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Cichlids from Lake Tanganyika
(left) and from Lake Malawi (right) " 4
evolved similar body shapes. i
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Does evolutionary
theory need a rethink?

Researchers are divided over what processes should be considered fundamental.

POINT
Yes, urgently

Without an extended evolutionary framework, the theory neglects
key processes, say Kevin Laland and colleagues.

COUNTERPOINT
No, all is well

Theory accommodates evidence through relentless synthesis, say
Gregory A. Wray, Hopi E. Hoekstra and colleagues.



Le Point, Décembre 2016

Didier
Raoult
denigre la
théorie de
I'évolution

Pr Didier Raoult

Dépasser
Darwin

L'évolution comme vous ne
I'aviez jamais imaginee

Prom

Actuellement, lathéorielaphis castratrice enscienceestcelle
de Charles Darwin, carelle empéché une réanalyse des données
contemparaines. C'estjuste une théorie de WASP (Anglo-Saxons
protestants blancs), ceux qui dominaient le Royaume-Uni

Enfin, Darwin définit Ia sélection naturelle par analogieala
sélection humaine. Il pense que la nature agit pour trer les es-
peces comme les hommes Vont fait pour le bétail, les poules, les
chevaux, leschiensetleschats,choisissant les«étalons :}lcslr:nlus
capables et ségréguant progressivement les caracteres. Mais la
naturene fonctionne pasainsi,Japlupartdesévolutionsrésultent
de sélections multiples dues au hasard, les plus capables a wn
instant ne seront pas les plus fertiles ni les plus performants a
Vavenir. Le tri se fait souvent par catastrophe. Lanatuxe se déve-
loppe aussi par imitation et par adaptation a 'environnement,
et cette acquisition de compétences est fransmissible.C'est ce



Classical Darwinian Evolution
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Insecticide resistance in Culex pipiens

Ester’
First detected in Liberia and Nigeria in 1977
and in France in 1986
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Current critics

New view = EES = Extended Evolutionary Synthesis

Evolution is not random:

- physical development influences the generation of variation
(developmental bias)

- the environment directly shapes organisms’ traits (plasticity)
- organisms modify environments (niche construction)

- organisms transmit more than genes across generations
(extra-genetic inheritance)

Laland et al. 2014, Laland et al. 2015



Developmental bias

Selection for bigger/smaller spots Selection for more black/more gold

Beldade and Brakefield



Developmental bias

Eyespot size Eyespot colour composition
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Plasticity

Daphnia Nemoria arizonaria caterillars Water crowfoot plant

with without spring: caterpillars feed summer: caterpillars feed leaves growing leaves growing
helmet helmet on catkins on leaves above water below water

Desert locusts Commodore butterfly

Commodore butterty: Michaal
Wid, CC-BY-5A-3.0 (winter),
Swdmolen, CC-BY-SA-3.0
(summer)

Daphniaz Agrawal et al (1993)

Memoria arizonaria calerillars:
Sadava af al (2014)

Water crowfoot plant: J R Crellin, » .
CC BY-NC-ND 3.0 solitary gregarious

sSuUmimer



Niche construction
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Niche construction

Lactase persistence alleles

J [ Nonpersistent

O] C(-14010)
O G(-14009)
O C(-13915)
O T(-13810)
O G(-13907)

Swallow 2016



Niche construction

LACTASE HOTSPOTS

Only one-third of people produce the lactase enzyme
during adulthood, which enables them to drink milk.

2
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Extra-genetic inheritance

Antibodies from mother to baby's blood
via breast milk and placenta

Microbiome from mother to baby

Fraction of sequences
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Vagina Vagina Vagina Vagina

Mother's vagina or Vaginally-delivered baby

Lachnospiraceasa In. Sad.
Staphylococcus
Bacteroidetes

4 Dialister

B Succinivibriohaceas
Conynebacterium

¥ Ureaplasma

I Ruminococcaceas

B | actobacillaceas

B Lachnospiraceas

B Megasphaera

" Chryseobacterium

B Vaillonellaceas

= Sneathia

B Lactobacillales

B Fuscbacteriaceas

= Atopobium

B Preyvotellaceas

B Pravotella

B Lactobacillus

Dominguez-Bello 2010 PNAS



Additions Classical view
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classical M5 core assumptions EES core assumptions

(i) The pre-eminence of natural sefection. The major directing or creative
influence in evolution is natural selection, which alone explains why
the properties of organisms match the properties of their
environments (adaptation)

(i) Genetic imheritance. Genes constitute the only general inheritance
system. Acquired characters are not inherited

(iii) Random genetic variation. There is no relationship between the
direction in which mutations ocour—and hence the supply of
phenotypic variants—and the direction that would lead to
enhanced fitness

(iv) Gradualism. Evolution via mutations of large effects is unlikely
because such mutations have disruptive pleiotropic effects. Phenatypic
transitions typically occur through multiple small steps, leading to
gradual evolutionary change

(v) Gene-centred perspective. Evolution requires, and is often defined as,

change in gene frequendies. Populations evolve through changes in
gene frequencies brought about through natural selection, dft,
mutation and gene flow

(vi) Macro-evolution. Macro-evolutionary pattems are explained by micro-
evolutionary processes of selection, drift, mutation and gene flow

(i) Reciprocal cousation (arganisms shape, and are shaped by, selective and

devefopmental environments). Developmental processes, operating
through developmental bias and niche construction, share with natural
selection some responsibility for the direction and rate of evolution and
contribute to organism - environment complementarity

(i} Inclusive inheritance. Inheritance extends beyond genes to encompass

(transgenerational) epigenetic inheritance, physiological inheritance,
ecological inheritance, sodal (behavioural) transmission and cultural
inheritance. Acquired characters can play evolutionary roles by biasing
phenatypic variants subject to selection, modifying environments and
contributing to heritability

(i) Mon-random phenatypic variation. Developmental bias, resulting from

non-random mutation or phenotypic accommadation, means that some
phenotypic variants are more likely than others. Developmental systems
facilitate well-integrated, functional phenotypic responses to mutation
or environmental induction

(iv) Warfable rates of change. Vanants of large effect are possible, allowing

for rapid evolutionary change. Saltation can occur either through
mutations in major requlatory control genes expressed in tissue-,
module- or compartment-specific manner, or when developmental
processes respond to environmental challenges with change in
coordinated suites of traits, or through nonlinear threshold effects

(v} Organism-centred perspective. Developmental systems can fadlitate

adaptive variation and modify selective environments. Evolution
redefined as a fransgenerational change in the distribution of heritable
traits of a population. There is a broadened notion of evolutionary
process and inheritance

{vi) Macro-evolution. Additional evolutionary processes, including

developmental bias and ecological inheritance, help explain macro-
evolutionary pattems and contribute to evolvability



Evolution rapide des mésanges charbonniéres

1970: avant réechauffement

Disponibilite des chenilles

14j de décalage

- )

Eclosion Nourrissage
Cycle de reproduction des meésanges

2000: aprés réchauffement

Disponibilité des chenilles ﬂ T

Ponte Eclosion Nourrissage
Cycle de reproduction des mésanges

Etonnant vivant : découvertes et promesses du XXle siécle (2017)



Our research approach
The genetic program is dead
Evolution is not as random as previously thought

The tree of life is not a tree



Our research approach

Finding the mutations
responsible for evolution



evolution and diversity
of living forms




Our strategy

Causing mutations?

one phenotypic
difference

Effect on development?

Effect on reproductive
success?

Population dynamics?



W% How D. pachea became dependent on its host cactus

Lang et al. 2012 Science

How and why asymmetric genitals evolved

Lang and Orgogozo 2012 Cont Zool
Rhebergen et al. 2016 BMC Evol Biol
unpublished

L\l / How a new bristle pattern evolved despite pleiotropy

unpublished

unpublished

Evolution is partly predictable
o Orgogozo 2015 Interface Focus




Sex bristles

Alexis Matamoro-Vidal
Isabelle Nuez

Olga Nagy

Left-right asymmetry
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Andrea Acurio
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GE % The Database of Genotype-Phenotype Relationships

PHE Search Gephebase for genes, phenotypes, taxa, mutations, articles:
BASE .. keyword [search completion] .

L User Login/Password

>1400 cases of evolutionary changes
assoclated to a gene locus
In animals and plants

Martin and Orgogozo 2013 Evolution
Ongoing project
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The genotype-phenotype connection

coding region

of SLC25A2 gene
NGEGNGGEGHE
G VN

477

Xu et al 2013 Current Biology
Orgogozo et al 2015 Frontiers Genetics



The genotype-phenotype connection

Report of the National Academy of Sciences on gene drive, 2016

Genotype = “the genetic makeup of an organism that determines a
specific phenotype (trait), from one generation to the next, and

potentially throughout the population”.
NO!



The genetic program is dead

Cunz, 2008, BMC Computational Biology:

“The genetic program encoding the morphological identity of a
single dendrite remains a mystery”.



The phenotype is hot caused by genes only




The phenotype is hot caused by genes only

No carotenoid Carotenoid restricted diet

Hill 1994 Behav Ecol



Causes of these differences ?

Genetic Environment

Phenotype =G + E + GXE



The Siamese cat
An example of GxE

Mutation in tyrosinase
Heat-sensitive enzyme
No production of
melanin in warm body
parts




Contributions
of the genotype (G) and the environment (E)
to phenotypic variation

G ) l".': T _. __.'
- A% [ S .
Billy Suxy
f E I S-Lz:f r ._..--
" '

From Fox Keller (2010)



Pea aphid color variation

: 0 day ?l::l 6 day old | 11 day nld
Rickettsiella-free
strain
(10TVamP) _ ™
Rickettsiella-
transfected strain
(1 Dwampf'HAO-d-&cg]

Without Rickettsiella, red aphid newborns become red adults.
With Rickettsiella, red aphid newborns become green adults.

Tsuchida 2011 Science



Mouse emotional behavior
modified by presence of Lactobacillus bacteria

B Control/Broth
I Stress/Broth

Control/L.rhamnosus (JB-1)
N\ Stress/L.rhamnosus (JB-1)

N w
o o
o o

Corticosterone
(ng/mL)
=
o

Bravo 2011 PNAS
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GXxE: a difference within a difference
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Orgogozo 2015 Frontiers Genetics



Evolution
IS nhot as random
as previously thought
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Repeated evolution

of SLC25A2 gene
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coding region
of SLC25A2 gene
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Orgogozo et al 2015 Frontiers Genetics



Repeats In..

.. the genes responsible for natural evolution

Ex : hemoglobin in dogs and humans in Tibet
(Wang et al 2014 GBE)

.. the genes responsible for experimental evolution

EX : sulfate transporter SUL1 in yeasts in low sulfate
(Gresham et al 2008 PloS Genetics)

.. the phenotypes evolving in certain environments

Ex : flying marsupial phalanger and placental flying squirrel

Orgogozo 2015 Interface Focus



What are the mutations responsible for
the loss of sex bristles in D. santomea?

mutation(s)?
g

N

D. melanogaster
D. simulans
D. sechellia

O 200
+

[

D. mauritiana
D. teissieri
D. yakuba
D. santomea

%ﬁ D. erecta

— D. orena

NIN =1 N N N [N N1



Bristle development

Shaft

Endolymph

future future

thorax wing
Simpson 2007

Dendrite
Socket

D. melanogaster

Marcellini 2006 - PloS Biology






scute cis-regulatory elements are “master switches”
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Simpson 2007
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[ Ush Goémez-Skarmeta 2003




Evolution of fly bristle pattern

Cis-regulatory element (CRE) in scute

Marcelini and Simpson 2006 PloS Biology



Genetic evolution is predictable

Evolution of fly bristle pattern

Cis-regulatory element (CRE) in scute

Marcelini and Simpson 2006 PloS Biology

F ——
wingless decapenmpregfc
extra macrochaete hmry
.'mqums
L= shaped —u panmer
senseless neummuscuh'm 632392
hindsight quail
couch potalo
snail
spineless
sensory cell Cell adhesion Actin and microtubule

fate determination distribution

Boell

Differentiation into a sensory organ precursor cell

Stern and Orgogozo 2009 Science




Is the causing mutation X-linked ?

D. yakuba @ D. santomea

I N . h X
I N . h YI__I

|

D. santomea @

D. yakuba d



Is the causing mutation X-linked ?

D. yakuba Q D. santomea D. santomea @ D. yakuba &
[ ]
Y-

I N . h X
I N . h

|

I S b I N N b X
I S b I N N b

The
causing

mutation is
X-linked

B 2 bristles
O 1 bristle
O 0 bristle




Screening a 100-kb region

105 kb
e —
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18C05 drives expression independently of scute

105 kb

— —
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@0 not tested yet
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Mutation(s) in 78C05 cause loss of bristles

D. yakuba D. santomea

rscute scute
] - X -

D. melanogaster transgenics

M6

sc scM; CREmel-scute sc™; CREyak-scute  sc“°; CREsan-scute

n=10 QA "n=10 'n=10 n=8

sc®’; CREmel-scute sc”; CREyak-scute  sc*’; CREsan-scute
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27 SNPs and 3 indels
between D. santomea and D. yakuba
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CTOAAGC TCCTTOGCCACCAATGTACCGTTTCTTRTATTTGACTTTGTTACGCCCACCTCOGAATAATAACCAAGATACCAATAACCACGACGCAGGAAGGLCAAGAGAARAGGETG
CTGAAGC TCCTTGGCCACCAATGTACCGTTTCTTITATTTGACTTTGTTACGCCCACCTCOGAATAATAACCAAGATACCAATAACCACGACGCAGGAAGGC AAGAGAAAAGGGTG
'I.m II-'NI I.IvICI :m 1.9 :I'FD I.'IHI :l‘i!:l I‘IIHI 1,8 'H-I:I :I'IID
GCGGCCCTGGTCATCAAGTTTTCGGATTGCCTAACGGCGC TTCAGATTAGCCATC TRGC TACATCCTCTTATTTTITTTTTATTATTTTCTC TGAAAAGCCCTGGTTAC TCATTAC
CCGGCCCToO TCATCAAGTTTTCGGATTGLCTAACGLCGC TTCAGATTAGC CATC TG TACATCCTCTTA-TTTTTTTTTATTATTTTCTCTGAAAAGCCCTOGOTTACTCATTAC
18 158 2580 1214 romw Loos 2od0 355 2540 1578 Toma 1]
CAACAGAAGATCTAAATTOGAAACGGTAGC TTCAATTGACGLCATCTTOATOGOAAAGG TGATOTAAGAGGCAGCCTTTTGCAGAGAGACATCATCGLCACCCCOATAGCAAACAGLTC
CAACAGAAGATCTAAATTGAAACGG TAGC TTCAATTGACGGCATCTTEATGGAAAGE TGATETAAGAGGCAGCCTTTTGCAGAGAGACATCATCGCACCCCGATAGCAAACAGCTC



At least 3 mutations affect bristle number
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D. santomea lost genital bristles via mutations in scufe

Derived state

(:\ scute
X
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Why Is the set of genes
causing evolution limited?



There are specialized genes in a genome

Steroid hormone biosynthesis
2-4 mutations in nvd

a specialized tissue
specialized enzymes

Color V'S'O“ a specialized tissue

specialized molecules mutations in opsin
genes

Hypoxia resistance mutations in
haemoglobin genes

a specialized tissue _
specialized molecules A 3\
. McCracken
2009

Specialized genes are usually genes that interact
with external parameters




Specialized loci in the genome

Proteins that interact with external molecules
oxygen, photons, insecticide, cholesterol...



Specialized loci in the genome

Proteins that interact with external molecules

oxygen, photons, insecticide, cholesterol...

Cis-regulatory elements of
“developmental switch genes”

Simpson 2007 Trends Genetics
“‘Stern and Orgogozo 2009 Science

FoT,

wingless ~_ decapentaplegic

i
LY
extra macrochoaete r/_)r/f \ i hairy ——
I f- "\-\.H

: s Iroquais
7 SHQF —a complex

scute

o

Natch

senseless rreuramuscullin 632392
hindsight quail
couch potato
snail
spineless
sensory cell Cell adhesion Actin and microtubule

fate determination distribution

el i

Differentiation into a sensory organ precursor cell




Evolution:
unconstrained and unpredictable?

[past and present organisms are]

a subset of workable, but basically
fortuitous, survivals among a much
larger set that could have functioned
just as well, but either never arose,
or lost their opportunities, by
historical happenstance.

Stephen Jay Gould, 2002

It is hard to realize that the living
world as we know it is just one among
many possibilities; that its actual struc-
ture results from the history of the
earth.

1977

Evolution and Tinkering

Frangois Jacob




Would life evolve again,
would it produce similar living beings?

How?
evolution < Why? (1) rather than nothing
Why? (2) rather than another change



From random Processes Can emerge

predictability
Many unpredictable processes - Predictable Evolution
at a low level at the genetic level
Mutations in DNA - _1 ._ :
Chromosome segregation during meiosis e T
Assortative mating S‘Cut'ef
Gamete competition during fecondation o ——
Life history traits -
Genetic linkage = l l
Environmental changes (meteorite, etc.) *




From random processes can emerge
predictability

Microscopic world

g ~ o

o M

h ) O/ o—p
P -

Position, mass, velocity of each patrticle

Macroscopic world

-

Pressure, Volume, Temperature,
Number of moles









After a few seconds




STEPHEN JAY GOULI @gl.s' e i

1989

Rare events with important consequences

Evolutionary mechanisms are random

Many possibilities unexplored

Multiple convergences

Not that many possibilities

All possibilities explored



Would life evolve again,
would it produce similar living beings?

_ ? i)
Very different Very similar
living world living world



Bristle evolution:
always scute cis-regulatory elements?

: : . 2) extra bristles
1) extra bristles in D. quadrilineata in a D. melanogaster subpopulation

il
h

D. melanogaster| D. quadrilineata Gibert et al 2005

Marcelini and Simpson 2006

3) bristle loss in D. santomea



Extra bristles in D. melanogaster-Marrakech
correlate with larger scute expressmn domain

WT .. Marrakech Gibert et al 2005



Extra bristles in D. melanogaster-Marrakech
due to mutation(s) in poils-au-dos
AT

parents |

— D. melanogaster
' |_| X Marrake%h

gametes IE——
1

4 4 4 8 7 7

phenotype
Gibert et al 2005



Extra bristles in D. melanogaster-Marrakech
due to mutation(s) in poils-au-dos

AR

CG10309 = Poili au dos (pad)
I )

S— . .
female F1 |—| x D G’;’;’L‘ﬁiﬂer deletion 29pb

gametes

4 4 4 8 / 7

phenotype
Gibert et al 2005



wingless decapentaplegic

F
extra macrochaete z \‘ Ba
—a

; hair
u-shaped —a pannier !rm;'u?:s y /—\
\\ 7;} y Notch Delta
scure\‘
senseless neuromuscullin CG32392
hindsight quail
couch potato
snail
spineless
Sensory cell Cell adhesion Actin and microtubule
fate determination distribution

N v

Differentiation into a sensory organ precursor cell Stern 2009 Science



D. melanogaster D. melanogaster variant

> poils au dos (pad)

T ——

29bp deletion

null mutation in coding region
change in thorax and wing

(Gibert et al., 2005)

...versus long-term evolution

D. melanogaster D. quadrilineata
_’
scute
—}(—

cis-regulatory mutation
change in the thorax only

(Marcellini et al. 2006)






The tree of life
IS hot a tree



Natural replicates of evolution

o 4

ﬁl;'-' - >~ i .._.,:::r_._
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=

El l Heliconius melpomene

Heliconius erato



This drawer =
SIBLINGS from a
hybrid cross




Heliconius melpomene

Y,

...JIII

Heliconius erato

Which genes?
Same genes in co-mimics?






Genetic parallelism in co-mimics

6 e

H. cydno H. pachinus H. eydno H. cydno
galanthus alithea alithea

H. melpomene H. melpomene H. melpomene H. melpomene H. melpomene

melpomene xenoclea plesseni malleti meriana
H. erato H. erato H. erato H. erato H. erato
hydara microclea notabilis lativitta amalfreda
Cas®
L, o7 "'.-:'ll_.- 4
H. sapho H. hewitsoni H. sapho H. eleuchia
leuce candidus eleuchia

“Same locus” for variation of “same trait”

— i — ==

H. erato

s

H. melpomene

Fine mapping done by the labs of Chris Jiggins and Owen McMillan
Baxter Genetics 2008
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Microarray signal:
optix

Early Late Late
Ommochrome | Ommochrome Melanin

N

Reed et al. Science 2011



Optix marks red scale precursors

Reed Science 2011



Genetic plagiarism of the red wing color pattern

Genome-wide optix
phylogeny gene tree

f“‘ >u red

cydno
clade

LR

clade
(Reed 2011, Pardo-Diaz 2012,

Heliconius Consortium 2012)
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Lateral transfer

P P

‘ derived \ ‘ancestral\ ‘ derived \

Legend

repetition observed
at genotypic level

repetition observed
at phenotypic level

derived | derived phenotype

ancestral| ancestral phenotype

oo, ancestral allele



Black color in wolves comes from a dog gene

=k ! - ” L.le
CBD103 AG/+ CBD103 +/ +
(KBIKkY) (KYIKY)

Anderson 2009 Nature



Cold Tolerance In Inuits

may come from Archaic Denisovan DNA

chr1:119570095 A/ = 5

] Denisova

B Altai Neanderthal
B AFR

O AMR

[0 EAS
[0 EUR
B SAS

AV

Racimo 2016 MBE
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Conclusion

Our research approach: finding the mutations
causing evolution

The genetic program is dead
Evolution Is not as random as previously thought

The tree of life is not a tree



Additions Classical view
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