
  



  
 

The D. melanogaster genome

~120 Mb of euchromatin
~15,000 genes

75% noncoding

Compact, deletion bias



  

The function of most noncoding DNA 
is unknown & unannotated

     Bioinformatic & functional analysis of noncoding DNA ⇒ 

    Genome organization

 Transcriptional regulation

= Exon
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Genes with complex expression have 
long intergenic regions in compact genomes

Nelson, Hersh & Carroll (2004) Genome Biology 5:R25



  

Long introns & intergenic regions have slower 
rates of sequence evolution in Drosophila

Halligan & Keightley (2006) Genome Research 16:875-884



Prediction: the vast majority of Drosophila 
noncoding DNA is cis-regulatory sequence



Drosophila revealed the fundamental importance 
of gene regulation in developmental genetics
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Systematic annotation of cis-regulatory data
in Drosophila: FlyReg & REDfly databases

Bergman et al. (2005) Bioinformatics 21:1747-1749 (n=1365)
Gallo et al. (2006) Bioinformatics 22:381-383 (n=628)



  

A wealth of comparative genomic data exists 
for the genus Drosophila

http://species.flybase.net
http://rana.lbl.gov/drosophila



  

image from Pavel Tomancak (MPI-Dresden)

Thousands of candidate expression patterns:
BDGP embryonic in situ database

http://www.fruitfly.org/cgi-bin/ex/insitu.pl



Major promoter elements in Drosophila

1) TATA - box
 a. Hogness-Goldberg box 
 b. -25/-30 upstream of TSS, recruits TBP
 c. not present in all Drosophila genes

2) INR (initiator element)
 a. found at TSS cap-site (-10/+10)
 b. found in 25% arthropod promoters
 c. not restricted to TATA-less

3) DPE (downstream promoter element)
 a. +20/+30 downstream of TSS
 b. found first in Drosophila retrotransposons
 c. not restricted to TATA-less



Different promoter configurations in Drosophila

Kutach & Kadonaga (2000) Mol. Cell Biol. 20: 4754-4764



Use of major promoter elements

Kutach & Kadonaga (2000) Mol. Cell Biol. 20: 4754-4764
<http://www-biology.ucsd.edu/labs/Kadonaga/DCPD.htm>



Drosophila core promoter elements can be 
reliably learned from genomic DNA

Ohler et al (2002) Genome Biol. 20: 4754-4764



Drosophila core promoter elements can be 
reliably learned from genomic DNA

Down, Bergman, Su & Hubbard (2007) PLoS Comp Biol 3:e7.



  

eve stripe 2: a model eukaryotic enhancer



  

eve stripe 2: a model eukaryotic enhancer

+ bicoid
+ hunchback

- Kruppel
- giant

cis complementation

mutagenesis

Arnosti et al. (1996) Development 122:205-214
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eve stripe 2: a model eukaryotic enhancer

Arnosti et al. (1996) Development 122:205-214



  

+ bicoid
+ hunchback

- Kruppel
- giant

cis complementation

mutagenesis

eve stripe 2: a model eukaryotic enhancer

Arnosti et al. (1996) Development 122:205-214



  

Spacing ensures enhancer autonomy

see Small et al (1996) Development 119: 767-772

enh 1 enh 2



  

Insulators can block distal enhancer-
promoter interactions

in situ 
for white
mRNA

white lacZ

insulator

enh 1 enh 2

enh 1 enh 2

in situ 
for lacZ
mRNA

lacZ

insulator

enh 1 enh 2

see Cai & Levine (1995) Nature 376:533-536



  

What mechanisms ensure enhancer-
promoter specificity in vivo?

Ohtsuki & Levine (1998) Genes & Dev. 12:547-556



  

Core promoter sequences can regulate 
enhancer-promoter interactions

Ohtsuki & Levine (1998) Genes & Dev. 12:547-556



  

CRMs can be predicted using binding site 
clustering

Berman et al. (2002) PNAS 22:757-762
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Bergman et al. (2002) Genome Biology 3:0086.

Coding 
exon

Conserved 
noncoding 
sequence

Conserved 
regulatory 
sequence

CRMs can be predicted using clusters of 
conserved noncoding sequneces



  

Enhancer

Motif

Two views on CRM detection

Enhancer

Motif



  

CisPlusFinder: a method to predict enhancers 
using conservation and over-representation

Pierstorff, Bergman & Wiehe (2006) Bioinformatics 22: 2858-2864
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Comparison of enhancer prediction methods for 
genes regulating Drosophila A-P development

Pierstorff, Bergman & Wiehe (2006) Bioinformatics 22: 2858-2864
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Comparison of enhancer prediction methods for 
genes regulating Drosophila A-P development

Pierstorff, Bergman & Wiehe (2006) Bioinformatics 22: 2858-2864



  

Matching inferred motifs to functions & factors:
a cautionary tale

Down, Bergman, Su & Hubbard (2007) PLoS Comp Biol 3:e7.

pannierserpent



ORegAnno: Open Regulatory Annotation

Montgomery et al. (2006) Bioinformatics 22:637-640



?



Early ideas on the role of regulatory evolution

Zukerkandl & Pauling (1963) - molecular clock

Wilson and colleagues (1970s) - discrepancy between rates of 
molecular and morphological evolution



  

Widespread evidence for regulatory evolution in 
Drosophila

Patel et al. (1990)Treier et al. (1989) Moses et al. (1990)



  

Regulation of even-skipped (eve) 



  

Conservation of the eve stripe 2 enhancer pattern

D. mel D. yak

D. ere D. pse

Ludwig et al. (1998) Development 125:949-958



  

mel

sim yak ere tak ana pse

500 bp

Divergence in eve stripe 2 enhancer sequence



  

Divergence in eve stripe 2 enhancer sequence



  

ACGTAATCCCC

TGCTAAGCTGG
CGCTAAGCTCC
GGATCATCCAA

CTCTAATCCAG

Predicting binding site gains and losses

DNase I footprint Sequence data Position Weight Matrix
(PWM)

1 2 3 4 5 6 7 8

A 0.65   0.29   3.07   3.07   0.09   0.09   0.29 0.47

C 1.50   0.13   0.13   0.13   0.13 4.60   3.16   2.92

G 0.40   0.09   0.09   0.09   0.09   0.09   0.39   1.19

T 1.42   2.89   0.12   0.12   3.10   0.12   0.67   0.12

Predict new binding 
sites in silico

bicoid



  

D. pseudoobscuraD. melanogaster

DNase I footprint Sequence data Position Weight Matrix
(PWM)

Kruppel

bicoid

hunchback

ACGTAATCCCC

TGCTAAGCTGG
CGCTAAGCTCC
GGATCATCCAA

CTCTAATCCAG

-  
st

ra
nd

  +

Predicting binding site gains and losses

1 2 3 4 5 6 7 8

A 0.65   0.29   3.07   3.07   0.09   0.09   0.29 0.47

C 1.50   0.13   0.13   0.13   0.13 4.60   3.16   2.92

G 0.40   0.09   0.09   0.09   0.09   0.09   0.39   1.19

T 1.42   2.89   0.12   0.12   3.10   0.12   0.67   0.12
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A 0.65   0.29   3.07   3.07   0.09   0.09   0.29 0.47

C 1.50   0.13   0.13   0.13   0.13 4.60   3.16   2.92

G 0.40   0.09   0.09   0.09   0.09   0.09   0.39   1.19

T 1.42   2.89   0.12   0.12   3.10   0.12   0.67   0.12



  

A model for enhancer evolution:
binding site turnover under stabilizing selection

D. mel 
in D. mel

D. pseudo 
in D. mel

mel-pseudo chimera 
in D. mel

Ludwig et al. (200) Nature 403:564-567



  

Is eve stripe 2 divergence strictly neutral:
H0: are ancestral sites sufficient for function?

psemel

pse

mel



  

Is eve stripe 2 divergence strictly neutral:
Ha: do derived sites contribute to function?

psemel

pse

mel



  

A model for enhancer evolution:
binding site turnover under stabilizing selection

D. mel 
in D. mel

D. pseudo 
in D. mel

mel-pseudo chimera 
in D. mel

Ludwig et al. (200) Nature 403:564-567



Is stabilizing selection on cis-regulatory sequences 
a paradigm for gene expression evolution?

=



Microarrays & gene expression evolution

Gilad et al (2005) Gen. Res.

h-c

h-o

h-m



Extent of regulatory evolution in Drosophila

Larval-pupal transition - 4 strains D. mel + D. sim + D. yak 

cDNA - 13,000 genes - 50% developmentally regulated

27% of genes show change between 2 lineages

Rifkin et al (2003) Nat. Genet.



Ranz et al (2003) Science
Mieklejohn et al (2003) PNAS

Extent of regulatory evolution in Drosophila

cDNA - 5,000 genes - 58% sex biased

50% vary between species, 40% vary between lines

Adult males and females - 8 strains D. mel + D. sim 



Adult males - 10 strains D. sim + 10-strain pool of D. mel

Affymetrix - 14,000 ‘genes’ - 6,700 in both species

Nuzhdin et al (2004) Mol Biol Evol

r2=0.87

Extent of regulatory evolution in Drosophila

34% vary between species, 21% vary between lines



Whitehead & Crawford (2006) Mol Ecol

Variation in levels of gene expression is common 
within species



Alternative modes of gene expression 
divergence as a quantitative trait

mutation-drift
equilibrium
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Alternative modes of gene expression 
divergence as a quantitative trait

mutation-drift
equilibrium

stabilizing 
selection

balancing 
selection

directional 
selection

or low
mutation rate



Mutation-drift equilibrium (MDE) model of 
evolution for a quantitative trait

E(Vb) ≈ 2 Vm * tE(Vw) ≈ 2 Ne * Vm 

Lynch & Hill (1986) Evolution



Vb = variance between species

t = number of generations

F = 
Vb

Vm * t
____

Testing mutation-drift equilibrium (MDE) for a 
quantitative character I

Vm = mutational variance

Test null hypothesis using F-distribution



Vw = variance within species
t = number of generations

Δ = 
Vb

Vw * t
____

Compare Δ to “mutational heritability” = Vm / Ve 

Testing mutation-drift equilibrium (MDE) for a 
quantitative character II

Vm = mutational variance
Vb = variance between species

Ve = environmental variance



Mode of regulatory evolution in primates, mice 
and flies

Assumed 10-4 < mutational heritability < 10-2  

10-4 < Δ < 10-2 : drift
Δ > 10-2 : directional
Δ < 10-4 : stabilizing

Δ = 
Vb

Vw * t
____

Lemos et al (2005) Evolution



Mode of regulatory evolution in primates, mice 
and flies

Vb
Vw

____

primates

mice

flies

mel-sim

liver

Af-cos.

brain

Δ t = 

Lemos et al (2005) Evolution



Mode of regulatory evolution in primates, mice 
and flies

Lemos et al (2005) Evolution



Mutational heritability in gene expression is the 
key (unknown) parameter



Measuring the mutational variance of gene 
expression in flies

12 mutation accumulation lines - 200 generations
cDNA - 13,000 genes - larval-pupal transition 

40% of genes show variation between MA lines

Lemos

Rifkin et al (2005) Nature



Measuring the mutational variance of gene 
expression in flies

t ~ 2x107 t ~ 5x107 t ~ 5x107 

E(Vb) ≈ 2 Vm * t

Rifkin et al (2005) Nature



Stabilizing selection is the major mode of gene 
expression evolution in Drosophila

Gilad et al (2006) Trends Genet.
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