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Lecture Outline

 Introduction to evolutionary genomics

 Phylogenomics

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

 Using genomes to understand ecology and 
evolution



What is an Elephant Like?



What is a Genome Like?

ACAACCCCTCCACCTCATGTACCTGCGGACTCTCCTCCAGTCACAGCTCAGGCAGTCCACTTTGCAACCCCTAAACCTCAAAACCGGTTT
GACGTTCTGTTAGACGAACAACTATGATATATCGACCCCGCCTAAGAACGGAGCCTCTGTCAGTGCTCCAGCTGAACGTAGGCCGCGGG
CCAGCCACTCATGAAATCGCCCTTTCATTAGCATACTCTAGCGGCATTGATATCATCCTTATACAGGAGCCATACATATATACTGACCTCA
GCCGGCAAATCACAAAAAGGCACCCATCATACGAGTGCTTCTCCCCAACAGACAGCTGGCTTGTAAGCGGTCGACCCCGGGTCCTCACC
TATGTCCGGAAAAAGATGGGCATTCGGGCCTCTCAGCTCCGCCCTCAGCCAATAGATCAAGATGTTCTCTCAGACCTTCTTCTACTACAG
ATCCTCTCCCGCTCTGGACAATCTGCATTGATAATCAACATCTATAATGCTCCAATCGGCTCAATCAGGTCAGGTGAGGCTGCAAAAGCG
CTTACACTCCTGCCTGACTCCTACTTTTCCCAGCCTACCGTGCTTGCCGGCGACTTCAACCTACTACATAGCAGGTGGCAGCCATCACTG
CATTGCAGCCCTACCACCTTTGCTGAGCCATTTGTTGACTGGCTTGATCGCCTAGGGCTGGTTCTTATCTCCGAGATAGACCAGCCTACAC
ACGATAGAGGCAACGTTCTTGACCTCACTTTCGCCTCCAGCTCCCTAGCACTGGCAGGGTCGAGTACCAGGATAGCAAGTCATTTAGAGT
CAACATCAGATCATCGGCCACTCCTCACCACCATGCCATGGAGCCAGAGATTCACAGAGGCAGCTCAGAAACTGAGATTTGATACATTA
GACCACCCTCGCTTCCTCTCACTACTCAGTTCCCACCTTGCTGTCATTGAATGCTCAGCTACAACAGAAGAGGGCCTGGACAGTCTAGCT
CATGGGTTAACCTTAGCAACTGCTAGTGCGTATAAAGGCTCTGCTAGGAGCTCCTTGGCGCAGGGAATAGGTCAGCCATGGTGGAATATT
GACTGCAGAAAAGCGTTGCAAGACTTCCGCTTAGGTCTCTGTTCAAGAAACGACTTCCGTCGGATAACTAGACGGTCTAAATAGCAGTTC
TGGCGAGATAAACTTACCGCAGTGACACAGATCAAAGATGTCTTTGACATAAGCAAGTGACATAAGTTTACAGGATCTTATCGAAACCCT
CCACTAAACGACCCTTTAAGGCCAAACAGCCCTCCAGCAGGGGCTCTGAATGAGAAACAAGACGTATTAGTCCGTAATCTTCTTCAGAAT
ACTGCTGAAGCGGGTGATATTGTCATAGGCTATGGCCTGGGCTGTGGTTGTCAGCCATGCCCTCAACCATAGAACATTCTAGAAGAACCA
TCGGGAAGAGGTTGGAACCCAGTGGAAGTTTGGGAACATGTATATAAGAAGGAGAGGGAGATGTATCTGCCTATTTCTCTCTCCAAGTCT
GCGATATTCGTTAATACATTATACAGGATTGCCAGTTGAAAACAATACTGCCTACGCCCGTCACAGGTACTGCAGTTTCCAACAAGAATC
AACGCTCGACCCGGCAATTATGGCTCAAGGTTAGACTACGTCCTGTGTAGCCTTGATATGCAAGATTAGTTCTGCGATTTGAATATCTAAG
AGGATCTAATGGTAAGCCCCAAGGCTGCCATGGCTTTATTGTAGATTGATTTTCTAGCTGACAATATGCAATTTGGGACAGGGATCTGATG
ATTGTCCGGTTTATGCTGTCTTCAAAAATGTTATACGCCTCGGCGAAGAAGAGGTCAACATTAAATGAGCCCTCCTGGGATGTTTAAAGAT
GGCGAGCGTCAGCAGGAATACTCTACTAAATATCTTCTGCCTACATCAGGGCGCTTAATACCAGAATTTAACAAGCGGAGGAGGATCAA
GGACATGTTCTTGCGTAAACCATCAGCCAACGTATAGAGACCGACGACGAACATCCTGACATTGAGATATTTTACCTCTAGTCAGGAAAA
GGGAACAGCACCCGCTATTTTGGAGAGTGCTGCCAGCGTCATAGCTACCTGCCAGCCTGTAGTAGCTGCTGACAGCACTCAAATGAAAG
AAGTTATTCGTAAGAGCTCTCAGAAATATGAGACAGGTTCCCCTGTCTCAGTCCAGTATTTGACATCGGGTTCAGCCCAATCATCAACAC
CCCCCACTGCTGGACAGAGGACTCTAAAGGGGTTCTTCAAACTTAAAAGTGGTCTAGCCAGCCAAATGGCCATAGCCCAGGATCCTGCA
ACAGTGTCTACTATGCCAACGAAACAACCAGCCGCATCCCCTACAAAATCTACCCCAGTTACAGAACCTCCTGCACTGGAAGCATTACTG
ACAGCTCCCGCTGGTGAAGCTTCTCCAGGAGAACAGCCAAATTCCGCGACTCCTACAGCTCCCGCTTCACCCCAAAGCAATGATACTATT
ATCGATCCCATTGTCAGCAAGGAAGATTGGTCAAAGCTCTTCACTAAAAAGCCCATTCCCAAGTGCGAGGGCCACCAGGAACCATGTTT
CAGTCTGACAACTAAGAAGCCTGGCATCAACTGCGGAAGATCGTTCTGGATCTGTTTGAGACCCCTTGGGCCCAGCGGAAACAAGGAAA
AGGGGATACAGTGGCGATTTCCTACATTCATATGGGCCAGCGATTGGAACCCTTCCGCTCCGTAGATTTTCTGTCTGGGGCAACTTCTTTT
TGCGATAGTGTAACGATACCCGGTTTTATACTTAGAAGGCTACGAATGGTATGATGTATCATGGTTTCAATGATAAGACATTTCGTCAAGT



Understanding the Genome Requires Tools



What is a Genome Like?
ACAACCCCTCCACCTCATGTACCTGCGGACTCTCCTCCAGTCACAGCTCAGGCAGTCCACTTTGCAACCCCTAAACCTCAAAACCGGTTT
GACGTTCTGTTAGACGAACAACTATGATATATCGACCCCGCCTAAGAACGGAGCCTCTGTCAGTGCTCCAGCTGAACGTAGGCCGCGGG
CCAGCCACTCATGAAATCGCCCTTTCATTAGCATACTCTAGCGGCATTGATATCATCCTTATACAGGAGCCATACATATATACTGACCTCA
GCCGGCAAATCACAAAAAGGCACCCATCATACGAGTGCTTCTCCCCAACAGACAGCTGGCTTGTAAGCGGTCGACCCCGGGTCCTCACC
TATGTCCGGAAAAAGATGGGCATTCGGGCCTCTCAGCTCCGCCCTCAGCCAATAGATCAAGATGTTCTCTCAGACCTTCTTCTACTACAG
ATCCTCTCCCGCTCTGGACAATCTGCATTGATAATCAACATCTATAATGCTCCAATCGGCTCAATCAGGTCAGGTGAGGCTGCAAAAGCG
CTTACACTCCTGCCTGACTCCTACTTTTCCCAGCCTACCGTGCTTGCCGGCGACTTCAACCTACTACATAGCAGGTGGCAGCCATCACTG
CATTGCAGCCCTACCACCTTTGCTGAGCCATTTGTTGACTGGCTTGATCGCCTAGGGCTGGTTCTTATCTCCGAGATAGACCAGCCTACAC
ACGATAGAGGCAACGTTCTTGACCTCACTTTCGCCTCCAGCTCCCTAGCACTGGCAGGGTCGAGTACCAGGATAGCAAGTCATTTAGAGT
CAACATCAGATCATCGGCCACTCCTCACCACCATGCCATGGAGCCAGAGATTCACAGAGGCAGCTCAGAAACTGAGATTTGATACATTA
GACCACCCTCGCTTCCTCTCACTACTCAGTTCCCACCTTGCTGTCATTGAATGCTCAGCTACAACAGAAGAGGGCCTGGACAGTCTAGCT
CATGGGTTAACCTTAGCAACTGCTAGTGCGTATAAAGGCTCTGCTAGGAGCTCCTTGGCGCAGGGAATAGGTCAGCCATGGTGGAATATT
GACTGCAGAAAAGCGTTGCAAGACTTCCGCTTAGGTCTCTGTTCAAGAAACGACTTCCGTCGGATAACTAGACGGTCTAAATAGCAGTTC
TGGCGAGATAAACTTACCGCAGTGACACAGATCAAAGATGTCTTTGACATAAGCAAGTGACATAAGTTTACAGGATCTTATCGAAACCCT
CCACTAAACGACCCTTTAAGGCCAAACAGCCCTCCAGCAGGGGCTCTGAATGAGAAACAAGACGTATTAGTCCGTAATCTTCTTCAGAAT
ACTGCTGAAGCGGGTGATATTGTCATAGGCTATGGCCTGGGCTGTGGTTGTCAGCCATGCCCTCAACCATAGAACATTCTAGAAGAACCA
TCGGGAAGAGGTTGGAACCCAGTGGAAGTTTGGGAACATGTATATAAGAAGGAGAGGGAGATGTATCTGCCTATTTCTCTCTCCAAGTCT
GCGATATTCGTTAATACATTATACAGGATTGCCAGTTGAAAACAATACTGCCTACGCCCGTCACAGGTACTGCAGTTTCCAACAAGAATC
AACGCTCGACCCGGCAATTATGGCTCAAGGTTAGACTACGTCCTGTGTAGCCTTGATATGCAAGATTAGTTCTGCGATTTGAATATCTAAG
AGGATCTAATGGTAAGCCCCAAGGCTGCCATGGCTTTATTGTAGATTGATTTTCTAGCTGACAATATGCAATTTGGGACAGGGATCTGATG
ATTGTCCGGTTTATGCTGTCTTCAAAAATGTTATACGCCTCGGCGAAGAAGAGGTCAACATTAAATGAGCCCTCCTGGGATGTTTAAAGAT
GGCGAGCGTCAGCAGGAATACTCTACTAAATATCTTCTGCCTACATCAGGGCGCTTAATACCAGAATTTAACAAGCGGAGGAGGATCAA
GGACATGTTCTTGCGTAAACCATCAGCCAACGTATAGAGACCGACGACGAACATCCTGACATTGAGATATTTTACCTCTAGTCAGGAAAA
GGGAACAGCACCCGCTATTTTGGAGAGTGCTGCCAGCGTCATAGCTACCTGCCAGCCTGTAGTAGCTGCTGACAGCACTCAAATGAAAG
AAGTTATTCGTAAGAGCTCTCAGAAATATGAGACAGGTTCCCCTGTCTCAGTCCAGTATTTGACATCGGGTTCAGCCCAATCATCAACAC
CCCCCACTGCTGGACAGAGGACTCTAAAGGGGTTCTTCAAACTTAAAAGTGGTCTAGCCAGCCAAATGGCCATAGCCCAGGATCCTGCA
ACAGTGTCTACTATGCCAACGAAACAACCAGCCGCATCCCCTACAAAATCTACCCCAGTTACAGAACCTCCTGCACTGGAAGCATTACTG
ACAGCTCCCGCTGGTGAAGCTTCTCCAGGAGAACAGCCAAATTCCGCGACTCCTACAGCTCCCGCTTCACCCCAAAGCAATGATACTATT
ATCGATCCCATTGTCAGCAAGGAAGATTGGTCAAAGCTCTTCACTAAAAAGCCCATTCCCAAGTGCGAGGGCCACCAGGAACCATGTTT
CAGTCTGACAACTAAGAAGCCTGGCATCAACTGCGGAAGATCGTTCTGGATCTGTTTGAGACCCCTTGGGCCCAGCGGAAACAAGGAAA
AGGGGATACAGTGGCGATTTCCTACATTCATATGGGCCAGCGATTGGAACCCTTCCGCTCCGTAGATTTTCTGTCTGGGGCAACTTCTTTT
TGCGATAGTGTAACGATACCCGGTTTTATACTTAGAAGGCTACGAATGGTATGATGTATCATGGTTTCAATGATAAGACATTTCGTCAAGT

Transposon Protein Binding Site Exon Intron



Organization of the Human Genome

http://todd.jackman.villanova.edu/HumanGenome.jpg



Understanding the Genome Requires a Theory



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

Similarity in Anatomy Suggests Common Origins



Carnivore

Herbivore

Differences in Anatomy Suggest Adaptations

Incisivosaurus

Carnivore or Herbivore?



Darwin’s Data



The DNA Record

The DNA record 
contains 

important clues 
about 

organisms’ 
biological past, 

and their history 
of change and 

adaptation

Similarities in the DNA record suggest common origin

Differences in the DNA record (might) suggest adaptations



Human Genes Mirror Geography

Novembre et al. (2008) Nature



Recent Positive Selection in Human Populations

Sabeti et al. (2007) Nature

In the West African population, 
related to Lassa virus infection

In the European population, 
involved in skin pigmentation

in the Asian Population, involved 
in hair follicle development



Phenotypic Effects of Recent Positive Selection

Kamberov et al. (2013) Cell



Jacob Steenwyk – Rokas lab; Fig. 1 from Shen et al. (2018) Cell

Genomes Provide a Common Yardstick for Comparison



Ciccarelli et al. 
(2006)  Science

Genomes Can 
Help Reveal 

the History of 
Life



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

very close relatives”

Ernst Mayr, 1963



What Makes Us Sick Is the Stuff of Life 

Human disease-associated genes shared with flies (F), worms (W), and Yeast (Y);
from Rubin et al. (2000) Science 



Genomics Used to Be “Big Science”…



… But is now Accessible to Every Lab



And So Are Many High Throughput Technologies

Goodacre (2005) Metabolomics



Novel Ways to Probe Gene Function in Any Organism

RNAi TALENs / ZFNs and other nucleases / CRISPRs



The Genomes of Non-Model Organisms are the New Frontiers

Rokas & Abbot  (2009) Trends Ecol. Evol.



Snake Infrared Vision

Gracheva et al. (2010) Nature



The DNA Record

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

distributions. [...] 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 Rokas Lab

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

experimental approaches



Phylogenomics

The evolution of 
primary & 
secondary 

metabolism in 
fungi

The evolution 
of mammalian 

pregnancy



Darwin’s Tree

Maderspacher (2006) Curr. Biol.

Darwin's hand-made proof of the famous diagram from his Origin of Species





The First Published Phylogeny

St. George Jackson 
Mivart

Mivart (1865) Proc. Zool. Soc. London



Discordance Between Trees There from the Beginning

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



The Problem of 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



Have we eliminated 
incongruence?



At “Shallow” Depths, True History is Easier Seen & Quantified

Prufer et al. (2014) Nature



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?



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



Concatenation Yields an Absolutely Supported Phylogeny

Salichos & Rokas (2013) Nature



Bootstrap Support is Misleading When Used in Large Datasets

Rokas & Carroll (2006) PLoS Biol.



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



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.;
Zhou et al. (2018) bioRxiv

Ratio of “Heads/Tails”
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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.;
Zhou et al. (2018) bioRxiv

C
er

ta
in

ty
Ratio of Support for 

Two Conflicting 
Internodes



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



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 often concern relationships poorly 
supported by individual gene trees

Bilaterian
animals

Porifera

Ctenophores



What is the phylogenetic 
signal in branches of the tree 
of life that are challenging to 

resolve?



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

𝐥𝐧 𝑻𝟏 𝑿𝒊 ൌ െ𝟏𝟎𝟎 𝐥𝐧 𝑻𝟐 𝑿𝒊 ൌ െ𝟏𝟓𝟎

𝑷𝒉𝒚𝒍𝒐𝒈𝒆𝒏𝒆𝒕𝒊𝒄 𝑺𝒊𝒈𝒏𝒂𝒍 ൌ െሺ𝐥𝐧 𝑻𝟏 𝑿𝒊 െ 𝐥𝐧 𝑻𝟐 𝑿𝒊 ሻ
Shen et al. (2017) Nature Ecol. Evol.



Signal of the Genes in a Phylogenomic Data Matrix

Genes

Ph
yl

og
en
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ig
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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 the Genes in a Phylogenomic Data Matrix

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

Genes
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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.



Phylogenetic Signal in Contentious Branches of the ToL

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



The Signal in Some Branches is Very Strong…

Genes

Ph
yl
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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
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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



Removing One Gene Alters the Topology

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



Methods for Phylogenomic Inference

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



What Happens if we Remove One Site from Every Gene?

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



Removing 1 Site Alters the Topology

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



What’s Going On?

Explanation #1: Parts of the tree of life 
are bush-like / network-like (rather than 

tree-like) 

Explanation #2: Our models don’t fit well 
our data



The Phylogeny of Primate Genera

Carbone et al. (2014) Nature

Nomascus
leucogenys

Hoolock
leuconedys

Symphalangus
syndactylus

Hylobates
pileatus

Hylobates
moloch



Which is the Phylogeny of These 4 Genera?

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%



 Parts of the tree of life are more likely to resemble a 
bush rather than a tree – do we expect that we can 
confidently infer every branch and twig? 

 Bootstrap-based measures not useful in large data sets

Methods evaluating conflict among data subsets (e.g., 
internode certainty among genes or sites) are 
preferable

 Explicitly identify internodes that, despite the use of 
genome-scale data sets, robust study designs and 
powerful algorithms, are poorly supported

Genomfart?



Coffee Break



Lecture Outline

 Introduction to evolutionary genomics

 Phylogenomics

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

 Using genomes to understand ecology and 
evolution



The Making of Biodiversity across the Yeast Subphylum

Hittinger lab Kurtzman lab Rokas lab



The Making of Biodiversity across the Yeast Subphylum

 Sequence the genomes of 
all ~1,000+ known 
budding yeast species

 Construct their definitive 
phylogeny and timetree

 Examine the impact of 
metabolism on yeast 
diversification

 Revise their taxonomy

Hittinger / Kurtzman / Rokas Labs; http://y1000plus.org



why budding yeasts?



Budding Yeasts Have Very Small Genomes

http://book.bionumbers.org/how-big-are-genomes/



Budding Yeasts Exhibit Striking Genomic Diversity

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



S. cerevisiae, Cornerstone of Wine, Baking, and Brewing Industries



Several Other Genera Critical to the Food Industry

http://y1000plus.org/

Kefir
Soy sauce 
Sourdough 

Lambic 
beers

Kimchi
Dietary 

supplements
Probiotics 
Cheeses

Genera involved: Saccharomyces, Kluyveromyces, Zygosaccharomyces, 
Candida, Kazachstania, Pichia, and Dekkera (Brettanomyces) 



Oil producers
(Lipomyces, Yarrowia)

Xylose fermenters 
(Scheffersomyces (Pichia) stipitis)

The Metabolisms of Budding Yeasts Vary Widely

Cactophilic 
yeasts

Animal pathogens
(Candida)

Plant pathogens
(Eremothecium sp.)



i. Developing pipelines for genomic and 
phylogenomic data analyses

ii. Inferring a comprehensive & robust genome-
scale phylogeny of budding yeasts

iii. Using the phylogeny to gain insights into 
budding yeast evolution



Developing Pipelines for Genome Assembly

iWGS: in silico Whole Genome Sequencer & Analyzer

Zhou et al. (2016) G3

INPUT: Experimental Design + Reference Genome (Optional)

(Optional) Step 1: Simulation of Illumina / PacBio Data

Step 2: Quality Control (Quality / Adaptor Trimming; Error Correction)

Step 3: Assembly (Illumina-only (10), PacBio-only (3), Hybrid (4))

Step 4: QUAST Evaluation (Standalone or vs the Reference Genome)

OUTPUT: Evaluation Report, Ranking of Experimental Designs Tested



Developing Pipelines for Phylogenomic Inference

Genes

Ta
xa

Shen et al. (2016) G3



Assessing Speed and Accuracy of Phylogenomic Software

Zhou et al. (2018) Mol. Biol. Evol.



i. Developing pipelines for genomic and 
phylogenomic data analyses

ii. Inferring a comprehensive & robust genome-
scale phylogeny of budding yeasts

iii. Using the phylogeny to gain insights into 
budding yeast evolution



 Sequenced the genomes of 220 species (196 Y1000+ 

species + 24 RIKEN genomes); most of them are from 

type strains

 + 112 publicly available genomes -> 332 genomes 

 Sampled taxa from 79 / 92 genera (~85%)

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



The Quality of the New Genomes is High

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



Genome-Scale Phylogeny of Budding Yeasts

Shen, Opulente, 
Kominek, Zhou et 

al. (2018) Cell

Saccharomyces

WGD 
clade

Yarrowia

Brettanomyces

Candida 
albicans

332 taxa
2,408 genes



The 32 Conflicting Branches in the Yeast Phylogeny
In

te
rn

al
 b
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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
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en
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ic

 S
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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

2,408 genes, 329 – 332 yeast taxa

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



i. Developing pipelines for genomic and 
phylogenomic data analyses

ii. Inferring a comprehensive & robust genome-
scale phylogeny of budding yeasts

iii. Using the phylogeny to gain insights into 
budding yeast evolution





Loss Exceeds Gain for 38 /45 Metabolic Traits

Rate of trait
gain

Rate of trait
loss

Pr
ob

ab
ili

ty
 d

en
si

ty

Rate of change

For 17 / 38, 
the difference 
is statistically 

significant

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



Gain Exceeds Loss for the Remaining 7 Traits

Pr
ob

ab
ili

ty
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en
si

ty

Rate of change

For 1 / 7, the 
difference is 
statistically 
significant

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

Rate of trait
gain

Rate of trait
loss



Inferring the Metabolic Capabilities of Yeast Ancestors

Shen, Opulente, 
Kominek, Zhou et 

al. (2018) Cell

?



BYCA (Budding Yeast Common Ancestor) was a Generalist

Pr
ob

ab
ili

ty
 d

en
si

ty

Posterior Probability

17 / 45 traits 
likely absent in 

BYCA

28 /45 traits 
likely present in 

BYCA

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

Prob. of trait
presence

Prob. of trait
absence



Widespread Loss of Traits

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



Widespread Loss of Traits

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



Widespread Loss of Traits

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



Widespread Loss of Traits

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



with so much loss, how 
did new metabolic 
traits evolve in the 

lineage?



Horizontal gene transfer (HGT)

Exchange of genes between 
organisms other than through 

reproduction

 Xenobiotic catabolism
 Toxin production
 Degradation of plant cell walls
 Wine fermentation

Two Major Sources of Gene Innovation

Gene duplication (GD)

Any duplication of a region of 
DNA that contains a gene

GD

 Plant organic material decay
 Starch catabolism
 Degradation of host tissues
 Toxin production



How Do We Search for Horizontal Gene Transfer?

Fitzpatrick (2011) FEMS Microbiol. Let.

Species 
phylogeny

Gene tree



Example Horizontal Gene Transfer

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



Distribution of 878 Horizontally Acquired Genes

HGT in 226 yeasts with universal code: 0.071%

HGT in 103 yeasts with non-universal code: 0.025% 

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



Osmotolerant Yeasts Acquired Enzymes for Osmoprotectant Betaine

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



Two Yeast Lineages Independently Acquired P3N Detoxifier Genes

plant and 
fungal toxin

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



Loss is More 

Specialization is often considered an evolutionary 
dead end

Starting 400 mya, a metabolically complex budding 
yeast gave (and keeps on giving) rise to organisms 

with highly diverse metabolisms & ecologies

 Differential pathway loss
 Gene duplication and functional divergence

 HGT
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