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Darwin’s Tree

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

“As buds give rise by growth to fresh buds, and these, if vigorous, branch 
out and overtop on all sides many a feebler branch, so by generation I 

believe it has been with the great Tree of Life, which fills with its dead and 
broken branches the crust of the earth, and covers the surface with its 

ever branching and beautiful ramifications”





http://www.mun.ca/biology/scarr/139393_forelimb_homology.jpg

Comparative Morphology of Extant Organisms



Comparative Anatomy of Fossils

Synapsid (300 mya)

Therapsid (280 mya)

Later cynodont (220 mya)

Early cynodont (260 mya)

Very late 
cynodont (195 mya)

Campbell (2016) Biology, 10th Ed., Fig. 25.7

Key to skull bones
Articular
Quadrate
Dentary

Squamosal



Comparative Embryology

http://www.nature.com/nrg/journal/v7/n11/images/nrg1918-f2.jpg

Lizard Tortoise         Pig Human



The First Published Phylogeny

St. George Jackson 
Mivart

Mivart (1865) Proc. Zool. Soc. London



Fossil gastropods Extant and extinct mammals

Inferring Phylogenies Becomes a Cottage Industry

Hilgendorf, 1867 Gaudry, 1866

http://phylonetworks.blogspot.com/2012/08/who-published-first-
phylogenetic-tree.html



Haeckel’s Phylogenies

Haeckel (1866)



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



Comparative Morphology & Embryology in Trouble

By the turn of the century, a sense of 
despair about the conflicting 

phylogenies produced by comparative 
morphology and embryology has well 

settled among the community

“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”
William Bateson (1894)

Materials for the Study of Variation

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



The Origins of “Molecular” Phylogenetics

Studies in immunochemistry 
were showing that serological 
cross-reactions were stronger 

for more closely related 
organisms

Nuttall, realizing the evolutionary 
implications, used this approach 
to reconstruct the phylogenetic 

relationships among various 
groups of animals

Nuttall (1904) Blood Immunity and Blood Relationship

He determined that humans’ closest relatives were the apes, followed, in 
order of relatedness, by Old World monkeys, New World monkeys, and 

prosimians (lemurs and tarsiers)!



“Molecular” Phylogenetics of Drosophila

https://www-tc.pbs.org/wgbh/evolution/library/06/2/images/l_062_04_l.jpg; 
http://www.caltech.edu/news/first-genetic-linkage-map-38798

Theodosius Dobzhansky Alfred Sturtevant



Using Chromosomal Rearrangements as Markers…

Dobzhansky & Sturtevant (1938) Genetics



…To Infer the History of Species

Dobzhansky & Sturtevant (1938) Genetics



“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



“…before long we shall have a 
subject which might be called 

“protein taxonomy”; the study of 
amino acid sequences of the 

proteins of an organism and the 
comparison of them between 
species. It can be argued that 
these sequences are the most 

delicate expression possible of 
the phenotype of an organism 

and that vast amounts of 
evolutionary information may be 

hidden away within them”

Francis Crick, 1957



“…the search for homologous 
genes is quite futile except in 

very close relatives”

Ernst Mayr, 1963



Zuckerkandl & Pauling (1965) J. Theoret. Biol.

DNA & Protein Sequences Record Evolutionary History



The Phylogeny of Human Populations

Cavalli-Sforza & Edwards (1965) in Genetics Today

Phylogeny inferred from blood group 
allele frequencies from 15 populations



Estimating the Divergence of Humans and Chimps

Sarich & Wilson (1967) Science

“no fuss, no muss, no dishpan hands. Just throw some proteins into a 
laboratory apparatus, shake them up, and bingo! – we have an answer 

to questions that have puzzled us for three generations.”

Divergence times were estimated by measuring the 
immunological cross-reaction of blood serum albumin 

between pairs of primates



Sequence-based Phylogenies

Used protein sequences from a 
large number of organisms

Developed a computational 
approach for efficient analysis of 
large numbers of taxa (distance 

matrix method)

Fitch & Margoliash (1967) Science





Gene tree ≈ Species phylogeny

Gene tree ≠ Species phylogeny



Analytical factors

They lead to failure in accurately inferring a gene tree; these 
can be either due to stochastic error (e.g., insufficient 
sequence length or taxon samples) or due to systematic error 
(e.g., observed data far depart from model assumptions)

Biological factors

They lead to gene trees that are topologically distinct from 
each other and from the species tree. Known factors include 
stochastic lineage sorting, hidden paralogy, horizontal 
gene transfer, recombination and natural selection

Two Types of Factors Influence the Relationship



Sampling Error

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



Systematic Error

Felsenstein (1978) Syst. Zool.

Long branch attraction



“The Strepsiptera Problem” is the Classic Example of LBA



The Strepsiptera Problem

Carmean & Crespi (1995) Nature



The Strepsiptera Problem

Huelsenbeck (1997) Syst. Biol.

p distance HKY85 HKY85+GAMMA



Degnan  & Rosenberg (2009) Trends Ecol. Evol.

Biological Factors



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
Coalescence of 
AB and C alleles

Coalescence 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 Gene Transfer in Fungi

Slot & Rokas (2010) PNAS



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 



Positive Selection

Castoe et al. (2009) PNAS



Gene Duplication Can Confound Phylogeny

Fitch & Margoliash (1967) Science



Gene Duplication Can Confound Phylogeny

Fitch (1970) Syst. Zool.



Gene Duplication and Loss

Gogarten & Townsend (2005) Nature Rev. Genet.



Scannell et al. (2006) Nature

Gene Duplication and Loss



Hybridization / Introgression

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

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

Hittinger (2013) Trends Genet.



OK, I now get why 
gene trees ≠ species 

phylogenies

What does this have to do with 
phylogenomics?



All this Manifests Itself as Incongruence

Species

phylogeny?

Gene X Gene Y



Incongruence is Pervasive in the Phylogenetics Literature

Rokas & Chatzimanolis (2008) in Phylogenomics (W. J. Murphy, Ed.) 



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 Yeast Phylogeny

ML / MP on nt
MP on aa

Rokas et al. (2003) Nature



The Phylogenomics Era – “Resolving” the Tree of Life



The Phylogenomics Era – “Resolving” the Tree of Life



Have we eliminated 
incongruence?



Figuring out what’s going on is 
easier at shallow depths, b/c 
systematic error is usually 

absent



The Evolution of 
Human 

Populations

Nielsen et al. (2017) 
Nature



Fontaine et al. adhere to a classical view 
that there is a “true species tree” […]. But 
given that the bulk of the genome has a 
network of relationships that is different 
from this true species tree, perhaps we 

should dispense with the tree and 
acknowledge that these genomes are best 

described by a network, and that they 
undergo rampant reticulate evolution

Fontaine et al. (2015) Science; Clark & Messer (2015) Science

“Easier” Doesn’t Mean “Easy”!



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%



The three major lineages first 

appeared within 20 – 30 million 

years ago, approximately 390 

million years ago

Inform. Sites

92 / 294

96 / 294

106 / 294

Takezaki et al. (2004) Mol. Biol. Evol.

44 genes, ML/MP/NJ

Disentanglement Becomes More Challenging Deeper…



Philippe et al. (2011) PLoS Biol.

Incongruence in Deep Time is More Challenging



VS

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

Incongruence in Deep Time is More Challenging



VS

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

Incongruence in Deep Time is More Challenging

Bilaterian
animals

Ctenophores

Porifera



Why the disconnect?
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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



Fungal Genomes are Similar in Divergence to Animals

Fedorova et al. (2008) PLoS Genet.

Proteome-wide average pairwise amino acid sequence similarity

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



Phylogenetic Trees are Sets of Splits

ABC

D E F G

HI

Division

AB
C
D E F G

HI

Splits

{A, B, C, D, E}         {F, G, H, I}

IBC

D E F G

HA IB
C
D E F G

HA

Conflicting Splits: {I, B, C, D, E}         {F, G, H, A}



Quantifying Incongruence

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

internode by considering its 
frequency in a given set of trees 

jointly with that of the most 
prevalent conflicting internode in 

the same set of trees

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

IC and TC are implemented 
in the latest versions of 

RAxML

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

Ratio of “Heads/Tails”

U
nc

er
ta

in
ty



Quantifying Incongruence

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

internode by considering its 
frequency in a given set of trees 

jointly with that of the most 
prevalent conflicting internode in 

the same set of trees

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

IC and TC are implemented 
in the latest versions of 

RAxML

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

C
er

ta
in

ty

Ratio of Support for 
Two Conflicting 

Internodes



IC Can Be More Informative Measure of Internode Support

% Support for most 
prevalent  conflicts:

#1: 6%

IC value: 0.59
% Support for most 
prevalent  conflicts:

#1: 29%

IC value: 0.06

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





Standard 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  / 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

These debates concern internodes that are poorly 
supported by individual gene trees

Bilaterian
animals

Porifera

Ctenophores



Methods for Phylogenomic Inference

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



The Way Forward

Multiple sequence 
alignment / data 

matrix 
reconstruction

Apply different 
phylogenetic 
analyses (diff. 

optimality criteria / 
diff. approaches)

Assess conflict 
(e.g., use internode 

certainty)

Investigate alternative 
hypotheses for branches 
showing conflict / assess 

sensitivity of results

Only report resolution of 
branches that you have 

support for



What lies ahead



Cost of DNA Sequencing in this Century

http://www.genome.gov/sequencingcosts/



The Genomes of Non-Model Organisms are the New Frontiers

Rokas & Abbot  (2009) Trends Ecol. Evol.



The Making of Biodiversity across the Yeast Subphylum

Hittinger lab Kurtzman lab Rokas lab



Saccharomyces cerevisiae, Molecular Biology’s Workhorse



Oil producers
(Lipomyces)

Xylose fermenters 
(Scheffersomyces (Pichia) stipitis)

The Metabolisms of the 1,000+ Species Vary Widely

Cactophilic 
yeasts

Animal pathogens
(Candida)

Plant pathogens
(Eremothecium sp.)



The Making of Biodiversity Across the Yeast Subphylum

 Sequence the genome of every known of the ~1,000+ 
yeast species

 Construct their definitive phylogeny

 Revise their taxonomy

 Examine the impact of metabolism on yeast 
diversification

http://y1000plus.org



developing pipelines for 
handling genomic and 

phylogenomic data



In silico Whole Genome Sequencer and Analyzer (iWGS)

iWGS seamlessly integrates the four key steps of a de novo genome 
sequencing project: 

Zhou et al. (2016) G3



In silico Whole Genome Sequencer and Analyzer (iWGS)

Zhou et al. (2016) G3



Developing Pipelines for Phylogenomic Studies

Shen et al. (2016) G3



Shen et al. (2016) G3

Identifying Molecular Markers for Phylogenomics



Assessing Occupancy of the Phylogenomic Data Matrix 

Shen et al. (2016) G3



Xing-Xing Shen, Xiaofan Zhou, Dana Opulente, Jacek Kominek and co-workers

So Far, We Have Sequenced ~530 Genomes



Inferring Evolution of Traits on the Yeast Phylogeny

Xing-Xing Shen, Xiaofan Zhou, Dana Opulente, Jacek Kominek and co-workers



“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”

Mind the Gap Between Real Data and Models

Rodrigo et al. (1994)
Chapter in: Sponge in Time and Space; Biology, Chemistry, Paleontology
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