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Waiting for the paradox

Delbrück Schrödinger



The Pathway Paradigm The Pathway Paradigm 





No paradox here, just a lot of stuff.



How does selection change genomes?How does selection change genomes?

What can this tell us aboutWhat can this tell us about

genetic mechanisms?genetic mechanisms?



Genes, Selection, and PhenotypesGenes, Selection, and Phenotypes



Short-term Selection



AggressionAggression



After 21 generations
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Genes of all sortsGenes of all sorts
(heads)(heads)





Known Drosophila aggression genes





Medium-term Selection



Weber, K.E. (1990)Weber, K.E. (1990)

Wing ShapeWing Shape





Mixed and ReselectedMixed and Reselected

(20 generations) (34 generations)

(25 generations)

Weber, K.E., Greenspan, R.J. et al. (2007)Weber, K.E., Greenspan, R.J. et al. (2007)



Genes of all sortsGenes of all sorts
(wing discs (wing discs –– restricted tissue)restricted tissue)





Known wing development genesKnown wing development genes

Total = 214 genes



Gene interactions in selected strainsGene interactions in selected strains





Long-term Selection



GeotaxisGeotaxis



Bidirectional SelectionBidirectional Selection

Hirsch, J. & ErlenmeyerHirsch, J. & Erlenmeyer--KimlingKimling, L.F. (1962), L.F. (1962)



Selection response of Hi and Lo lines for first 25 years

Ricker and Hirsch (1985)



Genes of all sortsGenes of all sorts
(heads)(heads)



Gene expressionGene expression
swallowswallow RNA binding proteinRNA binding protein
prosperoprospero homeodomainhomeodomain proteinprotein
Signal transductionSignal transduction
nemonemo serine/serine/threoninethreonine protein protein kinasekinase
Circadian rhythmsCircadian rhythms
PigmentPigment--dispersing factordispersing factor neuropeptideneuropeptide
cryptochromecryptochrome photoreceptor proteinphotoreceptor protein
Axon guidanceAxon guidance
abLIMabLIM actinactin--binding proteinbinding protein
Immune systemImmune system
AttacinAttacin--AA immune defense proteinimmune defense protein
croquemortcroquemort macrophage receptormacrophage receptor
Cytoskeleton & protein localizationCytoskeleton & protein localization
PendulinPendulin nuclear nuclear importinimportin αα22--subunitsubunit
zipperzipper cytoplasmiccytoplasmic myosin II heavy chainmyosin II heavy chain
Klp67AKlp67A kinesinkinesin--like proteinlike protein
ChaperonesChaperones
Hsp90Hsp90 Hsp60Hsp60 Hsp22Hsp22
Hsp70Hsp70 Hsp27Hsp27 TomaToma et al. (2002)et al. (2002)



mRNA levels in hi5 vs. lo lines

hi5 > lo

lo > hi5 



Pigment Dispersing Factor (Pdf)
Importin-α
(Pendulin)

cryptochrome (cry)

Large EffectsLarge Effects





Chromosome Substitution LinesChromosome Substitution Lines
Lo Hi5

X
CS



-6
-5
-4
-3
-2
-1

0
1
2
3
4

Hi5
CS;H

i5;
CS

CS;CS;H
i5

Hi5;CS;CS
CS;Lo;C

S
Lo;C

S;CS
CS;CS;Lo
CS;Lo;L

o
Lo;C

S;Lo
Lo;L

o;CS Lo

Genotype

D
iff

er
en

ce
 fr

om
 C

S 
(t

ub
e 

sc
or

e) Males
Females

EpistaticEpistatic InteractionsInteractions
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NonNon--additive interactionsadditive interactions



NonNon--additive interactionsadditive interactions
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Known Drosophila genes

Pdf receptor (Pdfr) Receptor for neuropeptide Pdf.



ShortShort--term?term?

LongLong--term?term?

The Seasons of SelectionThe Seasons of Selection
MediumMedium--term?term?



Oldham, Horvath & Oldham, Horvath & GeschwindGeschwind (2006)(2006)
Zhang & Horvath (2005)Zhang & Horvath (2005)

CoexpressionCoexpression Analysis Analysis –– Network StructureNetwork Structure

Expression analysis Correlation analysis

Topological overlap analysis Clustering



Aggression (short-term) Wing shape (medium-term)

Geotaxis (long-term)



Why so different fromWhy so different from

mutant screens?mutant screens?



Why so different fromWhy so different from

mutant screens?mutant screens?

⇒⇒ widewide--ranging networkranging network

for any phenotypefor any phenotype
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Can you affect anyCan you affect any

phenotype from phenotype from 

anywhere in theanywhere in the

genome?genome?



““The MatrixThe Matrix””

•• 8 8 ““randomrandom”” loci loci 

•• range of functions and phenotypesrange of functions and phenotypes

•• all expressed in the nervous systemall expressed in the nervous system

•• place on common genetic backgroundplace on common genetic background

•• test all test all pairwisepairwise combinationscombinations

m1  + m1  + 
+   m2+   m2

for different behaviorsfor different behaviors
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The Canonical Rhythms PathwayThe Canonical Rhythms Pathway



Circadian rhythmsCircadian rhythmsCircadian Rhythms
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Significantly different genes

tau

cryptochrome

Differential Gene Expression in Short vs. LongDifferential Gene Expression in Short vs. Long



cryptochromecryptochrome
not part of the core clock,not part of the core clock,

but entrains the clock to lightbut entrains the clock to light
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cryptochromecryptochrome levels in Short vs. Longlevels in Short vs. Long
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expression level (log2)

cryptochrome-tau correlation (all genotypes)



“Short” correlation matrix



“Long” correlation matrix



“Long” correlation matrix indexed as “Short”



Gene networks appear toGene networks appear to

be responsive to changesbe responsive to changes

(even mild changes)(even mild changes)

anywhere in the system.anywhere in the system.



Small effects, properly connected,Small effects, properly connected,
can make a big difference.can make a big difference.





What is the appropriate paradigm?What is the appropriate paradigm?



The Systems Biology ParadigmThe Systems Biology Paradigm



The Control Theory ParadigmThe Control Theory Paradigm



PtolemyPtolemy EpicyclesEpicycles



Is there a such a thingIs there a such a thing

as a Darwinian conceptionas a Darwinian conception

of biological mechanism?of biological mechanism?





Darwinian mechanismDarwinian mechanism

HeterogeneityHeterogeneity

ClusteringClustering

Flexible relationshipsFlexible relationships

DegeneracyDegeneracy

Selection from repertoire of statesSelection from repertoire of states

Relational systemRelational system



RepertoiresRepertoires



A relational systemA relational system



Some implicationsSome implications



MacroMacro--
Evolution:Evolution:

TheThe
FinalFinal

FrontierFrontier



The Gospel According to Sean CarrollThe Gospel According to Sean Carroll

Is it likely that such changes just pop up and work?Is it likely that such changes just pop up and work?



Drosophila Drosophila vs.vs. ArtemiaArtemia body planbody plan



ShortShort--term?term?

LongLong--term?term?

The Seasons of SelectionThe Seasons of Selection
MediumMedium--term?term?



The gene network underlying a phenotypeThe gene network underlying a phenotype



Selection gradually distorts that networkSelection gradually distorts that network



X

Making it capable of tolerating a major mutationMaking it capable of tolerating a major mutation



How might a behavioralHow might a behavioral
mechanism evolve?mechanism evolve?



Circadian rhythms are nearly universalCircadian rhythms are nearly universal



Relationships are conserved,Relationships are conserved,
not just moleculesnot just molecules

Neurospora Cyanonbacteria

Drosophila Mouse



A relational system A relational system –– what are its principles?what are its principles?
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Dramatis PersonaeDramatis Personae


	The Control Theory Paradigm

