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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



Genomes Provide a Common Yardstick for Comparison

Fedorova et al. (2008) PLoS Genet.

They Interbreed!

Average proteome sequence similarity

Morphologically 
very similar!



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

very close relatives”

Ernst Mayr, 1963



Ciccarelli et al. 
(2006)  Science

Genomes Can 
Help Reveal 

the History of 
Life



Animal Bodies are Built from the Same Genetic Toolkit

Swalla (2006) Heredity



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 



Mutations lead 
to phenotype 2

Mutations lead 
to phenotype 1

Evolution-Informed Analyses Have Great Predictive Power

McGary et al. (2010) PNAS

Organism 1 Organism 2

Gene 1A

Gene 1B
Gene 1C
Gene 1D

Gene 1E

Gene 2A

Gene 2B
Gene 2C
Gene 2D

Gene 2E

Orthologs

Orthologous 
phenotypes 
(phenologs)

Candidate for 
phenotype 1

Candidate for 
phenotype 2



A Yeast Model for Angiogenesis

McGary et al. (2010) PNAS

8 67

Angiogenesis 
abnormal in 
mice

Lovastatin 
sensitive in 

yeast

623 5

p ≤ 10-6



Genomics Used to Be “Big Science”…



… But is now Accessible to Every Lab



The Age of 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.



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



Rokas Lab Research Themes

 Phylogenomics of ancient divergences

 The evolution of fungal chemodiversity

 The evolution of human pregnancy



One in Two Eukaryotic Genomes Comes From a Fungus



What Functional Stories Can We Read in the DNA Record?

“Does the genome sequence per se now enable us to decode the 
language of life? The answer, of course, is an emphatic "no". 

Plasterk (1999) Nature Genet.

[…] the inactivation of most genes yields either no obvious phenotype or 
early death, neither of which is immediately informative of the gene's 
function. In any case, even a gene whose mutant phenotype is, say, a 

change in nose shape, cannot be called "a gene for the nose".

The genome does not say "make nose", it says "make serpentine 
receptors"—it speaks biochemistry, not phenotype.”



“Fungi characteristically live embedded in a food source or medium, in 
many cases excreting enzymes for external digestion, but in all cases 

feeding by absorption of organic food from the medium.”

Whittaker (1969) Science



Fungi “Eat” Almost Everything, Grow on Any Surface

Wood, leaves, nails, leather, cloth, manure, animal 
carcasses, live hosts, ink, syrup, paint, glue, hair

“I put maybe a shot of whiskey in a liter of agar and filled the petri plates 
with it. That made [the fungus] grow a hell of a lot faster”

Dr. James Scott, Mycologist 
Wired Magazine, 06/11 issue



What Fungi Cannot Eat!



Fungi are Superb Chemical Engineers

Keller et al. (2005) Nature Rev. Microbiol.



Chemodiversity is Fundamental to the Fungal Lifestyle

 The genes involved in fungal primary metabolism are 
their “teeth”

Echidna spinesOsprey clawsBeetle horns

 The genes involved in fungal secondary metabolism 
are their “horns”, “spines”, and “claws”



Fungal Metabolic Genes Are Often Physically Clustered 



The Evolution of Metabolic Gene Clusters in Fungi

How? (Slot & Rokas, 2010, PNAS)

 Gene clusters originate by native gene relocation
 Convergent evolution of gene clusters
 Gene clusters move by horizontal gene transfer

Why? (McGary et al., 2013, PNAS)

 Selection for: reducing impact of toxic intermediates 
 Selection of: coordinating gene expression, genetic 

linkage 

What?
 Clusters facilitate adaptation to diverse nutritional 

environments (Gibbons et al., 2012, Curr. Biol., Gibbons et al., 2012, Euk. Cell)

 Clustering of fungal genes predicts tissue-specific 
coexpression of their human orthologs (Eidem et al., 2015, MBE)



What contributed to the 
making of fungal 
chemodiversity?

 Genes and pathways

 Regulatory networks



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

Horizontal gene transfer (HGT)

Exchange of genes between 
organisms other than through 

reproduction

 Xenobiotic catabolism
 Toxin production
 Degradation of plant cell walls
 Wine fermentation



208 Genomes, 247,000 Genes, 875 Reactions, 130 Pathways

Agaricomycetes Saccharomycotina Pezizomycotina

Wisecaver et al. (2014) PLoS Genet.
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Wisecaver et al. (2014) PLoS Genet.

88.7% of 
metabolic 

genes / 
genome 

affected by 
GD

8

6

4

2

0

H
G

T

2.8% of 
metabolic 

genes / 
genome 

affected by 
HGT%

 g
en

es
%

 g
en

es



Color

Wisecaver et al. (2014) PLoS Genet.

Gene Clustering, GD and HGT Across Fungi
Weight

ClusteredNever clustered



Wisecaver et al. (2014) PLoS Genet.

Filamentous Fungi: Clustered Genes Undergo GD and HGT

ColorWeight
ClusteredNever clustered



Yeasts: Genes are Clustered but Rarely Undergo HGT

Wisecaver et al. (2014) PLoS Genet.

ColorWeight
ClusteredNever clustered



Basidios: Genes are not often Clustered or Transferred
ColorWeight

ClusteredNever clustered

Wisecaver et al. (2014) PLoS Genet.



What contributed to the making of 
fungal chemodiversity?

 Genes and pathways
 GD is the dominant source of metabolic gene innovation
 HGT is variable across fungal lineages
 HGT is strongly associated with gene clustering in 
filamentous fungi; gene clusters may be hotspots of innovation

 Regulatory networks



Highly Conserved Regulators Control Secondary Metabolism

Brakhage (2013) Nature Rev. Microbiol.



Keller et al. (2005) Nature Rev. Microbiol.

Most Secondary Metabolites are Produced by a Handful of Species



?



Secondary Metabolic Gene Clusters are Species-Specific

Lind et al. (2015) PLoS Genet.



Secondary Metabolic Genes are Often Species-Specific

Lind et al. (2015) PLoS Genet.



The 25 Genes of the ST Pathway Map to 25 Distinct Pathways

Lind et al. (2015) PLoS Genet.



The Regulator Velvet A Controls Sex & Poison in the Dark

Bayram et al. (2008) Science; Fig. from Gibbons & Rokas (2013) Trends Microbiol.



VeA Regulates Different but Conserved Developmental Genes

Lind et al. (2015) PLoS Genet.

Up-regulated 
developmental genes

Not differentially expressed 
developmental genes

Down-regulated 
developmental genes

RNA-Seq of
ΔveA vs WT



VeA Largely Regulates Species-Specific SM Genes

Lind et al. (2015) PLoS Genet.

Up-regulated sec. 
metabolic genes

Not differentially expressed 
sec. metabolic genes

Down-regulated sec. 
metabolic genes

RNA-Seq of
ΔveA vs WT



An Extreme Version of Regulatory Circuit Rewiring?

Lind et al. (2015) PLoS Genet.

conserved genes
species-specific genes



Aspergillus oryzae: Cornerstone of Several Japanese Tasty Liquids

Archaeological evidence 
suggests that mixed fermented 

alcoholic beverage of rice, honey 
and fruit was made in China as 

early as 7 – 9 millennia ago

McGovern et al. (2004) PNAS 

Aspergillus oryzae, a filamentous fungus, is involved in the 
production of sake (rice wine), miso (soy bean paste), su (vinegar) 

and shoyu (soy sauce)



DOMESTICATION  RD
A. flavus A. oryzae

Aspergillus oryzae, A Domesticated Microbe

 Sake rice wine
 Non-aflatoxin producer
 USDA GRAS species

 Agricultural pest
 Aflatoxin producer
 ~$1 billion annually



Studying Microbial Domestication using Omics

SRRC 1273 Soil, Arizona
SRRC 1357 Dried bacon, Croatia
SRRC 2112 Hazelnut, Turkey
SRRC 2114 Wheat, USA
SRRC 2524 Dead termites, China
SRRC 2632 Blood, Chicago, Illinois
SRRC 2653 Corneal ulcer, Miami, Florida
NRRL 3357 Peanut, Reference strain, USA

SRRC 302 Sake
RIB 331 Miso
RIB 333 Miso
RIB 537 Sake
RIB 632 Sake
RIB 642 Sake
RIB 949 Soy Sauce
RIB 40 Sake, Reference Strain

A. flavusA. oryzae

 Genome resequencing (14 isolates)

 RNA-Seq (6 isolates)

 Proteomics (2 isolates)



Down-Regulation of Secondary Metabolism in A. oryzae

Gibbons et al. (2012) Curr. Biol. 



The atoxicity of A. oryzae might have been driven by its 
impact on yeast survival and, as a consequence, 

fermentation for making sake

Keller-Seitz et al. (2004) Mol. Biol. Cell

Why is A. oryzae Atoxic?

Aflatoxin is genotoxic to S. cerevisiae



Coffee Break
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 Phylogenomics



Darwin’s Tree

Maderspacher (2006) Curr. Biol.

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





The First Phylogenetic Trees

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



The Problem of Incongruence

Species

tree?

Gene X Gene Y



The Problem of Incongruence

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 albicans



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”

Anonymous referee (2003)

ML / MP Rokas et al. (2003) Nature



Concatenation of 106 Genes Yields a Single Yeast Phylogeny

ML / MP on nucleotide alignments
MP on amino acid alignments

Rokas et al. (2003) Nature

Clade support values =



Gene Trees Can Differ from Species Trees

Degnan  & Rosenberg (2009) Trends Ecol. Evol.



Inferring the Species Tree from Individual Gene Histories

Concordance Factor: The proportion of the genome for which a clade 
is true

Ané et al. (2007) Mol. Biol. Evol.



Taxonomic breadth

Genomic depth



Genomic Depth
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Estimating the Taxonomic Breadth of the Tree of Life

Number of new taxa added (x 1,000) in the GenBank Database



The Genomic Depth of the Tree of Life

Sanderson (2008) Science

1/45 species-rich 
arthropod orders 

supported

1/40 fungal 
orders

16/57 
vertebrate 

orders

3/45 
angiosperm 

orders



Cost of DNA Sequencing in this Century

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



Several Different Strategies

 Genome sequencing
Rokas et al., 2003, Nature

 Transcriptome sequencing
Hittinger et al., 2010, PNAS, Misof et al., 2014, Science

Targeted Enrichment
Ultra-conserved genomic elements (UCEs)

Faircloth et al., 2012, Systematic Biology
Anchored Hybrid Enrichment

Lemon et al., 2012, Systematic Biology

RAD-Tags

PCR
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The Phylogenomics Era – “Resolving” the Tree of Life



Have we eliminated 
incongruence?



Phylogenomics Works Beautifully at Shallow Levels

Prufer et al. (2014) Nature



Lack of Resolution or Biological Reality?

Carbone et al. (2014) Nature

Nomascus
leucogenys

Hoolock
leuconedys

Symphalangus
syndactylus

Hylobates
pileatus

Hylobates
moloch



Lack of Resolution or Biological Reality?

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%



Lack of Resolution or Biological Reality?

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



Incongruence in Deep Time

Philippe et al. (2011) PLoS Biol.



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

Porifera

Ctenophores



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



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



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}



Measuring the Degree of Conflict for each Internode

% Support for most 
prevalent conflict:

#1: 6%
% Support for most 
prevalent conflict:

#1: 29%

Salichos & Rokas (2013) Nature



New Measures to Quantify 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 split 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, Stamatakis & Rokas (2014) Mol. Biol. Evol.
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New Measures to Quantify 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 split 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, Stamatakis & Rokas (2014) Mol. Biol. Evol.
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Internode Certainty and Tree Certainty

 Can be used on any set of data that either contain or define splits
- Bootstrap replicate trees from a single gene
- Gene trees
- Sites in an alignment

 Can be used to compare the effect of different treatments on a 
multigene data set

 Can be used on data matrices with missing data

#b: {A,B} / {C,D,E}

#e: {A,B} / {C,D,E}

#j:  {A,E} / {B,C,D}

abcdefghij
Taxon A 1010011111
Taxon B 1010011110
Taxon C 1110111110
Taxon D 1110111110
Taxon E 1110111111

Salichos et al. (2014) Mol. Biol. Evol.; Kobert et al. (2015) BioRxiv



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



Salichos & Rokas (2013) Nature

IC Reveals that There is Rampant Conflict



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



 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 
– desperate need for methods evaluating conflict

 Examining the signal present in individual genes and 
their trees offers promise

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

Genomfart?





The Making of Biodiversity Across the Yeast Subphylum

Hittinger et al. (2015) Curr. Opin. Genet. Dev.

Sequence the genome of 
every known of the ~1,000 

yeast species, construct their 
definitive phylogeny, revise 

their taxonomy, and examine 
the impact of metabolism on 

yeast diversification



Developing Pipelines for Phylogenomic Studies

In silico Whole Genome Sequencer 
and Analyzer (iWGS)

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

sequencing project: 

data generation (through simulation), 
data quality control,

de novo assembly, and 
assembly evaluation and validation. 

The last three steps can also be 
applied to the analysis of real data

Zhou et al. (2015) BioRxiv



Xing-Xing She, Xiaofan Zhou and co-workers

Developing Pipelines for Phylogenomic Studies

Genes

Ta
xa



“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
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