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Hi er ar chy o f bi ol ogi cal or gani zati on 

DNA base
Molecule
Cell
Organism

Modul ari t y hel ps t o descri be 
morp hol ogi cal or gani zati on and 
devel op ment al dyna mi cs

How do these modules behave in evolution?

… and so me modul ari t y 
i nbetw een all l evel s ….

my fa vori t e modul e
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(2)  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 gene organization

(5) Morphological evolution and
the body plan

Organs
Interacting cells in development

…and on nematode
vulva evolution if time 
permits..
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CELL SPECIFICATION MECHANISMS
IN DEVELOPMENT

Segregation of
determinants at mitosis

Intercellular signaling

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

Its cell lineage is invariant
because of stereotyped asymmetric cell divisions,

but also because
the cell interactions are reproducible.

The specification of cell fates during
C. elegans  development is the result of

 asymmetric cell divisions
and cell interactions.

Is there a supracellular level of description 
of C. elegans development/morphology?
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1. Modularity in the final result 
(the structure in a broad sense)

2. Modularity in the building process
(the mechanism of development)

A tissue
A body part

Lineage
Cell interactions

Not necessarily built 
in a modular fashion!

E

all intestinal
cells and only
intestinal cells

MODULAR SPECIFICATION
BY LINEAGE

P4

all germ line
and only
germ line

Sulston et al. 1983

. tissue type

. position
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MODULAR SPECIFICATION
BY CELL INTERACTIONS

ρ ρ π π ρ ρ ρ

Z1.ppa
(VU)

ρ π π π

AC

Z4.aaa

Z1.ppa Z4.aap

Z4.aap
(VU)

Z4.aaa
(VU)

Newman and Sternberg, 1995

π

M V6

A P

M Migration blocked

Expression of  mab-5  in the M cell
is independent of its final position

Undisturbed embryo

NON-MODULAR SPECIFICATION :
PIECEMEAL RECRUITMENT

mab-5
expression

M

Cowing and Kenyon, 1996
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Cell groups may be

specified

A. in a modular fashion by:

i. sh ared lineage

ii . sh ared cell interactions

B.  in  a non-modular fashion
by piecemeal recruitment

« perverse assignments »
(J. Sulston et al.)

' I ndependent' cel l i nt er acti on netw or ks
Of t en used i n t he devel op ment 
of coher ent fi nal st ru ct ure s (ex: l im b bud)

MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(2)  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 gene organization

(5) Morphological evolution and
the body plan
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Félix   Figure 4

LET-23

LIN-3

VULVA , MALE  T AIL

LET-60
LIN-45

SEM-5

SUR-1
MEK-2

Transcription factors 

TGFα/EGF

EGF receptor

Ras 

Raf 

MEK 

MAP kinase

Grb2

LIN-3

LET-23

EGL-17

EGL-15

SPERMATHECA
SEX MYOBLAST  

MIGRATION

FGF

FGF receptor

IP3 pathway LET-60
LIN-45

SEM-5

SUR-1
MEK-2

Reuse of molecular pathways
in development  -submodules

Evolution of development of homologous structures
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The nematode zoo
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(2)  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 gene organization

(5) Morphological evolution and
the body plan

Caenorhabditis elegans
The ventral uterus group

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

or

ACVU VU VU

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

AC VUVUVUor

Z1 Z4

DU DU

50%

50%
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Caenorhabditis elegans
Anchor cell / ventral uterus specification

Z4.aaa

+
Z1.ppp

+
- -

+
+

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

50% animals 50% animals

Z4.aaa Z1.ppp Z4.aaa

+
+

+
+AC ACVU

VU

Z1.ppp

random outcome

Caenorhabditis elegans
Z1 Z4

UNBIASED
Oscheius guentheri

BIASED
Acrobeloides PS1146

BIASED

Cephalobus PS1197

FIXED

Panagrolaimus PS1579

FIXED

100%
Z1

100%
Z4

Mesorhabditis  PS1179

FIXED

AC/VU lineage origin
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EVOLUTION OF CELL SPECIFICATION MECHANISM
Anchor cell (AC) - Ventral uterus precursor (VU)

Caenorhabditis  elegans
SELF-ORGANIZATION

LIN-12 / LAG-2

VU VUAC AC

Z1.ppp Z4.aaa

Acrobeloides  PS1146

BIASED LATERAL  
SIGNALING

Cephalobus  PS1197
INDUCTION

partially  
competent

PARTIALLY AUTONOMOUS

Panagrolaimus PS1579

Panagrolaimus PS1732
AUTONOMOUS

not competent

The developmental
module AC/VU is useful

to describe
development in C.
elegans, but it is

broken in evolution

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

VU VUACAC

Z1.ppp Z4.aaa
Symmetric lateral

interactions

LC VDLCVD

Z1.paaZ4.aaaBiased lateral
interactions

P6.pP5.p

vulval 2° vulval 1°

Reproducible
signaling

within the group

ACππ

VUxx

ρρ
Induction from
an outside cell

Asymmetric
division

Notch
activated

Sensory
organ

lineage asymmetric
segregation

of Numb
(Notch

repressor)

CONSERVATION of 
M OLECULES

(e.g. gene expression pattern, 
pathway involvement) does 
not imply conservation of 

SPECIFICATION MECHANISM

importance of details in the 
molecular interaction network

ex: HOM-C genes!!!
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(2)  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 gene organization

(5) Morphological evolution and
the body plan

Problem:
Since distinct developmental modules
use the same molecular modules, 

how can evolution occur 
in one developmental module
without affecting the rest 

of the organism (pleiotropy)?

Note: Modularity in the dynamics 
of developmental modules

is not sufficient 
for evolutionaryindependence between modules
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GENE DUPLICATION

EVOLUTION OF CODING

REGIONS

EVOLUTION OF GENE

EXPRESSION

Modularity in Gene Evolution

Redundancy and subfunctionalization

Protein domains -shuffling,
phosphorylation sites in different tissues, etc.

Modularity in cis-regulatory regions

Modularity of gene organization
(promoter, coding region) 

might allow for 
quasi-independent 

evolution 
of developmental modules.

What are the relative roles of 
coding vs. regulatory sequence evolution?
In ubiquitous vs. regulatory molecules?
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MODULAR ORGANIZATION
OF DEVELOPMENT

(1) Supracellular modules

(2)  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 gene organization

(5) Morphological evolution and
the body plan

MORPHOLOGICAL EVOLUTION

BY

DEVELOPMENTAL ’INNOVATION ’

linkage/ breakage of ( 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

CONSTRAINTS ON BODY PLAN ?
- not because early development
is constrained
- not as much constrained in
plants
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Y YY

transcription 
factors

promoter coding region
Gene modularity

Supramolecular
modules

HISTORICAL 

Developmental 
pluricellular modules

DYNAMICAL 

Organism
body plan 

Historical link:
Molecular signature on body plan 

piecemeal modular 

Evolutionary
speed

promoter: fast??
coding region: slow??

slow

fast

slow

slow

Hierarchical 
organization

���������
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The mechanisms
patterning the vulva
precursor cells vary
extensively among
these nematodes

(whereas the pattern
does not in most

cases).

Redundancy 
between developmental mechanisms
ensures precisionin a given species

and might in turn favor rapid evolution
of these mechanisms

(large changes in the weight of different
mechanisms may be quasi-neutral).
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