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WhenWhen consideringconsidering anyany biologicalbiological processprocess::

•• WhatWhat are are thethe ecologicalecological//environmentalenvironmental
conditions conditions itit hashas to face?to face?

•• HowHow robustrobust/sensitive /sensitive isis thethe systemsystem output to output to 
environmentalenvironmental variations?variations?

•• HowHow doesdoes itit evolveevolve??
genotypegenotype--environmentenvironment / / phenotypesphenotypes



Evolution of a developmental system

phenotypic
variations
or stasis
in adult
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Facing variation

Biological system

Environmental variations
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Genetic variations

Plasticity          

Genotypic space
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System output
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or an environmental variation
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The Experimental System: 
Vulva development in Caenorhabditis elegans

QuickTime™ et un
décompresseur TIFF (LZW)
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Early-mid L3 stage
Vulva cell fate patterning

C. elegans vulval precursor fate patterning
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Late L3-early L4 stage
Vulva divisions
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Vulva signaling network architecture               
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C. elegans vulva development

I.
Sensitivity to noise and environmental change

'Variant/error' type and rates
Cryptic variation in different environments

II. 
Cryptic evolution in C. elegans and the Caenorhabditis genus

III.
Sensitivity to random mutational change

Bias/constraints



•• MeasureMeasure precisionprecision ofof thethe systemsystem
in in differentdifferent environmentsenvironments

•• Type Type andand rate rate ofof variants / variants / errorserrors??
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-- ScoringScoring vulvavulva developmentdevelopment afterafter Pn.pPn.p divisions in divisions in thethe L4 stage:L4 stage:

I. I. VulvaVulva DevelopmentDevelopment in in DifferentDifferent EnvironmentsEnvironments

-- 6 6 standardizedstandardized environmentsenvironments -- testedtested in in parallelparallel::

calledcalled 15°C,     20°C,     25°C,     15°C,     20°C,     25°C,     liquidliquid,    L2 ,    L2 starvationstarvation,     ,     dauerdauer
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Intermediate
Phenotype
(dev. stage)

Output
Phenotype

Genotype

SensitivitySensitivity to Noise to Noise andand EnvironmentalEnvironmental VariationsVariations

Sensitive / non-robust

Environment 1

Environment 2
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against internal or environmental noise

variablevariable

P3.pP3.p
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ErrorError type type andand rate  rate  
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variant/error
error/variant

cellcell fate patternfate pattern
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P6.pP6.pP5.pP5.pP4.pP4.p P7.pP7.p P8.pP8.pP3.pP3.p

Canonical patternCanonical pattern

Variants Variants correctedcorrected by by cellcell redundancyredundancy in in thethe competencecompetence groupgroup
anterioranterior Pn.pPn.p missingmissing

posteriorposterior Pn.pPn.p missingmissing

centeringcentering on P5.pon P5.p

centeringcentering on P7.pon P7.p

2 2 Pn.pPn.p missingmissing

hypoinductionhypoinduction

hyperinductionhyperinduction

Variants Variants thatthat are are notnot correctedcorrected: : abnormalabnormal vulvavulva ('('errorserrors')')

<3<3--cell inductioncell induction

>3>3--cell inductioncell induction

vulvavulva

VulvaVulva DevelopmentDevelopment: : MinorMinor Variants / 'Variants / 'ErrorsErrors''
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VulvaVulva variants invariants in six six differentdifferent environmentsenvironments
for for twotwo C. C. eleganselegans genotypesgenotypes

n = 1000 for each environment
9 experiments
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Anchor cell - P6.p alignment during the L2 stage
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Stochastic and Genetic variation 
in Anchor Cell position during the L2 stage
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Evolution of centering errorsEvolution of centering errors

Christian Christian BraendleBraendle

ACAC
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⇒⇒ 'Errors' indicate a selection pressure 'Errors' indicate a selection pressure 
on the competence groupon the competence group
and reveal evolution in robustness mechanismsand reveal evolution in robustness mechanisms



n = 1000 for each environment
9 experiments
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• Variants with defective vulvae occur at a rate of < 1% in tested environments

• The type and rate of variants / errors vary with Environment and Genotype
and indicate constraints on the system

Conclusion (Ia.) 
Vulva Development Precision

=> The molecular mechanisms in the vulva development process
are likely to differ among environments and among wild isolates.

IbIb.. IIII..

System
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of correct output
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SensitivitySensitivity to Noise to Noise andand EnvironmentalEnvironmental VariationsVariations

to internal or environmental noise
Insensitive / robust

variant/error
error/variant

cellcell fate pattern fate pattern andand lineagelineage
almostalmost invariantinvariant

GenotypeGenotype

OutputOutput
phenotypephenotype

Environment 2

Environment 1

''IntermediateIntermediate''
phenotypesphenotypes

''CrypticCryptic' ' 
variationvariation



Variant 'Intermediate' Phenotypes
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P8.p P7.p P6.p
P5.p N2 mid L2
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Ras Ras andand NotchNotch pathwaypathway activitiesactivities
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Notch pathway reporter
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Revealing cryptic variation in the vulva network  



mutants mutants 
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induction induction 
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Perturbation of the system

Revealing cryptic variation in the vulva network  



L4 stage. Nomarski pictures.
2°: vulval
1°: vulval

3°: non-vulval

WT: Induction = 3

Multivulva: Induction > 3

Vulvaless: Induction < 3
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V

Induction index = 1

Induction index = 4.5

Ib. Environmental effects 
on the vulva developmental process

Quantification of vulva mutant phenotypes
(sensitizing the system)

vulvavulva
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•• TheThe vulvavulva mutant mutant screensscreens
maymay have have givengiven a a differentdifferent resultresult

hadhad theythey beenbeen performedperformed
in a in a differentdifferent environmentenvironment

•• TheThe environmentenvironment maymay affect affect 
thethe developmentaldevelopmental signalingsignaling pathwayspathways

((intermediateintermediate phenotypephenotype))
withoutwithout variation in variation in thethe final outputfinal output

Conclusion: 
Environmental Effects on Vulva Development



C. elegans vulva development

I.
Sensitivity to noise and environmental change

'Error' type and rates
Cryptic variation in different environments

II. 
Cryptic evolution in C. elegans and the Caenorhabditis genus

III.
Sensitivity to random mutational change

Bias/constraints



IIII. . CrypticCryptic GeneticGenetic EvolutionEvolution

Phenotype
(final)

Genotype

insensitive/robust/buffered/canalized
against some genetic variations

AllowsAllows CrypticCryptic EvolutionEvolution
ofof thethe SystemSystem WithoutWithout Change Change 

in in thethe FinalFinal PhenotypePhenotype

SystemSystem thatthat isis robustrobust to to environmentalenvironmental variationsvariations
isis likelylikely to to bebe robustrobust to a set to a set ofof geneticgenetic variationsvariations

RobustRobust outputoutput
in in wildwild isolatesisolates: : 

3 3 inducedinduced cellscells: P(5: P(5--7).p7).p
withwith '2°1°2°' pattern'2°1°2°' pattern



Strategy: Perturb the system 
in different “wild” genetic backgrounds 

to unravel hidden genetic variation

mutants mutants 
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mutantsmutants
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induction induction 
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RASRAS--MAP kinaseMAP kinase
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Revealing cryptic variation in the vulva network
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component)



7 wild isogenic
genetic backgrounds

Vulva index

Mutations 
(EGF, Notch & Wnt pathways)

J. Milloz and I. Nuez

Introduction of the mutations in the different 
backgrounds by repeated out-crosses

N2, CB4856, JU258, 
PB303, PB306, PS2025, AB1

IIaIIa. Cryptic Genetic Variation . Cryptic Genetic Variation within within C. C. eleganeleganss::
Introduction of Mutations Introduction of Mutations 

in Different Wild Genetic Backgrounds in Different Wild Genetic Backgrounds 



Different wild isolatesDifferent wild isolates:: Mutation of the Ras pathway
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bar-1(ga80)
Different wild isolatesDifferent wild isolates: Mutation of the Wnt pathway

ββ--catenincatenin ((nullnull))

=> The induction index of Wnt pathway reduction-of-
function mutations is lower in other backgrounds. 
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TheThe vulvavulva mutant mutant screensscreens
wouldwould have have givengiven a a differentdifferent resultresult

hadhad theythey beenbeen performedperformed::
•• in a in a differentdifferent environmentenvironment

oror
•• in a in a differentdifferent C. C. eleganselegans
wildwild geneticgenetic backgroundbackground

EnvironmentalEnvironmental variationvariation
andand geneticgenetic variation variation maymay actact

on on thethe samesame system'ssystem's parametersparameters



Effects of mutations along the Ras pathway

let-23(rf) ark-1(lf);
gap-1(lf)a

let-60(gf)

EGFR RAS RAF MAPK
ARK-1 GAP-1

N2 vs. CB4856

CB48
56

*

*

Isolate

*: Paired Mann-Whitney U-test with N2, p<0.0001, n>60. @ 20°C, except a @ 23°C

N20
1
2
3
4
5

6

CB48
56N2

CB48
56N2

*

Ind.

lin-45(rf) mpk-1(rf)

**

CB48
56N2

CB48
56N2

=> => CompensatoryCompensatory evolutionevolution alongalong thethe pathwaypathway??

In
du

ct
io

n 
in

de
x

Josselin Josselin MillozMilloz

SEM-5



Effects of mutations along the Ras pathway

N2 vs. AB1
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mutants mutants 
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Revealing cryptic variation in the vulva network
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IIbIIb. Cryptic Genetic Variation . Cryptic Genetic Variation among among CaenorhabditisCaenorhabditis SpeciesSpecies: : 
''IntermediateIntermediate' States ' States RevealedRevealed by by AnchorAnchor CellCell AblationsAblations



Anchor Cell Ablations
Caenorhabditis japonica DF5079
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Anchor Cell Ablations
Caenorhabditis briggsae AF16
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3° 2° 2° 2° 3°

1° 1° inducedinduced
in a in a latelate stepstep

((whenwhen P6.p P6.p hashas divideddivided))

19/23 19/23 animalsanimals
at or after P(4,8).p division



QuickTime™ et un
décompresseur TIFF (LZW)

sont requis pour visionner cette image.

C. remanei PB4641
Anchor Cell Ablations in the Mid-L3 Stage

P6.p P7.p
P5.p

3° 2°
2°

12/17 12/17 ablatedablated animalsanimalsat or after P(4,8).p division

Anchor Cell Ablations
Caenorhabditis remanei PB4641 



3°3° 3°3° 2°2° 1°1° 2°2° 3°3°
P3.pP3.p P4.pP4.p P5.pP5.p P6.pP6.p P7.pP7.p P8.pP8.p

3°3° 3°3° 3°3° 3°3° 3°3° 3°3°

3°3° 3°3° 2°2° 3°3° 2°2° 3°3°

Ablation Ablation timetime
in L3in L3

AnchorAnchor CellCell ablationsablations

AnchorAnchor CellCell
+ P6.p ablation+ P6.p ablation

3°3° 3°3° 3°3° 3°3° 3°3°
XX

19.5/54 (36%)19.5/54 (36%)
P5.p/P7.p induction index:P5.p/P7.p induction index:

50/52 50/52 inducedinduced cellscells (96%)(96%)
fromfrom VU divisionVU division
to P6.p divisionto P6.p division

Caenorhabditis remanei PB4641 



Cryptic Genetic Variation Cryptic Genetic Variation among among CaenorhabditisCaenorhabditis SpeciesSpecies: : 
''IntermediateIntermediate' States ' States RevealedRevealed by by AnchorAnchor CellCell AblationsAblations

AC ablation AC ablation duringduring
thethe induction induction processprocess

Cell fate 
patterns: 

'wild type'
P(4-8).p

32323

intermediateintermediate fate patternsfate patterns
characterizedcharacterized by by P6.pP6.p fatefate

P4.pP4.p P5.pP5.p P6.pP6.p P7.pP7.p P8.pP8.p

ACAC
XX

timetime ofof ablationablation



Cryptic evolution in the Caenorhabditis genus

C. briggsae

C. remanei

C. elegans

C. japonica

C. sp. 3 RGD1

C. sp. 2 DF5070

C. plicata

C. sp. 4 PB2801

C. drosophilae

C. sp. 1 SB341

C. sp. 5 JU727 Elegans
group

KiontkeKiontke andand FitchFitch remanei PB4641
n=37

remanei PB228
n=40

remanei JU724
n=14

elegans N2 
n=33

sp. 4 PB2801
n=31

japonica DF5079
n=33

sp. 4 CB5161
n=39sp. 3 RGD1

n=38

japonica DF5080
n=34

briggsae AF16 n=37sp. 5 JU727 n=23

sp. 5 SB378
n=18

briggsae HK104 n=22

briggsae JU725 n=13

1°

2° 3°""neutralneutral" " spacespace

drosophilae DF5077 n=17

sp. 2 DF5070 n=30

plicata SB355 n=34

sp. 1 SB341 (uterus) n=17

CurrCurr. Biol. Jan 2007. Biol. Jan 2007

Quantification Quantification ofof thethe Proportion Proportion ofof 1°/2°/3° Fates 1°/2°/3° Fates AdoptedAdopted by P6.pby P6.p
-- animalsanimals withwith atat leastleast oneone Pn.pPn.p inducedinduced

-- anchoranchor cellcell ablations ablations beforebefore P6.p divisionP6.p division

AnchorAnchor CellCell Ablations Ablations 
in in CaenorhabditisCaenorhabditis::



CaenorhabditisCaenorhabditis eleganselegans:  :  221122
Evolution Evolution ofof thethe Relative Relative ActivitiesActivities ofof SignalingSignaling PathwaysPathways??

AC

1° 2°

Ras

LIN-3/EGF

Notch

P5.p P6.p P7.p

3°2°

Deltas

CaenorhabditisCaenorhabditis remaneiremanei:   :   223322
CaenorhabditisCaenorhabditis briggsaebriggsae: : 222222



TheThe crypticcryptic differencedifference betweenbetween C. C. eleganselegans andand C. C. briggsaebriggsae
cancan bebe explainedexplained by by evolutionevolution withinwithin thethe signalingsignaling networknetwork

briggsaebriggsae AF16AF16
n=37n=37

1°1°

2°2° 3°3°

remaneiremanei PB4641PB4641
n=37n=37

remaneiremanei PB228PB228
n=40n=40

briggsaebriggsae HK104HK104
n=22n=22

mfIs11[CbmfIs11[Cb--linlin--3]3] mediummedium
n=15n=15

mfIs12[CbmfIs12[Cb--linlin--3]3] mildmild
n=28n=28

C. C. briggsaebriggsae
EGF EGF 

overexpressionoverexpression
fromfrom thethe

anchoranchor cellcell

CeCe--selsel--10(n1077)10(n1077)
latelate (n=16)(n=16)

CeCe--selsel--10(n1077)10(n1077)
earlyearly (n=12(n=12))

C. C. eleganselegans
silentsilent NotchNotch pathwaypathway gfgf

CeCe--selsel--10(bc243)10(bc243)
earlyearly (n=10(n=10))

CeCe--selsel--10(bc243)10(bc243)
latelate (n=10)(n=10)

eleganselegans N2N2
n=33n=33

japonicajaponica DF5079DF5079
n=33n=33

sp. 4 PB2801sp. 4 PB2801
n=31n=31

CeCe--barbar--1(ga80)1(ga80)
n=8n=8

CeCe--linlin--45(n1018)45(n1018)
n=12n=12

C. C. eleganselegans
weakweak HypoinductionHypoinduction

Ras/Ras/WntWnt

wildwild strainstrain

ExperimentalExperimental alterationsalterations in Ras in Ras andand NotchNotch pathwaypathway activitiesactivities
in in C. C. eleganselegans andand C. C. briggsaebriggsae::

Cel-ark-1 n=35 C. C. eleganselegans
weakweak HyperinductionHyperinduction RasRas



ConclusionConclusion
WhereasWhereas thethe final final vulvalvulval pattern pattern isis invariant,invariant,

wewe cancan uncoveruncover crypticcryptic variationsvariations
in in thethe vulvavulva patterningpatterning networknetwork

GenotypeGenotype

Output Output 
PhenotypePhenotype

neutralneutral evolutionevolution??
selectionselection againstagainst rare rare errorserrors??

variations in variations in environmentalenvironmental conditions?conditions?
pleiotropicpleiotropic genegene action?action?

IntermediateIntermediate
PhenotypePhenotype

EnvironmentEnvironment



C. elegans vulva development

I.
Sensitivity to noise and environmental change

'Error' type and rates
Cryptic variation in different environments

II. 
Cryptic evolution in C. elegans and the Caenorhabditis genus

III.
Sensitivity to random mutational change

Bias/constraints



DevelopmentalDevelopmental ConstraintsConstraints//BiasBias
NaturalNatural SelectionSelection

EnvironmentEnvironment
StochasticStochastic effectseffects ??

Relative Relative RolesRoles in in PhenotypicPhenotypic EvolutionEvolution::

Phenotype

Genotype

after mutation:
phenotypic neighborhood
(mutational variance)

constraintconstraint
((negativenegative))

biasbias
(positive)(positive)

nonnon--isotropicisotropic

III. Effect of Random Genotype Variation
on the Phenotype



Mutation Accumulation Lines
TransferTransfer ofof oneone individualindividual perper generationgeneration for for manymany generationsgenerations: : 

nono selectionselection ((exceptexcept thatthat somesome lineslines diedie out)out)

--

--
--

--
---- -- -- ------ -- -- -- ------

--
1 1 generationgeneration

--

1 1 randomrandom larvalarva isis pickedpicked

-- -- -- --
------ --
--
-- -- --

--
-- ----

--
1 1 generationgeneration

1 1 randomrandom larvalarva isis pickedpicked

-- -- -- --
------ --
--
-- -- --

--
-- ----

--

--
1 1 generationgeneration

etc...etc...

FreezingFreezing

L. L. VassilievaVassilieva & M. Lynch& M. Lynch
approxapprox. 400 . 400 generationsgenerations startingstarting fromfrom C. C. eleganselegans N2 N2 strainstrain



Proportion of Mutation Accumulation Lines with vulva 'errors'  
MA lines from L. Vassilieva & M. Lynch
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⇒ Mutational Degradation of Vulva Development
Error rates not found in natural isolates: action of natural selection 

20 control N2 lines n = 50/n = 50/lineline
n = ca.50/n = ca.50/lineline ((averageaverage 49; range 4149; range 41--66)66)

Strong errorsWeak errors

approxapprox. 400 . 400 generationsgenerations



EvolvabilityEvolvability ofof P3.pP3.p vs. vs. P4.pP4.p in in C. C. eleganselegans

- P3.p division frequency is an easily mutable character -
with an asymmetry towards lower frequencies

- P4.p division frequency does not vary as much

4545
averageaverage

411 411 generationsgenerations

49 49 animalsanimals//lineline
(range 41(range 41--66)66)

20 control 20 control lineslines

fromfrom VassilievaVassilieva & Lynch, 2000& Lynch, 2000

(P3.p: ANOVA, p<0.01)(P3.p: ANOVA, p<0.01)
00

startingstarting
strainstrain (N2)(N2)

division division frequencyfrequency (%)(%)

5050 6060 7070404030302020101000

# # ofof MA MA 
lineslines

11
22
33
44
55
66
77

8080 9090 100100

P3.pP3.p P4.pP4.p

mutabilitymutability in in C. C. eleganselegans
54 mutation accumulation 54 mutation accumulation lineslines

P3.pP3.p
oror

P4.pP4.p

stochasticstochastic noise (noise (nonnon--robustrobust))
division division frequencyfrequency: 49%: 49%

invariantinvariant
100%100%

N2 N2 isogenicisogenic strainstrain



mutabilitymutability in in C. C. eleganselegans
54 mutation accumulation 54 mutation accumulation lineslines

evolutionevolution inin C. C. eleganselegans
26 26 wildwild isolatesisolates

Marie DelattreMarie Delattre

11
00

22
33
44
55
66
77

# of# of
wildwild

isolatesisolates

5050 6060 7070404030302020101000 8080 9090 100100

P4.pP4.pP3.pP3.p

division division frequencyfrequency (%)(%)

2424

MutabilityMutability vs. vs. EvolutionEvolution ofof P3.p P3.p andand P4.pP4.p

00

startingstarting
strainstrain (N2)(N2)

division division frequencyfrequency (%)(%)

5050 6060 7070404030302020101000

# # ofof MA MA 
lineslines

11
22
33
44
55
66
77

8080 9090 100100

P3.pP3.p P4.pP4.p

4545

P3.pP3.p
oror

P4.pP4.p

stochasticstochastic noise (noise (nonnon--robustrobust))
division division frequencyfrequency: 49%: 49%

invariantinvariant
100%100%

N2 N2 isogenicisogenic strainstrain

Mutational variance correlates with P3.p evolution in C. elegans
and reduction of competence group size in Caenorhabditis genus... 



PhylogenyPhylogeny
KiontkeKiontke et et alal. PNAS 04. PNAS 04

SpeciesSpecies

C. C. briggsaebriggsae
C. C. remaneiremanei

C. C. eleganselegans
C. C. japonicajaponica
C.C. sp. 3 sp. 3 

C. C. sp. 2sp. 2
C. C. plicataplicata

CC. sp. 4 CB5161. sp. 4 CB5161

C. C. drosophilaedrosophilae

C. C. sp. 1sp. 1

C.C. sp. 5 JU727sp. 5 JU727

in P3.p in P3.p 
competencecompetence

reductionreduction
in P3.p in P3.p 
divisiondivision

andand

Marie Delattre, Laure Marie Delattre, Laure BonnaudBonnaud, MAF, MAF

yesyesSB341SB341 N.A.N.A. 4/94/9

P3.p divisionP3.p division
frequencyfrequency (%)(%)

P3.p P3.p 
competencecompetenceIsolateIsolate

13 [013 [0--52]52] no/no/lowlow

25 [1025 [10--35]35] lowlow
20 [520 [5--62]62] lowlow
35 [535 [5--60]60] yesyes

SB339SB339 92 (n=2)92 (n=2) 8/188/18
RGD1RGD1 9797
PS1010PS1010 100100 7/127/12
DF5077DF5077 9898
DF5070DF5070 100100 1/11  1/11  lowlow
SB355SB355 N.A.N.A.

8 [08 [0--16]16] lowlow

yesyes

yesyes

meanmean [range][range]

severalseveral
ofof eacheach
speciesspecies

P3.p in Caenorhabditis spp.:
decrease in division frequency and competence



MutabilityMutability andand EvolutionEvolution ofof PhenotypesPhenotypes::
ComparisonComparison BetweenBetween 2 2 GeneraGenera

Evolution inEvolution in C. C. eleganselegans

11
00

22
33
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77

# of# of
wildwild

isolatesisolates

5050 6060 7070404030302020101000 8080 9090 100100

P4.pP4.pP3.pP3.p

division division frequencyfrequency (%)(%)

P5.pP5.p P6.pP6.p P7.pP7.p P8.pP8.pP3.pP3.p P4.pP4.p

MutabilityMutability
in in C. C. eleganselegans

++++ +/+/--

MutabilityMutability
in in OscheiusOscheius tipulaetipulae

EMS EMS screenscreen withwith M.M.--L. L. DichtelDichtel

++++ ++++

=> The mutability bias can result in differences
in evolutionary tendencies between different groups

Divergence in Divergence in thethe SameSame CharactersCharacters withinwithin EachEach GenusGenus

+/+/--++++

Evolution in Evolution in OscheiusOscheius tipulaetipulae
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5050 6060 7070404030302020101000 8080 9090 100100

P4.pP4.p
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division division frequencyfrequency (%)(%)

Comparison between Phenotypic Distributions
after Mutation vs. in Natural Isolates
Reveals the (direct or indirect) Action of Selection
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Bias / Constraints
Revealed by Phenotypic Mutability

C. elegans

Genotype

Phenotype

after mutagenesis:
phenotypic neighborhood
(mutational variance)

constraintconstraint
((negativenegative))

biasbias
(positive)(positive)

P3.pP3.p

Oscheius tipulae

Evolution
of the Phenotypic Neighborhood:

P4/8.pP4/8.p

Relevant to Phenotypic Evolution in Each Genus



1. The determination of the mutational variance 
for phenotypic traits

and the comparison with natural variants
help to evaluate the respective roles

of constraints or biases due to genetic architecture
and of natural selection

2. The mutability bias can cause differences
in evolutionary tendencies between different groups
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