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Evolution of development

in evolution:
genotypic
variations

phenotypic
variations

Correspondance between genotype and phenotype

Genotype

Phenotype
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Correspondance between genotype and phenotype

Genotype
Phenotype
3
non-canalised/robust/buffered Canal_ised/r‘obu_s‘r/bu_ffgr'ed
against internal or environmental noise against genetic variations

* How stable are developmental processes when faced
with internal/environmental/genetic variations ?

+ What is the nature of genotypic changes that modify
developmental processes?

+ How do they propagate at the phenotypic level
through the hierarchy of biological organisation?

Herarchyof hd og cd organ zat on

DNA base
Mol ecul e g dul ai
. ...and some nodul arity
my favorite modJIe—bcel | . inbetween d levds...
Organism

Modul arity hd ps to descri be
morp ho og ca organi zati on and
deve oprmentad dynamcs

How dothese nodu es behavein evd ution?
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MODULAR ORGANIZATION
OF DEVELOPMENT

Organs

(1) Supracellular modules Interacting cellsin development

@ Modules of interacting
molecules

MODULAR ORGANIZATION
IN EVOLUTION

(3) Evolution of a supracellular
network module - breakage

(4) Evolution of modules within

the organism is facilitated by
modularity of geneorganization

(5) Morphological evolution and
the body plan

Caenorhabditis elegans

Hermaphrodite
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CELL SPECIFICATION MECHANISMS
IN DEVELOPMENT

Segregation of P
deter minants at mitosis ——
Visualization: @ @

asymmetric cell size
segregation of determinant
(P granules, PAR-1, etc.)

Intercellular signaling @ @ <«—

The specification of cell fates during
C. elegans development is the result of
asymmetric cell divisions
and cell interactions.

o

Its cell lineage isinvariant
because of stereotyped asymmetric cell divisions
but also because
the cell interactions are reproducible.

Isthere asupracdluar level o description
of C degans deve opnment/ mor phol ogy?
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1. Modul arityinthefind result

(the structurein a broad sense) a isse
A body part

Not necessarily built
in a modular fashion!

2. Modul arityinthe buldng process

(the mechanismof devd op ment)

Lineage
Cell interactions

M ODULAR SPECIFICATION
BY LINEAGE

E P4

al intestina al germline
cellsand only and only
intestinal cells germ line

Sulston et al. 1983
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M ODULAR SPECIFICATION
BY CELL INTERACTIONS

Z1l.ppa Z4.aap Z4.aaa
(VU) (VU) (VU)

r1ri

M
ppmmt IPPP PTITT
Z4.2aa

|
Z1.ppa Z4.2ap

Newman and Sternberg, 1995

NON-MODULAR SPECIFICATION
PIECEMEAL RECRUITMENT

M ve6
A —¥./ P

I
mab-5
expression

Undisturbed embryo

Me =D

M Migration blocked

cH~@D

Expression of mab-5 in the M cell
isindependent of itsfinal position

Cowing and Kenyon, 1996
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Cell groupsmay be
specified

A.in amoduldrfashion by:

i. shared lineage

i .shared cell interactions

'Independent cdl interaction networks
(ten usedinthe devd op nent
of coherent find structures (ex limb bud)

B. in a hon-modular fashion

by piecemeal recruitment
« perverse assignments »
(J. Sulston etal.)

MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(@) Modules of interacting
molecules

MODULAR ORGANIZATION
IN EVOLUTION

(3) Evolution of a supracellular
network module - breakage

(4) Evolution of modules within
the organism is facilitoted by
modularity of geneorganization

(5) Morphological evolution and
the body plan
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LIN-3 1GFa/EcF LIN-3 EGL-17 reF
LET-23 = EGFreceptor LET-23 Y EGL-15 FGFreceptor
SEM-5 | cm2 SEM-5
LET-60 Ras IP3 pathway LET-60
I.IN'45 Raf I.IN'45
MEK-2 } wex MEK-2
SUR-1 MAP kinase SUR-1

\

Transcription factors

SEX MYOBLAST

SPERMATHECA
Vuwva, MALE T AL C MIGRATION

Caenorhabditis elegans
vulval induction
EGF-Ras-MAP kinase

. Dm;ophﬁa
Molecular conservation melanogaster

eye photoreceptor induction
i EGF-Ras-MAP ki
Reuse in non-homologous e

contexts

=) Evolution of development of homologous structures
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The nematode zoo i s

' Panagrolaimus

Teratorhabditis o M i

Mesorhabditis

~J~

Panagrellus Diploscapter

\(\)’l 4 ¢ &
ephalob ¢
A pna us H

Caenorhabditis Acrobeloides l
A R ahditoides

- 1 mm

Op O G,m @3
Lo oo i PI/IZU Y B
6l 62 W PI/2 P34 P5/6 P78 11 PS/I0

b4 \ \24

72 73
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

@ Modules of interacting
molecules

MODULAR ORGANIZATION
IN EVOLUTION

(3) Evolution of a supracellular
network module - breakage

(4) Evolution of modules within
the organism is facilitated by
modularity of geneorganization

(5) Morphological evolution and
the body plan

Caenorhabditis elegans

Theventral uterusgroup

W@ W W

Z1.ppa Z1.ppp Z4.aaa Z4.aap

or 50%

W WO W

Z1.ppa Z1.ppp Z4.aaa Z4.aap

S50%
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Caenorhabditiselegans
Anchor cell / ventral uterus specification

+
Zl.pppm Z4.88a

LIN-12 receptor (Notch-like) LAG-2 ligand (Deltalike)

50% animals/ \ 50% animals

Z1.ppp ZA.a0a Z1.ppp Z4,
random outcome
100% AC/VU lineage origin 100%
Z1 Z4
Caenorhabdltl selegans

fiﬁé&ﬁﬁh

UNBIASED'D
Oscheius guentheri Iﬁg&m
= ‘BIASED =

Acrobel oides PSll46
e BI ASED e ﬁﬁl
Panagrolaimus PS1579
| —gre—y Hﬁﬂ i Eii. I

FIXED
Cephalobus PS1197 Iﬁé‘a ﬁgﬁl
FIXED

Mesorhabditis PS1179 Jl_ﬁ?l
L ———a iRl gﬁ*

FIXED
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EVOLUTION OF CELL SPECIFICATION MECHANISM
Anchor cell (AC) - Ventral uterus precursor (VU)

Z1.ppp Z4.aaa

> SELF-ORGANIZATION
@ -— Caenorhabditis elegans

LIN-12/ LAG-2

I BIASED LATERAL
4 SIGNALING

Acrobeloides PS1146
. INDUCTION
O O Cephalobus PS1197

< PARTIALLY AUTONOMOUS
O O Panagrolaimus PS1579
partially
competent
O O AUTONOMOUS
Panagrolaimus PS1732

not competent

The developmental
module AC/VU is useful
tfo describe
developmentin C.
elegans but it is
broken in evolution

'Infermediates’ are
found
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RECRUITMENT OF LIN-12/Notch RECEPTORS
IN DIVERSE CELL SPECIFICATION MECHANISMS

pp Z4.aaa

Symmetric lateral Zigr_» ¢
interactions  vu Ac  Ac wu

B_i Ilateral Z4.a8a Z&iaa
Interactions VDLC LC VD

Reproducible  Pap P6.p
signaing -
within the group

vulval 2° vulval 1°

VUx
Inductionfrom Q© @-=—
an outside cell p m™ AC

Sensory
organ
lineage

Asymmetric Serogaon
division “Notch
repressor)

Notc

activated

CONSERVATI ON of
MOLECULES
(e g gene expression pattern,
pat hway i nvd ve ment) does
not i nply conservation o
SPEAd H CATI ON MECHANI SM

| mportance o det alsibwtgnes
mol ecu ar | nt er acti on networ k
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

@ Modules of interacting
molecules

MODULAR ORGANIZATION
IN EVOLUTION

(3) Evolution of a supracellular
network module - breakage

(4) Evolution of modules within
the organism is facilitated by
modularity of geneorganization

(5) Morphological evolution and
the body plan

Problem
S nce dstinct devel opnmental nodul es
use the sanme nol ecul ar nodul es,
how can evad uti on occur
I n one devel opmenta nodule
wit hout affectingthe rest
of the organism(pl & atropy)?

Not e Modul arityinthe dynam cs
of devel opnmenta nodul es
is not suffident
for evd uti onary i ndependence bet ween modul es
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Modul arity in Gene Evd ution
(=ENE DUPLICATION

Redundancy and subf uncti ondi zati on

EVOLUTION OF CODING
[REGIONS

Prote n domai ns - shuffli ng,
phosphory aion sitesin dfferent tissues, etc.

EVOLUTION OF (&ENE
EXPRESSION

Modul arityin dsregu aory reg ons

Modul arity o gene organi zati on
(pronot er, cod ng reg on)
m ght dlowfor
guasi -i ndependent
eva uti on
of devel opnenta nodul es.

What aretherd aiverdes o
codi ng vs. regul at ory sequence evadl uti on?
In ubi quitous vs. regul aory nolecul es?
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

@ Modules of interacting
molecules

MODULAR ORGANIZATION
IN EVOLUTION

(3) Evolution of a supracellular
network module - breakage

(4) Evolution of modules within
the organism is facilitated by
modularity of geneorganization

(5) Morphological evolution and
the body plan

MorprHoLOGICAL EvoLuTION
BY
DeveLoPMENTAL 'INNOVATION’

linkage/ breakageof (sub)modules
facilitated . by the evolutionary flexibility
in the dynamics of molecular modules
. by redundancy

nesting
reuse of the same molecular pathways

diversification by symmetry

breakage
facilitated by small asymmetries

ConNsTRAINTSON  Bobpy PLan?

- not becauseearly development
is constrained

- not as much constrained in
plants
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prom Qter

modular 1

|

Molecular signature on body plan

Hierarchical
organization

Gene modularity

Evolutionary
speed
promoter: fast??
coding region: slow??

ding region
[, ]

Supramolecular
slow modules
HISTORICAL

Developmental
pluricellular modules

fast DYNAMICAL
p'kecemeal
Vi
Organism
body plan

THE VULVA
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L1 stage
Competence group PLp o> S P1Zp <_I_>

LIN-39

Early L3 EGF/RAS/MAPK
Vulva patterning O O

P3.p P4p Po.p Pé6p P7p P8p

Notch

Late L3
Vulva lineage P3, p P4 p P5.p P7.p P8.p

S: fusion to

epidermal

ssss syncytium
L L TNTT TTNT L L
uterus

Late L4
Intratoroidal
fusions

anchor cell uterus lumen H’
¢ l
|

vulva cell nucleus  wulval invagination epidermal nucleus
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CO00®O

How is this
pattern formed?

Vulva patterning

Caenorhabditis elegans Oscheius sp. 1 CEW1
AC 'L?ﬂusc/?é’? ’;C + =
RAS-MAP kinase 15Tinduction Q.
N .
£7% P :
00000 O0OeO
P3.p P4.p P5.p P6.p P7.p P8p P4p P5p P6.p P7p P8p Q

lateral signaling

received by LIN-12/Notch
AC nd .
2nd induction

ROPPPSOPQO

P4p P5p P6p P7p P8p

2bpys ¢ 2401
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Mesorhabditis sp. PS1179

Intact

Gonad-ablated (early L1 stage)

—
C000O

P4.p P5.p P6.p P7.p P8.p

Pn.p ablations => non-equivalence of P(4-8).p

Ralf Sommer & Paul Sternberg

Graded Sequential

e o T
Sl T elle ™ e

Self-Organization Two-step Induction
RN

& _ > Pliel ¥ I e

Prepattern

Olee e | O OI Je

Dr. Marie-Anne Fdix Institut Jacques Monod, Jussi eu

20



Evd ution of Devd opment (K TP Bo Milecuda Netorks Program 1/ 14/ 03)

The mechanisms
patterning the vulva
precursor cells vary
extensively among

these nematodes

(whereas the paftern
does not in most
cases).

Redundancy
bet ween devd opnentd nechanisns
ensures prec sonina gven sped es

and mght inturnfavor rap d evad uti on
d these nmechani sns

(large changesinthe we ght o dfferent
mechanisns nmay be quasi-neutrd).

Microevolutionary example:
Panagrolaimus sp.
Degree of requirement for the gonadal induction
versus pre-patterning along the antero-posterior axis
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Microevolutionary analysis

« Genetic dissection of phenotypic variation is possible

in hermaphroditic nematodes

* Genetically homogeneous populations
- studies of developmental variants/noise
- recombinant inbred lines are easily driven
to homozygosity

Microevolution C. elegans or Oscheius sp. 1
(and then comparison of their evolvability)

Mutagenesis effect vs. Observed microevolutionary change
=> imprint of selection

Niagress

Genotype (O) O after mutagenesis

Phenotype ?

Dr. Marie-Anne Fdix Institut Jacques Monod, Jussi eu
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COMPARING THE VULVA SCREENS

The spectrum of vulva mutations isolated
is very different in the two species:

C. elegans Oscheijus sp. 1 CEW1

IZ> different sensitivities of the systems
to one-gene perturbation

G

Mutagenicity and evolvability

species 1 species 2

O after mutagenesis

Assessment by mutagenesis of the
= "r‘eachcﬁ\)le" pl}lleno‘rygic states

from a given genotype
PHENOTYPIC NEIGHBOURHOOD
=) Correlation with wild variants ?

Dr. Marie-Anne Fdix Institut Jacques Monod, Jussi eu
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different wild isolates
Genotype . ‘.:.-:. of the same species

Phenotype ?

The cell lineage of a given species
of nematodes is globally invariant.

.;i'“, el

Are inter-species variations the
consequences of fixation of m’rr‘a specnes
polymorphisms ? - i
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Oscheius sp. 1

AC

o
mleY Y I el
P3.p P4p P5p P6.p P7p P8p P9p

valva
P4p PBp P6.p P7.p P8.p

lii=s=N
C@Q_J/t‘\&m

Microevolution of vulva precursor cell lineages
within the Oscheius genus

* Comparison between
different strains of the
same species

* Comparison between
closely related species

P4.p and P8.p lineages within the Oscheius
genus Oscheius sp.1
Oscheius sp.2
divisi 1 divisi 2 divisi gche/:uss o DF5033
no division Ivision Ivisions r1 'schieits qolichiura
= = = {HC oscheius sp. Ps1017
P4.p | Oscheius guentheri SB133
¥ P8.p L__ Oscheius myriophila DF5020
100%-L— - S - O AA AR mE e I|_ -
i |
50%_ I
L -]
0% ,
0 o> b b O AN O D B A 4o A S o5 A > 0
3° &% oo’ 7 A NI B A ° { 37 QY W %
AP S S S (?,@Q%@o JESIRCIPOUP PN PN oé,o & 0&0
Oscheius sp.1 Oscheius sp.2
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Robustness of vulval development ?

Role of the vulval competence group ?

, _ DEVELOPMENTAL "ERRORS"
wild type Oscheius

neuTr‘gl' ? neutral ?
mleX X X Jein W
P3.p P4p P5.p P6.p P7.p P8p P9.p

« Errors » corrected by the size of the competence group

@ @ @ O[] anterior Pnp missing 31/3200
X X X ) ] posterior Pn.p missing 39/3200
D ®@®@® O O[] centeringonP5p 19/3200
1O O ®@®@®[ ] centeringonP7p 11/3200
« Errors » not corrected : abnormal vulva
Noee ] 2 Pn.p missing 7/3200
(10O ®® OO[] hypoinduction 2/3200
g X X X JGJI hyperinduction 10/3200
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Levd s o vaidionindevd opnernt
Dw;dmpéf pP4p Vul va pettern ng
Gschdwssp 1 C degars in C degars
PAp PR PAp P8.p
A Devd oprertd PAp PSp P6p PLp PBp
na sg vari arts el J I @
B. Exterrrrtald
environne
VHIHIOFS O---O
tenperdure
C Gndic !! II OO
vari i ons oo @®
mut agenes s
D Gendic
betv\eltjarétnaud
popu aions Non- Candlrssted Canreélt i sgdB
: agd agd
candised ABC . N
neutrd ? "~ negati ve sd edti on?

><>< Thanks to:
eotrs Marie DELATTRE
YONOY Marie-Laure DICHTEL

2 %

Sophie LOUVET-VALLEE

Mark VINEY & Paul STERNBERG
Caltech
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