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 Benchmarking de novo transcriptome sequencing for 
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 Phylogenomics
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 Comparative, Population & Functional Genomics
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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
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Understanding Sequences Requires Tools and Evolution

(slide from Manolis Kellis)

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
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Organization of the Human Genome

http://www.bio.miami.edu/~cmallery/150/gene/c7.19.14.human.genome.jpg

Human Genes Mirror Geography

Novembre et al. (2008) Nature
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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

Genomes Provide a Common Yardstick for Comparison

Fedorova et al. (2008) PLoS Genet.

They Interbreed!

Average proteome sequence similarity

Morphologically 
very similar!
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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 

The 
Drosophila

Body-
Building 

Genes
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Animal Bodies are Built from the Same Genetic Toolkit

Swalla (2006) Heredity

“…the search for homologous 
genes is quite futile except in 
very close relatives. If there is 

only one efficient solution for a 
certain functional demand, very 

different gene complexes will 
come up with the same solution, 

no matter how different the 
pathway by which it is achieved. 
The saying ‘Many roads lead to 
Rome’ is as true in evolution as 

in daily affairs”

Ernst Mayr, 1963
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Altering the Expression of Old Genes

Carroll et al. (2005) From DNA to Diversity, 2nd ed., Fig. 5.6
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Teaching Old Genes New Tricks (Gene Co-Option)

Co-option with butterly

Beldade & Brakefield (2002) Nature Rev. Genet.

spalt engrailed spalt & engrailed

“Our method suggests a yeast model for angiogenesis defects, a 
worm model for breast cancer, mouse models of autism, and a plant 
model for the neural crest defects […], among others”

McGary et al. (2010) PNAS

“Modelling neurodegeneration in Saccharomyces cerevisiae”

Khurana & Lindquist (2010) Nat. Rev. Neurosci.
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Deep Homology Extends To Gene Networks

McGary et al. (2010) PNAS

A Yeast Model for Angiogenesis

McGary et al. (2010) PNAS
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Genomics: “Big Science” Driven by a Few Centers

High-Throughput DNA Sequencing Technologies

Illumina

2 x 100 bp ~8 days 200 Gb

454 / Roche

2 x 400 bp ~0.4 days 0.6 Gb

Helicos

2 x 55 bp ~8 days 35 Gb

SOLiD ABI

2 x 75 bp ~14 days 300 Gb

For the latest specs consult: http://ngsbuzz.blogspot.com/
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“New Technology Level of Enthusiasm” Curve

Collins (2006) Nature

Why Is Next-Generation DNA Sequencing So Exciting?

Gilad et al. (2009) Trends Genet.

4 days’ 
output 



Rokas@WoG, Cesky Krumlov, CZ, 1/19/2012

13

World-Map of High-Throughput Sequencers

http://pathogenomics.bham.ac.uk/hts/

Sequencing is Outpacing Storage and Computation

Kahn (2011) Science

Year
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Lecture Outline

 Introduction to evolutionary genomics

 Benchmarking de novo transcriptome sequencing for 
functional and evolutionary genomics

 Phylogenomics

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

 Comparative, Population & Functional Genomics
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Next-Gen Sequencing is Qualitative and Quantitative

Rokas & Abbot (2009) Trends Ecol. Evol.

Sequence Census Assays

Kahvejian et al . (2008) Nature Biotech.
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A Typical RNA-Seq Experiment

Wang et al. (2009) Nature Rev. Genet.

RNA-Seq for Non-Model Organisms: What’s in it for You?

John Gibbons



Rokas@WoG, Cesky Krumlov, CZ, 1/19/2012

17

The Next-Gen Revolution: What’s in it for You?

Gibbons et al. (2009) Mol. Biol. Evol.

How much? How good? How useful for functional studies? 
How useful for evolutionary studies?

How Much?

Aedes aegypti Anopheles gambiae

27% of the transcriptome
34% of each transcript

20% of the transcriptome
50% of each transcript
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RNA-Seq Data is Qualitatively Accurate

Gibbons et al. (2009) Mol. Biol. Evol.

RNA-Seq Data is Quantitatively Accurate

Gibbons et al. (2009) Mol. Biol. Evol.



Rokas@WoG, Cesky Krumlov, CZ, 1/19/2012

19

RNA-Seq Data is Functionally Diverse

Gibbons et al. (2009) Mol. Biol. Evol.

Our RNA-Seq Data is a Goldmine for Molecular Markers

Gibbons et al. (2009) Mol. Biol. Evol.
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What Can We Assemble de novo with Current Data?

Velvet & Oases de novo assembly of 10 million 100bp paired-end reads 
from Anopheles albimanus

Data from collaboration with Dinglasan  lab (Johns Hopkins Univ.)

A. gambiae A. albimanus

Transcriptome size 19.3 Mb 17.7 Mb

Gene number 13,683 16,952

Average gene length 4,542 bp 1,042 bp

Lecture Outline

 Introduction to evolutionary genomics

 Benchmarking de novo transcriptome sequencing for 
functional and evolutionary genomics

 Phylogenomics

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

 Comparative, Population & Functional Genomics
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Taxonomic Breadth versus Genomic Depth

Sanderson (2008) Science

1/45 species-rich 
arthropod orders 

supported

1/40 fungal 
orders

16/57 
vertebrate 

orders

3/45 
angiosperm 

orders

Can we Use RNA-Seq to Increase Genomic Depth?

Hittinger et al. (2010) PNAS

Targeting the transcriptome is a good idea because:

1. Smaller than genome (coding parts cover 7% of 
Anopheles gambiae genome)

2. Fewer repetitive and transposable elements

3. Unequal representation (> 5 orders of magnitude)
Enriched for housekeeping and energy genes (they tend to be 
conserved)

4. The overwhelming majority of sequence evolution 
models have been developed for and tested in coding 
sequences
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Can we Use RNA-Seq to Increase Genomic Depth?

Hittinger et al. (2010) PNAS

Species Stock No. Collection Location

Anopheles albimanus(Nyssorhynchus) MRA-126 El Salvador

Anopheles arabiensis Cellia) MRA-339 Zimbabwe

Anopheles dirus (Cellia) MRA-700 Thailand 

Anopheles farauti (Cellia) MRA-489 Papua New Guinea

Anopheles freeborni (Anopheles) MRA-130 USA

Anopheles gambiae (Cellia) MRA-765 Liberia

Anopheles quadriannulatus (Cellia) MRA-761 South Africa

Anopheles quadrimaculatus (Anopheles) MRA-139 USA

Anopheles stephensi (Cellia) MRA-128 India 

Aedes aegypti (Stegomyia) MRA-735 West Africa

Data Matrix Construction: The “Singlecontig” Strategy

Raw 35bp 
Sequence 

Reads

Assemble 
Reads with 

Velvet

Keep contigs ≥ 
100bp and ≥

300bp

Keep loci with
orthologs from 
all Anopheles 

Remove gaps 
and sites with 
too much data 

missing

Data matrix

Locally align 
each locus

Hittinger et al. (2010) PNAS

Identify orthologs
between Aedes

reference transcripts 
and Anopheles

contigs using the 
Reciprocal Best Blast 
Hit (RBBH) algorithm

Aedes reference transcript 

Anopheles contig 
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Robust Phylogenetic Inference from RNA-Seq Data

Hittinger et al. (2010) PNAS

Using ≥ 100bp contigs Using ≥ 300bp contigs

# Loci = 553
Aln Length = ~390 Kb
% Missing data = 51

# Loci = 69
Aln Length = ~73 Kb
% Missing data = 44

Accurate Phylogenetic Inference From our Data

553 loci
Aln L: ~390 Kb

Missing data: 51%

Exclude erroneous loci
491 loci

Aln L: ~329 Kb
Missing data: 50%

Use only sites without 
data missing
Aln L: ~15 Kb

Missing data: 0%

Use A. gambiae as ref.
634 loci

Aln L: ~472 Kb
Missing data: 50%

Hittinger et al. (2010) PNAS
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Our Data Matrices Can Detect Population-Level Events

mtDNAmtDNA rDNA

mtDNA + rDNA inversions

Besansky et al. (1994) PNAS Hittinger et al. (2010) PNAS

Robust Phylogenetic Inference From Few Sequence Reads

Hittinger et al. (2010) PNAS
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Experimental Design: The “Supercontig” Strategy

Raw 35bp 
Sequence 

Reads

Assemble
Reads with 

Velvet

Keep contigs ≥ 
100bp and ≥

300bp

Keep only loci 
with orthologs

from ≥ 4 
Anopheles 

Locally align 
each locus

Remove gaps 
and sites with 
too much data 

missing

Data matrix

Identify orthologs
between Aedes

reference transcripts 
and Anopheles contigs 
using a locally relaxed 

RBBH algorithm

Aedes reference transcript 

Anopheles contigs

Hittinger et al. (2010) PNAS

Robust Phylogenetic Inference From Very Few Reads

Hittinger et al. (2010) PNAS

2 million reads 0.5 million reads

553 loci, AlnL: ~390Kb, %miss: 51 2,661 loci, AlnL: ~971Kb, %miss: 62
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Our Sequences are from Highly-Expressed Transcripts

Hittinger et al. (2010) PNAS

2008 cost: ~$50
2011 cost: <$10

Minimum amount required 
for accurate inference

Coffee Break
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The Molecular Foundations of the Fungal Lifestyle

Antonis Rokas
Department of Biological Sciences, Vanderbilt University

http://as.vanderbilt.edu/rokaslab

Rob Sampson ©

Darwin’s Data
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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?
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The DNA Record

The DNA record 
contains 

important clues 
about 

organisms’ 
biological past, 
and their history 
of change and 

adaptation

Similarity in the DNA Record Suggests Common Origins

http://cinteny.cchmc.org/

The human chromosomes (each color indicates area(s) of sequence 
similarity with a particular chimp chromosome)
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Differences in the Record (Might) Suggest Adaptations

Majerus & Mundy (2003) Trends Genet.

The Rokas Lab

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

experimental approaches
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Model Organisms

Superb experimental systems

Small genome size

High gene density

Evolution & Ecology

Vital in function of ecosystems (e.g., 
decomposers)

Medicine & Industry

Agents and causes of disease

Drug makers (e.g., antibiotics)

Food makers (e.g., beer, wine, cheese)

Fungi: A Model for the Study of the DNA Record

Data from GOLD 3.0 (www.genomesonline.org), March 2011

Fungi: the Most Sequenced Eukaryotic Lineage

fungi: 1000genomes
http://www.jgi.doe.gov/sequencing/cspseqplans2012.html
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 Fungi have evolved 
powerful “weapons” to 

defend their food

 Different fungi have 
specialized to “eating” 

different foods

Fungi Eat by Absorption
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Fungi “Eat” Almost Everything, Grow on Any Surface

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

What Fungi Cannot Eat!
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Fungal Metabolic Genes Are Often Physically Clustered 

~1,000 metabolic genes in a typical fungal genome

~6% of metabolic genes reside in clusters

Questions

 How are fungal metabolic clusters 
formed?

Which are the evolutionary drivers of 
cluster formation?

What are the evolutionary and functional 
implications of this clustering?
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The CRAP (Cluster Reconstruction And Phylogeny) Pipeline

Jason Slot

Retrieve genes from 173 pathways from 
35 KEGG-annotated genomes (23 fungi)

Search for presence of pathway 
homologs in ~130-200 genomes (80-
150 fungi) by BLAST and OrthoMCL

Search for 
physical linkage 
(clustering) of 

pathway homologs

Infer phylogenetic 
relationships of 

pathway homologs

Variation in GAL Gene Clustering Across Fungi

Slot & Rokas (2010) PNAS
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Three Distinct Types of Fungal GAL Gene Clusters

Slot & Rokas (2010) PNAS

Schizosaccharomyces Gained Its GAL Cluster by HGT from Candida

Slot & Rokas (2010) PNAS
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Even Very Large Gene Clusters are Subject to HGT

Aspergillus (Eurotiomycetes) Podospora (Sordariomycetes)

HGT

In the US, agricultural loss due to 
aflatoxin contamination is ~ $270M

Slot & Rokas (2011) Curr. Biol.

Structural genes

Regulators

The Sterigmatocystin Gene Cluster
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Does HGT of Metabolic Gene Clusters Contribute Anything Else?

Fusarium (Sordariomycetes)

bik1bik2bik3bik4bik5bik6

Structural genes

Regulators
The Bikaverin Gene Cluster

Campbell et al. (2012) Genome Biol. Evol.

Botrytis (Leotiomycetes)

HGT

HGT of Metabolic Clusters Also Contributes Novel Regulation

bik1bik2bik3bik4bik5bik6

Structural genes

Regulators

Botrytis (Leotiomycetes)

ψ ψ↑ω ↑ω

Campbell et al. (2012) Genome Biol. Evol.
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The Saccharomyces & Cryptococcus Clusters Evolved Independently 
by Native Gene Relocation

Chouard (2008) Nature

Independently Evolved (Analogous) Traits

Slot & Rokas (2010) PNAS

Chouard (2008) Nature
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Clustered Pathways Are Easier Lost

x
x

x
x

x

Questions

 How are fungal metabolic clusters formed?
Native gene relocation
Horizontal gene transfer

 Which are the evolutionary drivers of cluster 
formation?

What are the evolutionary and functional 
implications of this clustering?

Genome remodeling
Novel metabolism and regulation
Avoidance of genetic addiction
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Hypothesis: Clustering Reduces Impact of Toxic Intermediates 

Fridovich-Keil (2006) J. Cell. Physiol.

Several 
mutations in 

the three 
GAL 

enzymes 
cause 

galactosemia 
in humans

Intermediates in Clustered Pathways Are More Toxic

Kris McGary & Jason Slot (unpublished)
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Mechanisms That Could Drive Clustering

 Cluster selfishness

 Coordination of gene expression

 Genetic linkage

Kellis et al. (2003) Nature

Evidence for the Coordinated Expression Hypothesis
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Disrupting the GAL Cluster Doesn’t Impair Fitness

Lang & Botstein (2011) PLoS ONE

Coordinated 
expression

Genetic 
linkage

But Selection Can Only Maintain, Not Bring Together

Charlesworth & Charlesworth (1976) J. Theor. Biol.
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S. kudriavzevii is Polymorphic in Eating Galactose

2004: 4 
Japanese 

GAL-
strains

2007: 14 
Portuguese 

GAL+ 
strains 

discovered

Sampaio & Gonçalves (2008) Appl. Environ. Microbiol. 

Strain Nationality
IFO1802 Japan

IFO10990 Japan
IFO10991 Japan
IFO1803 Japan

ZP513 Portugal
ZP537 Portugal
ZP542 Portugal
ZP591 Portugal
ZP594 Portugal
ZP595 Portugal
ZP620 Portugal
ZP621 Portugal
ZP623 Portugal
ZP625 Portugal
ZP627 Portugal
ZP629 Portugal
ZP630 Portugal
ZP634 Portugal

80,000,000 reads
2,800,000,000 bp

Illumina 
sequencing

Strain Nationality
IFO1802 Japan

IFO10990 Japan
IFO10991 Japan
IFO1803 Japan

Two GAL Gene Network States in S. kudriavzevii

Hittinger et al. (2010) Nature

Not Hybrids / GAL genes Segregate Independently / No Post-zygotic Barriers
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The GAL+ Isolates of  S. kudriavzevii are Not Hybrids

Portuguese
S. kudriavzevii

Known and wild-caught
S. cerevisiae X S. kudriavzevii 

hybrids

Hittinger et al. (2010) Nature

Ancient GAL Divergence Despite Recent Genome Divergence

89% as 
old as 

species

3% as old 
as 

species

Ultrametric trees constructed using BEAST

Only two non-GAL genes in the S. kudriavzevii genome significantly 
reject the lineage phylogeny in favor of the GAL gene phylogeny –
both flank GAL loci
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Types of Genetic Variation Within Species

Balanced unlinked Gene Network Polymorphisms (BuGNPs)

How is this striking polymorphism 
in a multi-locus gene network 

maintained?

Hittinger et al. (2010) Nature
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How Can We Explain BuGNPs?

“It is now generally understood that 
[…] alleles at different loci may not 
be randomly associated with each 
other in a population. While this 
effect is generally regarded as a 
consequence of linkage, even 
genes on different chromosomes
may be held temporarily or 
permanently out of random 
association by forces of selection, 
drift and non-random mating.”

Lewontin (1998) Genetics

1. Maintaining BuGNPs Through Drift

JapanPortugal

http://nssdc.gsfc.nasa.gov/planetary/image/earth_day.jpg
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2. Maintaining BuGNPs by Selfing

Tsai et al. (2008) PNAS

The reproductive lifestyle of Saccharomyces paradoxus

3. Maintaining BuGNPs Through Selection Against Intermediates

Hittinger et al. (2010) Nature

Hybrids (some gal+, some gal- alleles)

Wild-type
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Questions

 How are fungal metabolic clusters formed?
Native gene relocation
Horizontal gene transfer

 Which are the evolutionary drivers of cluster 
formation?

Reducing impact of toxic intermediates
Genetic linkage > Coordinated expression > Selfishness

What are the evolutionary and functional 
implications of this clustering?

Genome remodeling
Novel metabolism and regulation
Avoidance of genetic addiction

What Are the Functional Implications of Clustering?

John Gibbons
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Aspergillus fumigatus is an Opportunistic Pathogen

90% of aspergillosis cases, >50% mortality rate, multidrug resistant

Dagenais & Keller (2009) Clin. Microbiol. Rev.

Aspergillus fumigatus Forms Biofilms In the Lung

In the lung, 
the fungus 

usually forms 
a dense 

colony of 
filaments 

embedded in 
a polymeric 
ECM (i.e., a 

biofilm), 
which 

confers 
increased 

drug 
resistance

Loussert et al. (2010) Cell. Microbiol.; Beauvais et al. (2007) Cell. Microbiol.
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Which Genes are Differentially Expressed During Biofilm Growth?

RNA-Seq using Illumina next-
generation sequencing technology

 Shaken
 Liquid BRIAN media
 37⁰C
 16 hours

A. fumigatus
ATCC46645

 Solid BRIAN agar
 37⁰C
 16 hours

Liquid growth Biofilm growth

Gibbons et al. (2012) Euk. Cell

43% of genes up-regulated, 9% down-regulated (p-value< 10-17)

Up-regulated Sec. Met. Genes are Overrepresented in Biofilm
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Gibbons et al. (2012) Euk. Cell

27 Up-regulated Gene Clusters in Biofilm

 7 match known sec. met. clusters
 18 contain hallmark sec. met. Genes
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In vitro Upregulation Increased VirulenceBiofilm Growth

Are These Gene Clusters Involved in Virulence?

?

In collaboration with the Latgé lab @Institut Pasteur, France

In vivo Upregulation

?

The Birth, Evolution and Death of Gene Clusters

 How are fungal metabolic clusters formed?

Native gene relocation
Horizontal gene transfer

 Which are the evolutionary drivers of cluster 
formation?

Reducing impact of toxic intermediates
Genetic linkage > Coordinated expression > Selfishness

What are the evolutionary and functional 
implications of this clustering?

Genome remodeling
Novel metabolism and regulation
Avoidance of genetic addiction
Virulence factors?
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The Genomes of Non-Model Organisms are the New Frontiers

Rokas & Abbot  (2009) Trends Ecol. Evol.

Epidemiology
What is the aetiology of emerging, uncharacterized infectious 
diseases? What are the core genomes of different microbes or 
pathogens occupying different niches or hosts?

Social Evolution
Are maternal care and sibling care behaviors regulated by similar 
patterns of gene expression?

Biodiversity
What is the extent of undocumented microbial diversity in different 
ecosystems? What is the microbial flora of the human gut?

Phylogenetics
What is the phylogeny of all vertebrate species or angiosperms using 
organelle or nuclear genome data?

Population 
Genetics

What is the variation in the mutation rate across organisms?

Experimental 
evolution

What is the genetic basis of phenotypes emerging during laboratory 
evolution?

Palaeontology
What are the evolutionary relationships of ancient organisms to 
extant taxa?

Evolution of 
development

How do regulatory networks evolve and rewire? What are the cis-
regulatory targets of all transcription factors in a species and how do 
they evolve?

Personal High-Throughput Sequencers

Illumina MiSeq $125K

2 x 150 bp 27 hours 1 Gb

454 / Roche GS Junior        $100K

2 x 400 bp 10 hours 35 Mb

Personal Genome Sequencer $49K

1 x 100 bp 2 hours 10 Mb
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