distributions. […] you might think the genome's just a 
boring string of letters [...] The genome is a storybook that's 
been edited for a couple of billion years, and you could take 
it to bed, like A Thousand and One Arabian Nights, and read 

a different story, in the genome, every night.”

Eric Lander

The DNA record



The Rokas Lab

We study the DNA record to gain insight into evolutionary 
patterns and processes using computational and 

experimental approaches



Vanderbilt Univ. is in Nashville, Music City - USA





Phylogenomics
(NSF)

The molecular 
foundations of 

the fungal 
lifestyle
(NSF & NIH)

The evolution 
of mammalian 

pregnancy
(BWF & March of 

Dimes)



Rokas (2022) Nature Microbiol.

The repeated evolution of fungal pathogenicity



Evolution of variation in gestation length in mammals

Danis & Rokas (2023) bioRxiv



…But I’m also an evolutionist in Tennessee (USA)

“Scopes Monkey Trial” 



www.vanderbilt.edu/evolution/



Lecture outline

 Incongruence and its causes

-------------------- Coffee Break -----------------------

 Handling incongruence in phylogenomic 
data



Darwin’s tree

Darwin's hand-made proof of the famous diagram in his Origin of Species; 
Maderspacher (2006) Curr. Biol.





http://www.mun.ca/biology/scarr/139393_forelimb_homology.jpg & 
http://www.nature.com/nrg/journal/v7/n11/images/nrg1918-f2.jpg

 

Data from comparative morphology and embryology



The first published phylogeny

St. George Jackson 
Mivart

Mivart (1865) Proc. Zool. Soc. London



Disagreement between phylogenies

St. George Jackson Mivart

http://phylonetworks.blogspot.se/2012/09/the-first-network-from-conflicting.html

1865: SPINAL COLUMN 1867: LIMBS



In some M.S. [… I say] that on genealogical 
principles alone, & considering whole 

organisation man probably diverged from 
the Catarhine stem a little below the branch 
of the anthropo:apes […]. I have then added 
in my M.S. that this is your opinion […]. Is 

this your opinion? 

I have really expressed no opinion as to 
Man’s origin nor am I prepared to do so at 

this moment. The [1865] diagram […] 
expresses what I believe to be the degree of 

resemblance as regards the spinal 
column only. The [1867] diagram expresses 

what I believe to be the degree of 
resemblance as regards the appendicular 

skeleton only

Darwin Correspondence Project letters 7718A & 7170



Inferences from comparative morphology / embryology data in trouble

“From the same facts, opposite 
conclusions are drawn; facts of the 

same kind will take us no further. […] 
Need we waste more effort in these 

vain and sophistical disputes. If facts of 
the old kind will not help, let us seek 

facts of a new kind.”
William Bateson (1894)

Materials for the Study of Variation

https://www.dnalc.org/view/16197-Gallery-5-William-Bateson-Portrait.html



“The stream of heredity makes 
phylogeny; in a sense, it is phylogeny. 

Complete genetic analysis would provide 
the most priceless data for the mapping 

of this stream”
G. G. Simpson, 1945





Incongruence / conflict / discordance

Species

phylogeny?

Gene X Gene Y



The genomics revolution

https://www.genome.gov/about-genomics/fact-sheets/DNA-Sequencing-Costs-Data

PhD Faculty



A systematic evaluation of single gene phylogenies 

S. cerevisiae

S. paradoxus

S. mikatae

S. kudriavzevii

S. bayanus

S. castellii

S. kluyveri

Candida glabrata



Incongruence at the single gene level

“Plainly stated, taxonomists keep digging the same hole for 
themselves and falling down it; all that has changed, over 

the years, is the sophistication of the shovel”

ML / MP Rokas et al. (2003) NatureAnonymous Reviewer for Nature (2003)



Concatenation of 106 genes yields a single species phylogeny

ML / MP on nt
MP on aa

Rokas et al. (2003) Nature



The use of many genes eliminates incongruence

Rokas et al. (2003) Nature

ML / MP on nt
MP on aa



The dawn of the phylogenomics era



Have we eliminated 
incongruence?



Biological factors

They lead to gene trees whose histories may differ from each 
other and from the species tree. Known factors include 
stochastic lineage sorting, hidden paralogy, horizontal 
gene transfer, recombination, hybridization / 
introgression, and natural selection

Analytical factors

They lead to failure in accurately inferring a gene tree; these 
can be either due to stochastic error (e.g., insufficient number 
of genes or taxa), systematic error (e.g., observed data 
deviate from model assumptions), or treatment error (e.g., 
excessive trimming)

2 sets of factors influence the gene tree – species tree relationship

Steenwyk et al. (2023) Nature Rev. Genet.



Steenwyk et al. (2023) Nature Rev. Genet.

Biological factors

Lineage sorting Horizontal transfer
Hybridization / 
Introgression

SelectionRecombination Duplication & Loss



Genes’ histories 
can differ from 

species ones

Nei (1987) Mol. Evol. Genet.; Maddison (1997) Syst. Biol.

A B C

Speciation 
of B and C 
lineages

Speciation 
of A and BC 

lineages
Splitting of AB 
and C alleles

Splitting of A and 
B alleles

Stochastic lineage sorting of ancestral polymorphisms



Lineage sorting in primates

Informative Sites

1,302 / 11,293

(~11.5%)

8,561 / 11,293

(~76%)

1,430 / 11,293

(~12.5%)

Patterson et al. (2006) Nature



Horizontal transfer of genes

Exchange of genes between organisms other than through reproduction

Gogarten & Townsend (2005) Nature Rev. Genet.



Horizontal transfer of an entire operon in yeasts

Kominek, Doering, et al. (2019) Cell

A clade of yeasts acquired the enterobactin 
operon from Enterobacteria – organisms from 
both lineages co-occur in insect guts, where 
iron is a growth-limiting factor



Balancing selection

Balancing selection can maintain “trans-species polymorph-
isms”, in which the alleles are more ancient than the species

Best example: alleles at loci of 
the MHC – they have been 

retained by selection because 
they confer resistance to 

infection

Certain human MHC alleles 
appear to have diverged more 

than 65 million years ago (these 
alleles witnessed the extinction 

of dinosaurs!!!)

Azevedo et al. (2015) Human Genomics



Positive selection

Li et al. (2010) Curr. Biol.

Phylogeny of 
prestin, a gene 

involved in 
echolocation 



Gene duplication and loss

Gogarten & Townsend (2005) Nature Rev. Genet.



Scannell et al. (2006) Nature

Gene duplication and loss



Hybridization and introgression

S. eubayanus was discovered in 2011 – until then, S. bayanus was 
thought to be a “pure” species

S. cerevisiae – S. paradoxus divergence ≈ human – mouse divergence
S. cerevisiae – S. uvarum divergence ≈ human – chicken divergence

Hittinger (2013) Trends Genet.



Analytical factors

Steenwyk et al. (2023) Nature Rev. Genet.



Sampling error

Rokas (2011) Curr. Prot. Mol. Biol.



Systematic error

Felsenstein (1978) Syst. Zool.

Long branch attraction



“The Strepsiptera Problem” is a classic example of LBA



The Strepsiptera Problem

Carmean & Crespi (1995) Nature



The Strepsiptera Problem

Huelsenbeck (1997) Syst. Biol.

p distance HKY85 HKY85+GAMMA



Solving the Strepsiptera Problem with more genes and better models

Niehuis et al. (2012) Curr. Biol.



Treatment errors

Steenwyk et al. (2023) Nature Rev. Genet.

Multiple sequence alignment

Alignment trimming

Character recoding

Irreproducibility 

…



Multiple sequence alignment

Wong et al. (2008) Science



Wong et al. (2008) Science

7 tools produce 6 different topologies



What is the reproducibility of our analyses?

Shen et al. (2020) Nature Comm.



9-18% of gene trees are irreproducible

Shen et al. (2020) Nature Comm.



Genes yielding irreproducible trees are less informative

Shen et al. (2020) Nature Comm.



We have not eliminated 
incongruence but now better 
understand the biological and 

analytical contributing factors and 
their impact; sources vary by lineage 

and depth



Inference at shallow depths is 
easier:

analytical factors

biological factors



The evolution of 
hominids

Nielsen et al. (2017) 
Nature



The phylogeny of primate genera

Carbone et al. (2014) Nature

Nomascus 
leucogenys

Hoolock 
leuconedys

Symphalangus 
syndactylus

Hylobates 
pileatus

Hylobates 
moloch



“Easier” doesn’t mean “easy”!

Carbone et al. (2014) Nature

3.7% 3.5% 2.8%

5.6% 5.2% 5.1%

4.7% 4.1% 3.8%

7.9% 7.2% 6.7%

15.4% 13.2% 10.9%



Inference in deep time can be 
more challenging:

analytical factors

biological factors



Philippe et al. (2011) PLoS Biol.

Incongruence in deep time



VS

Smith et al. (2011) NatureKocot et al. (2011) Nature

Incongruence in deep time



VS

Chang et al. (2015) PNASPisani et al. (2015) PNAS

Incongruence in deep time

Bilaterian 
animals

Ctenophores

Porifera



Lecture outline

 Incongruence and its causes

-------------------- Coffee Break -----------------------

 Handling incongruence in phylogenomic 
data



An expanded yeast data matrix

Byrne & Wolfe (2005) Genome Res.

Yeast Gene Order Browser (YGOB)

Saccharomyces
lineage

Fitzpatrick et al. (2010) BMC Genom.

Candida Gene Order Browser (CGOB)

Candida
lineage

1,070 genes
23 taxa

no missing data



Yeasts exhibit striking genomic diversity

Shen, Opulente, Kominek, Zhou et al. (2018) Cell

Saccharomyces, Candida, Kluyveromyces, etc. are all 
polyphyletic genera



Concatenation yields an absolutely supported phylogeny

Salichos & Rokas (2013) Nature



Bootstrap support is misleading when used in large datasets

Rokas & Carroll (2006) PLoS Biol.



The concatenation phylogeny is at least partly wrong

Scannell et al. (2006) Nature

               Saccharomyces
                   cerevisiae
                 Saccharomyces 
                    castellii
                       Candida
                   glabrata  5 genomic rearrangements that are 

uniquely shared by S. cerevisiae and 
C. glabrata

 Much higher proportion of shared 
gene losses in S. cerevisiae and C. 
glabrata

 Bias in the placement of C. glabrata 
as an outgroup of S. cerevisiae and 
S. castellii 



All gene trees differ from the concatenation phylogeny

Salichos & Rokas (2013) Nature



Gene trees are incongruent in most datasets

182 / 184 440 / 447

Song et al. (2012) PNASZhong et al. (2013) Trends Plant Sci.

Salichos & Rokas (2013) Nature

1,070 / 1,070

Jarvis et al. 
(2014) Science

14,536 / 
14,536



The yeast phylogeny inferred by majority-rule consensus

Salichos & Rokas (2013) Nature

Gene Support Frequency (GSF): % of single gene trees supporting a 
given internode



Gene and site concordance factors

Minh et al. (2020) Mol. Biol. Evol.



Phylogenetic trees are sets of splits / bipartitions

ABC

D E F G

HI

Division

AB
C
D E F G

HI

Splits / Bipartitions

Set of splits in reference tree: {A, B, C, D, E}         {F, G, H, I}

IBC

D E F G

HA IB
C
D E F G

HA

Conflicting set of splits: {I, B, C, D, E}         {F, G, H, A}



Quantifying incongruence

Internode Certainty (IC): a 
measure of the support for a given 

internode (bipartition) by considering its 
frequency in a given set of trees jointly 

with that of the most prevalent conflicting 
bipartition in the same set of trees

Tree Certainty (TC): the sum of IC 
values across all internodes

Implemented in RAxML and 
QuartetScores 

(https://github.com/lutteropp/QuartetS
cores)

Salichos et al. (2014) Mol. Biol. Evol.; Kobert et al. (2016) Mol. Biol. Evol.;
Zhou et al. (2020) Syst. Biol.

Ratio of “Heads/Tails”

U
nc

er
ta

in
ty

C
er

ta
in

ty

Ratio of Support for 
Two Conflicting 

Bipartitions

https://github.com/lutteropp/QuartetScores
https://github.com/lutteropp/QuartetScores


IC is a more informative measure of branch support

% Support for most 
prevalent conflict:

#1: 6%

IC value: 0.59
% Support for most 
prevalent conflict:

#1: 29%

IC value: 0.06

Salichos & Rokas (2013) Nature



Coalescent-based inference of the yeast phylogeny

Salichos & Rokas (2013) Nature

Coalescent units / IC



Coalescent branch lengths are correlated with GSF/IC

Salichos & Rokas (2013) Nature



Why so much incongruence? Biological factors

Yu et al. (2012) PLOS Genet.



Why so much incongruence? Analytical factors

Rokas & Carroll (2006) PLOS Biol.

Internode length: influences amount of phylogenetic signal (I)
Homoplasy: independent evolution of identical characters ( * , ● )

Salichos & Rokas (2013) Nature



Certain recipes for handling incongruence didn’t help

Treatment Tree Certainty # of Internodes where IC
increased | decreased

Default analysis 8.35 n/a

Removing sites containing gaps

All sites with gaps excluded 7.91 0 | 7

Removing fast-evolving or unstable species

C. lusitaniae 8.15 1 | 2

C. glabrata 8.30 2 | 2

E. gossypii, C. glabrata, K. lactis 7.88 1 | 3

Selecting genes that recover specific clades

[C. tropicalis, C. dubliniensis, C. 
albicans] 8.62 0 | 0

Selecting the most slow-evolving genes

100 slowest-evolving genes 6.76 2 | 9

Salichos & Rokas (2013) Nature



What do we do then?

Treatment Tree Certainty # of Internodes where IC
increased | decreased

Default analysis 8.35 n/a

Selecting genes whose bootstrap consensus trees have high average support

All genes with average BS ≥ 60% 8.59 4 | 0

All genes with average BS ≥ 70% 9.18 14 | 0

All genes with average BS ≥ 80% 9.92 15 | 0

Salichos & Rokas (2013) Nature



Selecting specific bipartitions dramatically improves phylogeny

Treatment Tree Certainty # of Internodes where IC
increased | decreased

Default analysis 8.35 n/a

Selecting genes whose bootstrap consensus trees have high average  support

All bipartitions with BS ≥ 60% 10.11 14 | 0

All bipartitions with BS ≥ 70% 10.70 16 | 0

All bipartitions with BS ≥ 80% 11.32 15 | 0

Salichos & Rokas (2013) Nature



Least supported internodes harbor the most conflict

Salichos & Rokas (2013) Nature



The status of the yeast phylogeny

Gene Support Frequency (or gene Concordance Factor)  / Internode Certainty

Supported by
Rare Genomic
Characters 



Similar results in other lineages

Vertebrates
(1,086 genes, 18 taxa)

Animals
(225 genes, 21 taxa)

Mosquitoes
(2,007 genes, 20 taxa)

Salichos & Rokas (2013) Nature; Wang et al. (2015) Genome Biol. Evol.



Incongruence in phylogenomic datasets

Hypothesis: these debates concern internodes that are 
 poorly supported by individual gene trees

Test:  measure the phylogenetic signal in 
  contentious branches of the tree of life



Definitions of phylogenetic signal

A measure of the statistical dependence among species' trait values 
due to their phylogenetic relationships / the tendency of related 
species to resemble each other more than species drawn at random 
from the same tree

Revell et al. (2008) Syst. Biol.
Münkemüller et al. (2012) Methods Ecol. Evol.

The amount of support for a particular topology, e.g., the relative 
number of resolved internodes in a consensus tree

Sanderson (2008) Science

A measure of the substitutions occurring along a given branch of the 
evolutionary tree. In parsimony methods, the signal is encoded in 
shared derived characters. In probabilistic methods, the amount of 
phylogenetic signal actually extracted from a given dataset depends 
on the model and is expected to increase with the fit of the model to 
the data

Philippe et al. (2011) PLoS Biol.
Townsend et al. (2012) Syst. Biol.



Maximum Likelihood tree

(T1)

Conflicting tree

(T2)

Our definition

𝐥𝐥𝐥𝐥 𝑻𝑻𝟏𝟏 𝑿𝑿𝒊𝒊 = −𝟏𝟏𝟏𝟏𝟏𝟏 𝐥𝐥𝐥𝐥 𝑻𝑻𝟐𝟐 𝑿𝑿𝒊𝒊 = −𝟏𝟏𝟏𝟏𝟏𝟏

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝒊𝒊𝑷𝑷 𝑺𝑺𝒊𝒊𝑷𝑷𝑷𝑷𝑺𝑺𝑷𝑷 = −(𝐥𝐥𝐥𝐥 𝑻𝑻𝟏𝟏 𝑿𝑿𝒊𝒊 − 𝐥𝐥𝐥𝐥 𝑻𝑻𝟐𝟐 𝑿𝑿𝒊𝒊 )

Shen et al. (2017) Nature Ecol. Evol.



Signal of genes in a phylogenomic data matrix

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l

Shen et al. (2017) Nature Ecol. Evol.; data from Borowiec et al. (2015) BMC Genomics

T1
T2

1,080 genes from 36 animal taxa



Signal of genes in a phylogenomic data matrix

Shen et al. (2017) Nature Ecol. Evol.

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l



Shen et al. (2017) Nature Ecol. Evol.

Signal of genes in multiple phylogenomic data matrices

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l



Summarizing phylogenetic signal across genes and sites

Datasets

%
 o

f G
en

es
 / 

Si
te

s

T1

T2

Shen et al. (2017) Nature Ecol. Evol.



Summarizing the signal across all 3 possible topologies

Shen et al. (2017) Nature Ecol. Evol.



Shen et al. (2017) Nature Ecol. Evol.

Testing several contentious branches of the tree of life
Clade ML Tree (T1) Conflicting Tree (T2)
Plants Amborella as sister to all other flowering plants Amborella + Nuphar as sister to all other flowering plants

Magnoliids as sister to Eudicots + Chloranthales Eudicots as sister to Magnoliids + Chloranthales 
Hornworts as sister to all other land plants, followed by a 
mosses + liverworts clade

Hornworts as sister to a mosses + liverworts clade

Gnetales as sister to the Pinaceae, nested within the 
Coniferales

Gnetales as sister to the Coniferales

Zygnematophyceae as sister to all land plants Charales as sister to all land plants
Vertebrates Gymnophiona as sister to all other amphibians Anura as sister to all other amphibians

Atlantogenata (Afrotheria + Xenarthra) as sister to all other 
placental mammals

Afrotheria as sister to all other  placental mammals

Lungfishes as sister to all tetrapods Lungfishes + coelacanths as sister to all tetrapods
Pigeons as sister to all other Neoaves Falcons as sister to all other Neoaves
Elopomorpha + Osteoglossomorpha as sister to all other 
teleosts

Osteoglossomorpha alone as sister to all other teleosts

Turtles as sister to archosaurs (birds + crocodiles) Turtles as sister to crocodiles
Yeasts Ascoideaceae as sister to Phaffomycetaceae + 

Saccharomycetaceae
Ascoideaceae as sister to a clade comprising Pichiaceae, 
Debaryomycetaceae, Phaffomycetaceae, and 
Saccharomycetaceae

Candida glabrata rather than Naumovozyma castellii as 
sister to Saccharomyces sensu stricto yeasts

Naumovozyma castellii rather than Candida glabrata sister to 
Saccharomyces sensu stricto yeasts

Hyphopichia burtonii as sister to Candida auris +
Metschnikowia bicuspidata

Hyphopichia burtonii as sister to Debaryomyces hansenii

Zygosaccharomyces rouxii as sister to all other yeasts with 
occurring whole-genome duplication event

Vanderwaltozyma polyspora as sister to all other yeast with 
occurring whole-genome duplication event

Meyerozyma guilliermondii as sister to Debaryomyces 
hansenii

Meyerozyma guilliermondii as sister to Hyphopichia burtonii + 
Candida auris

Candida tanzawaensis as sister to Pichia stipiti + Candida 
maltosa

Pichia stipiti as sister to Candida tanzawaensis + Candida 
maltosa



Phylogenetic signal in contentious branches of the ToL

Genes

Ph
yl

og
en

et
ic

 S
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na
l

Shen et al. (2017) Nature Ecol. Evol.



The signal in some branches is very strong…

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l

T1 (Turtles are 
sister to birds + 
crocodiles)

T2
(turtles are sister 

to crocodiles)

Shen et al. (2017) Nature Ecol. Evol.



…But in others it stems from one or two genes

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l

Shen et al. (2017) Nature Ecol. Evol.



Phylogenetic signal per gene for the two hypotheses

Shen et al. (2017) Nature Ecol. Evol.

T1

T2

1233 genes, 86 yeast taxa

Removal of this 
gene switches 

support from T1 
to T2



Shen et al. (2017) Nature Ecol. Evol.

What happens if we remove that one gene?



Quantifying the 
impact of removing 
opinionated genes

Shen et al. (2017) Nature Ecol. Evol.



Which branches 
are resolved and 

which are 
unresolved?

Shen et al. (2017) Nature Ecol. Evol.



Methods for phylogenomic inference

Liu et al. (2015) Ann. N. Y. Acad. Sci.



Shen et al. (2017) Nature Ecol. Evol.

What happens if we remove one site from every gene?



What’s going on?

Explanation #1: Biological factors (parts 
of the tree of life are bush-like / network-

like rather than tree-like) 

Explanation #2: Analytical factors 
(systematic error due to the bad fit of our 

models to our data)



Genome-scale phylogeny of 332 yeasts

Shen, Opulente, 
Kominek, Zhou et 

al. (2018) Cell

Saccharomyces

WGD 
clade

Candida 
albicans

332 taxa
2,408 genes



The 32 conflicting branches in the yeast phylogeny
In

te
rn

al
 b

ra
nc

he
s

Data matrices

Concatenation Coalescence

~10% (32 / 331) 
of  internal 

branches show 
conflict between 

analyses

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Distribution of conflict on the yeast phylogeny

Shen, Opulente, Kominek, 
Zhou et al. (2018) Cell



Shen et al. (2016) G3





















1,233-gene, 86-
taxon data matrix

~13% (11 / 85) of  
internal branches 
conflict between 

analyses

Despite increasing 
# internal branches 

~4X, (85 -> 331), 
conflict decreased



Shen et al. (2017) Nature Ecol. Evol.

1,233 genes, 86 yeast taxa

Removal of this 
gene (DPM1) 

switches support 
from T1 to T2

Genes

Ph
yl

og
en

et
ic

 S
ig

na
l

A single gene governs the placement of Ascoideaceae



Sampling of 3 additional taxa “breaks” the long branch ...

... ...

Phaffomycetaceae

Saccharomycetaceae / 
Saccharomycodaceae

Shen, Opulente, Kominek, Zhou et al. (2018) Cell



Sampling of 3 additional taxa decreases gene’s signal

Shen, Opulente, Kominek, Zhou et al. (2018) Cell

Phylogenetic signal
2,408 genes, 332 taxa
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Genomfart? The way forward?

Multiple sequence 
alignment / data 

matrix 
reconstruction 

(more taxa, more 
genes)

Apply different 
phylogenetic 
analyses (diff. 

optimality criteria / 
diff. approaches / 

different treatments)

Assess conflict 
(e.g., use internode 

certainty / 
concordance 

factors)

Investigate alternative 
hypotheses for branches 
showing conflict / assess 
sensitivity of results (keep 
biology of lineage in mind!)

Only report resolution of 
branches that you have 

support for



“One can use the most sophisticated audio equipment to listen, for an 
eternity, to a recording of white noise and still not glean a useful scrap of 

information”
Rodrigo et al. (1994)

Chapter in: Sponge in Time and Space; Biology, Chemistry, Paleontology

Carefully analyze and listen to the data
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