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 Biodiversity La	biodiversité	est	la	variété	de	la	vie	sur	Terre,	sous	toutes	

ses	formes	et	dans	toutes	ses	interactions.		
	
	Sans	biodiversité,	il	n'y	a	pas	d'avenir	pour	l'humanité			
	
Il	se	compose	de	plusieurs	niveaux,	en	commençant	par	les	
gènes,	puis	les	espèces	individuelles,	puis	les	
communautés	de	créatures	et	enfin	des	écosystèmes	
entiers,	comme	les	forêts	ou	les	récifs	coralliens,	où	la	vie	
interagit	avec	l'environnement	physique.		
	
Sans	les	plantes,	il	n'y	aurait	pas	d'oxygène		
Sans	les	abeilles	à	polliniser,	il	n'y	aurait	ni	fruits	ni	noix	
Sans	les	diatomés,		
	
On	estime	que	les	services	fournis	par	les	écosystèmes	
valent	des	billions	de	dollars,	soit	le	double	du	PIB	
mondial.	La	perte	de	biodiversité	en	Europe	coûte	à	elle	
seule	au	continent	environ	3%	de	son	PIB,	soit	450	millions	
d'euros	(400	millions	de	livres	sterling)	par	an.	
	
On	estime	aujourd'hui	que	le	taux	d'extinction	des	espèces	
est	environ	1	000	fois	plus	élevé	qu'avant	la	domination	de	
l'homme	sur	la	planète,	ce	qui	pourrait	être	encore	plus	
rapide	que	les	pertes	causées	par	une	météorite	géante	
qui	a	détruit	les	dinosaures	il	y	a	65	millions	d'années.	La	
sixième	extinction	massive	dans	l'histoire	géologique	a	
déjà	commencé,	selon	certains	scientifiques.	Des	milliards	
de	populations	individuelles	ont	été	perdues,	le	nombre	
d'animaux	vivant	sur	Terre	ayant	chuté	de	moitié	depuis	
1970.	Les	chercheurs	appellent	la	perte	massive	de	la	
faune	sauvage	une	"anéantissement	biologique".		
	
L'abattage	forestier	est	souvent	la	première	étape	et	30	
millions	d'hectares	-	la	superficie	de	la	Grande-Bretagne	et	
de	l'Irlande	-	ont	été	perdus	globalement	en	2016.	Le	
braconnage	et	la	chasse	non	durable	à	des	fins	
alimentaires	constituent	un	autre	facteur	important.	Les	
changements	climatiques	sont	réversibles,	même	si	cela	
prend	des	siècles	ou	des	millénaires	-	mais	une	fois	que	les	
espèces	ont	disparu,	il	n'y	a	plus	de	retour	en	arrière.	
	
	
Traduit	avec	www.DeepL.com/Translator	

It is interesting to contemplate a tangled bank, 
clothed with  manyplants  of  many kinds,  with  birds 
singing  on  the  bushes,  with  various  insects  flitting 
about,  and  with  worms  crawling  through  the  damp 
earth, and to reflect that these elaborately constructed 
forms,  so  different  from each  other,  and  dependent 
upon each other in so complexa manner, have all been 
produced by laws acting around us. »

Charles Darwin, Origin of Species, 1859;
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 Biodiversity 

La	Biodiversité	peut	être	considérée	à	différentes	échelles:		
(i)  au	sein	d’une	espèce	(entre	individus)	;		
(ii)  entre	espèces	–	au	sein	d’un	écosystème	;		
(iii)  au	sein	d’un	individu!	
	
	Il	faut	dire	que	les	organismes	sont	souvent	eux	meme	des	
écosystèmes	:	par	example	nous	hébergeons	dans	notre	corps	
un	microbiome	vaste	et	varié	(et	son	impact	sur	notre	bien	être	
commence	à	être	decellé		(les	liens	entre	microbiome	et	
métabolisme,	neurobiologie,	systeme	immunitaire…)	
	
-	On	peut	aussi	trouver	de	la	biodiversité	au	sein	d’un	meme	
tissue	ou	organe	-		ou	entre	deux	individus	avec	le	meme	
genome	(des	jumeaux,	ou	des	clones	-	dans	certaines	espèces)	
peuvent	montrer	des	variations	de	fonction	ou	d’apparence	
(phenotypes)	…	

Biodiversity can be within an individual, within species, 
between species, within ecosystems…

Biodiversity	is	the	variety	of	life	on	Earth,	in	all	its	forms	
and	all	its	interactions.		
	
	“Without	biodiversity,	there	is	no	future	for	humanity,”	
says	Prof	David	Macdonald,	at	Oxford	University.	It	is	
comprised	of	several	levels,	starting	with	genes,	then	
individual	species,	then	communities	of	creatures	and	
finally	entire	ecosystems,	such	as	forests	or	coral	reefs,	
where	life	interplays	with	the	physical	environment.		
	
Without	plants	there	would	be	no	oxygen	and	without	
bees	to	pollinate	there	would	be	no	fruit	or	nuts.	The	
services	provided	by	ecosystems	are	estimated	to	be	
worth	trillions	of	dollars	–	double	the	world’s	GDP.	
Biodiversity	loss	in	Europe	alone	costs	the	continent	about	
3%	of	its	GDP,	or	€450m	(£400m),	a	year.	
	
The	extinction	rate	of	species	is	now	thought	to	be	about	
1,000	times	higher	than	before	humans	dominated	the	
planet,	which	may	be	even	faster	than	the	losses	after	a	
giant	meteorite	wiped	out	the	dinosaurs	65m	years	ago.	
The	sixth	mass	extinction	in	geological	history	has	already	
begun,	according	to	some	scientists.	Billions	of	individual	
populations	have	been	lost,	with	the	number	of	animals	
living	on	Earth	having	plunged	by	half	since	1970.	
Researchers	call	the	massive	loss	of	wildlife	a	“biological	
annihilation”.		
	
Forest	felling	is	often	the	first	step	and	30m	hectares	–	the	
area	of	the	Britain	and	Ireland	–	were	lost	globally	in	2016.	
Poaching	and	unsustainable	hunting	for	food	is	another	
major	factor.	Changes	to	the	climate	are	reversible,	even	if	
that	takes	centuries	or	millennia	–	but	once	species	
become	extinct,	there’s	no	going	back.	

•  Biodiversity is the variety of life on Earth, in all its forms and all its interactions. 

•  Biodiversity is a measure of the health of any ecosystem, of the planet. Every organism is 
part of an ecosystem (biome), relying on other organisms and the physical environment. 

•  Biodiversity describes how much variety an ecosystem has, in terms of resources and 
species, and also genetically and epigenetically within species. 

•  The more diverse an ecosystem is, the more resources it has to help it recover 
from famine, drought, disease and extinction of species.

•  A species is made up of individuals. With the exception of twins or clones, each of 
these individuals has their own unique combination of gene variants (alleles).

•  If we destroy half of the individuals in each species, we will still have the same 
number of of species, but we lose 50 per cent of each species’ genetic diversity. 



•  Biodiversity is comprised of several levels  - genes, species, populations and individuals 
within them, communities of creatures, and entire ecosystems: forests or coral reefs, 
where life interplays with the physical environment. 

•  These interactions have made Earth habitable for billions of years.

•  Biodiversity can also be considered as representing the knowledge learned by evolving 
species over millions of years about how to survive through the vastly varying 
environmental conditions Earth has experienced. 

E. Heard, November 2018 

 
 Biodiversity La	biodiversité	est	la	variété	de	la	vie	sur	Terre,	sous	toutes	

ses	formes	et	dans	toutes	ses	interactions.		
	
	Sans	biodiversité,	il	n'y	a	pas	d'avenir	pour	l'humanité			
	
Il	se	compose	de	plusieurs	niveaux,	en	commençant	par	les	
gènes,	puis	les	espèces	individuelles,	puis	les	
communautés	de	créatures	et	enfin	des	écosystèmes	
entiers,	comme	les	forêts	ou	les	récifs	coralliens,	où	la	vie	
interagit	avec	l'environnement	physique.		
	
Sans	les	plantes,	il	n'y	aurait	pas	d'oxygène		
Sans	les	abeilles	à	polliniser,	il	n'y	aurait	ni	fruits	ni	noix	
Sans	les	diatomés,		
	
On	estime	que	les	services	fournis	par	les	écosystèmes	
valent	des	billions	de	dollars,	soit	le	double	du	PIB	
mondial.	La	perte	de	biodiversité	en	Europe	coûte	à	elle	
seule	au	continent	environ	3%	de	son	PIB,	soit	450	millions	
d'euros	(400	millions	de	livres	sterling)	par	an.	
	
On	estime	aujourd'hui	que	le	taux	d'extinction	des	espèces	
est	environ	1	000	fois	plus	élevé	qu'avant	la	domination	de	
l'homme	sur	la	planète,	ce	qui	pourrait	être	encore	plus	
rapide	que	les	pertes	causées	par	une	météorite	géante	
qui	a	détruit	les	dinosaures	il	y	a	65	millions	d'années.	La	
sixième	extinction	massive	dans	l'histoire	géologique	a	
déjà	commencé,	selon	certains	scientifiques.	Des	milliards	
de	populations	individuelles	ont	été	perdues,	le	nombre	
d'animaux	vivant	sur	Terre	ayant	chuté	de	moitié	depuis	
1970.	Les	chercheurs	appellent	la	perte	massive	de	la	
faune	sauvage	une	"anéantissement	biologique".		
	
L'abattage	forestier	est	souvent	la	première	étape	et	30	
millions	d'hectares	-	la	superficie	de	la	Grande-Bretagne	et	
de	l'Irlande	-	ont	été	perdus	globalement	en	2016.	Le	
braconnage	et	la	chasse	non	durable	à	des	fins	
alimentaires	constituent	un	autre	facteur	important.	Les	
changements	climatiques	sont	réversibles,	même	si	cela	
prend	des	siècles	ou	des	millénaires	-	mais	une	fois	que	les	
espèces	ont	disparu,	il	n'y	a	plus	de	retour	en	arrière.	
	
	
Traduit	avec	www.DeepL.com/Translator	

Whether	they	are	used	in	traditional	farming	
systems,	conventional	or	modern	breeding	or	
genetic	engineering,	the	genetic	resources	of	
plants	and	animals	are	a	global	asset	of	
inestimable	value	to	humankind.	As	genetic	
diversity	erodes,	our	capacity	to	maintain	and	
enhance	crop	forest	and	livestock	productivity	
decreases	along	with	the	ability	to	respond	to	
changing	conditions.	Genetic	resources	hold	
the	key	to	increasing	food	security	and	
improving	the	human	condition.	

•  75% of genetic diversity of agricultural 
crops has been lost

•  75% of the world’s fisheries are fully or over 
exploited

•  Up to 70% of the world’s known species 
risk extinction if global temperatures rise by 
more than 3.5°C

•  1/3rd of reef-building corals around the 
world are threatened with extinction

•  Over 350 million people suffer from severe 
water scarcity



•  Biodiversity is comprised of several levels  - genes, species, populations and individuals 
within them, communities of creatures, and entire ecosystems: forests or coral reefs, 
where life interplays with the physical environment. 

•  These interactions have made Earth habitable for billions of years.

•  Biodiversity can also be considered as representing the knowledge learned by evolving 
species over millions of years about how to survive through the vastly varying 
environmental conditions Earth has experienced. 

•  Humanity is currently « burning the library of life ». Man is destroying ecosystems on a 
massive scale: Accelerating pollution, deforestation, climate change and other manmade 
factors have created a "mindblowing" crisis 

•  (World Wildlife Fund, Living Planet Report 2018) 
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•  Biodiversity is comprised of several levels  - genes, species, populations and individuals 
within them, communities of creatures, and entire ecosystems: forests or coral reefs, 
where life interplays with the physical environment. 

•  These interactions have made Earth habitable for billions of years.
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species over millions of years about how to survive through the vastly varying 
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•  Humanity is currently « burning the library of life ». Man is destroying ecosystems on a 
massive scale: Accelerating pollution, deforestation, climate change and other manmade 
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•  The number of animals living on the Earth has plunged by half since 1970
•  75% of genetic diversity of agricultural crops has been lost
•  75% of the world’s fisheries are fully or over exploited
•  1/3rd of reef-building corals around the world are threatened with extinction
•  Deforestation of closed tropical rain forests could account for the loss of as many as 100 

species every day.
•  We talk about the Earth’s 6th mass extinction…
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•   At threat of extinction are
•          1 out of 8 birds
•          1 out of 4 mammals
•          1 out of 4 conifers
•          1 out of 3 amphibians
•          6 out of 7 marine turtles
•  75% of genetic diversity of agricultural crops has been lost
•  75% of the world’s fisheries are fully or over exploited
•  Up to 70% of the world’s known species risk extinction if 

global temperatures rise by more than 3.5°C
•  1/3rd of reef-building corals around the world are threatened 

with extinction
•  Over 350 million people suffer from severe water scarcity

•  Disturbed ecosystems and reduced biodiversity can result in epidemics and 
disease…

NY Times 2012
Teams of veterinarians and conservation biologists are in the 
midst of a global effort with medical doctors and 
epidemiologists to understand the “ecology of disease.” It is 
part of a project called Predict, which is financed by the 
United States Agency for International Development. Experts 
are trying to figure out, based on how people alter the 
landscape — with a new farm or road, for example — where 
the next diseases are likely to spill over into humans and how 
to spot them when they do emerge, before they can spread. 
They are gathering blood, saliva and other samples from 
high-risk wildlife species to create a library of viruses so that 
if one does infect humans, it can be more quickly identified. 
And they are studying ways of managing forests, wildlife and 
livestock to prevent diseases from leaving the woods and 
becoming the next pandemic.
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 Biodiversity 

La	biodiversité	est	la	variété	de	la	vie	sur	Terre,	sous	toutes	
ses	formes	et	dans	toutes	ses	interactions.		
	
	Sans	biodiversité,	il	n'y	a	pas	d'avenir	pour	l'humanité			
	
Il	se	compose	de	plusieurs	niveaux,	en	commençant	par	les	
gènes,	puis	les	espèces	individuelles,	puis	les	
communautés	de	créatures	et	enfin	des	écosystèmes	
entiers,	comme	les	forêts	ou	les	récifs	coralliens,	où	la	vie	
interagit	avec	l'environnement	physique.		
	
Sans	les	plantes,	il	n'y	aurait	pas	d'oxygène		
Sans	les	abeilles	à	polliniser,	il	n'y	aurait	ni	fruits	ni	noix	
Sans	les	diatomés,		
	
On	estime	que	les	services	fournis	par	les	écosystèmes	
valent	des	billions	de	dollars,	soit	le	double	du	PIB	
mondial.	La	perte	de	biodiversité	en	Europe	coûte	à	elle	
seule	au	continent	environ	3%	de	son	PIB,	soit	450	millions	
d'euros	(400	millions	de	livres	sterling)	par	an.	
	
On	estime	aujourd'hui	que	le	taux	d'extinction	des	espèces	
est	environ	1	000	fois	plus	élevé	qu'avant	la	domination	de	
l'homme	sur	la	planète,	ce	qui	pourrait	être	encore	plus	
rapide	que	les	pertes	causées	par	une	météorite	géante	
qui	a	détruit	les	dinosaures	il	y	a	65	millions	d'années.	La	
sixième	extinction	massive	dans	l'histoire	géologique	a	
déjà	commencé,	selon	certains	scientifiques.	Des	milliards	
de	populations	individuelles	ont	été	perdues,	le	nombre	
d'animaux	vivant	sur	Terre	ayant	chuté	de	moitié	depuis	
1970.	Les	chercheurs	appellent	la	perte	massive	de	la	
faune	sauvage	une	"anéantissement	biologique".		
	
L'abattage	forestier	est	souvent	la	première	étape	et	30	
millions	d'hectares	-	la	superficie	de	la	Grande-Bretagne	et	
de	l'Irlande	-	ont	été	perdus	globalement	en	2016.	Le	
braconnage	et	la	chasse	non	durable	à	des	fins	
alimentaires	constituent	un	autre	facteur	important.	Les	
changements	climatiques	sont	réversibles,	même	si	cela	
prend	des	siècles	ou	des	millénaires	-	mais	une	fois	que	les	
espèces	ont	disparu,	il	n'y	a	plus	de	retour	en	arrière.	
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•  The total numbers of more than 4,000 mammal, bird, fish, reptile and amphibian 
species declined rapidly between 1970 and 2014….

•  The good news is that it is not too late to reverse this trend
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•  The total numbers of more than 4,000 mammal, bird, fish, reptile and amphibian 
species declined rapidly between 1970 and 2014….

•  The good news is that it is not too late to reverse this trend

•  The bad news is that when we reduce the number of individuals in a species by 
half, we LOSE half of their genetic diversity – FOREVER…
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 Biodiversity – from genotype to phenotypes :  

The role of epigenetics? 

E. Heard, November 2018 

 
Biodiversity : within and between individuals of the 

same species 
  

Phenotypic variation with the same genotype:  
within a cell population  

within an organism  
within a species 

 
At the level of  

individuals and populations 
 

Developmental variation,  
phenotypic plasticity  

evolution 

Armin P. Moczek et al. Proc. R. Soc. B 2011;rspb.2011.0971 

Same Genotype - very different Phenotypes
Environmentally induced before, during, or after development



⇒ One can measure human aging from DNA Methylomes 
Hannum et al (2013) Mol. Cell 49, 359–367. 

 
Gender differences 

Correlate with gene expression differences 
Tumors show faster aging 

More recent definitions of epigenetics:
Holliday, Riggs (1970s-1980’s) 

The study of heritable changes (mitotic or meiotic) in gene function 
that cannot be explained by changes in DNA sequence  

Russo, V.E.A., R.A. Martienssen & A.D. Riggs Eds. (1996) "Epigenetic mechanisms of gene regulation.” CSHL Press.

Epigenetics  

Cases	of	epigenetic	regulation	of	whole-organism	phenotypes	are	common	in	nature,	just	not	in	
the	conventional	model	organisms,	which	were	selected	for	specific	characteristics,	including	
homogeneous	and	stable	phenotypes,	ease	of	culture	in	captivity	and	fast	generation	times.	As	
a	matter	of	fact,	evidence	of	major	epigenetic	effects	on	visible	phenotypes	would	have	
probably	disqualified	organisms	from	being	selected…	

study	the	mechanistic	action	of	genes	in	the	
context	of	development	(Waddington,	1942);	
that	discipline	exists	today	and	it	
is	called	‘developmental	genetics’.	In	the	
meantime,	the	meaning	of	
epigenetics	has	evolved	and,	without	dwelling	
on	the	controversies,	
for	the	remainder	of	this	review	I	will	take	it	to	
mean	the	inheritance	
of	phenotypic	traits	that	occurs	without	
changes	in	the	DNA	
sequence	(Bonasio	et	al.,	2010a;	Riggs	et	al.,	
1996).	
It	is	important	to	note	at	the	outset	that	
epigenetic	in	

Conrad H. Waddington  
(1905-1975) 

British geneticist, embryologist  
& philosopher   

Original definition of Epigenetics by Waddington in 1942 was to 
help bridge the gap between genetics and experimental embryology: 
 
• Epigenetics: The study of the mechanisms of development through  
  which genes bring about phenotypic effects 
 
• A need to establish causal relationships between genotype & 
  phenotype, in order to understand development. 
 
• Epigenotype: the processes linking genotype and phenotype 
  
• This definition of Epigenetics corresponds to the discipline of 
‘Developmental Genetics’ today 

E. Heard, November 2018 

Today…?
Chromosome changes that affect genome function 

Environmentally induced phenotypic changes (molecular or physiological)
(=Gene regulation?)



Developmentally induced 
epigenomes 

Eg	Transforming	growth	factor	beta	(TGF-β)	signaling,	
mediated	through	the	transcription	factors	Smad2	
and	Smad3	(Smad2/3),	directs	different	responses	in	
different	cell	types.	Here	we	report	that	Smad3	co-
occupies	the	genome	with	cell-type-specific	master	
transcription	factors.	Thus,	Smad3	occupies	the	
genome	with	Oct4	in	embryonic	stem	(ES)	cells,	

Myod1	in	myotubes,	and	PU.1	in	pro-B	cells.	We	find	
that	these	master	transcription	factors	are	required	
for	Smad3	occupancy	and	that	TGF-β	signaling	largely	
affects	the	genes	bound	by	the	master	transcription	
factors.	Furthermore,	we	show	that	induction	of	
Myod1	in	non-muscle	cells	is	sufficient	to	re-direct	
Smad3	to	Myod1	sites.	We	conclude	that	cell-type-
specific	master	transcription	factors	determine	the	

genes	bound	by	Smad2/3	and	are	thus	responsible	for	
orchestrating	the	cell-type-specific	effects	of	TGF-β	

signaling. 
One	

Genome	

Gene Regulation & Epigenetics in Eukaryotes 

Multiple	Epigenomes		
gene	expression	&	chromatin	states	

Different	Cell	Identities	
DNA	sequence-specific	Transcription	Factors		

&	Signalling	pathways	
(positional	information,	cell-cell	contacts,	growth	factors,		etc		

(to	establish	cell	type,	patterning,	morphogenesis)	

TF	z	
RNA		
Pol	II	

AAAA	

Eg	(TGF-β)	signaling	via	Smad2/3	
factors	directs	different	responses	
in	different	cell	types:	MyoD	in	
muscle	cells,	PU.1	in	blood	cells	

Different cell identities can be maintained throughout life

Heritable	(somatic)	states		
(Epigenetic	“Barriers”)	

http://medcell.med.yale.edu/histology/ 

Heterochromatin Euchromatin 

Heteorchromatin and Euchromatin 
Emile Heintz, 1929	

Chromatin as a barrier and facilitator 
Epigenetic memorisation of gene activity states

Altered	Epigenome	
Induced	(eg	environment,	stress,)		
or	accidentally	altered	(eg	aging)		

	
	
		

New	Phenotypes	?	
	

Adaptive	
Inevitable	
Deleterious	



Heritable Change Non-heritable change 

Reversion: 
Either spontaenous 

Or by reprogramming 
(iPS or Epidrugs) 

Propagation 

Mitotic and Meiotic Epigenetic Heritability 
MITOTIC 

INHERITANCE 
 

No transmission Stable transmission Transmission and loss 

Change in gene expression or function 
affecting the germ line, either through a 

stochastic event, or error during 
replication or repair, or environment, 

nutrition etc 
 
 
 

MEIOTIC 
INHERITANCE 

E. Heard, November 2018 



Conrad H. Waddington (1957)  
The strategy of the genes (London: Allen and Unwin) 

Genes 

“Epigenetics is a landscape in which a cell can go down different pathways and 
have a different fate according  to the interactions  

between genes and their environment” 
 

Different cell fates 

Buffering (canalization): 
Up to a certain threshold, genetic or 

environmental variation will not affect 
the pathway 

 

Cell 	
The	term	‘canalization’	means	that,	up	to	a	certain	
threshold,	any	genetic	variation	or	environmental	
noise	will	be	‘buffered’	and	not	affect	
the	pathway,	but	above	this	threshold,	the	cell	
would	flip	over	into	an	adjacent	pathway.	By	
representing	a	pathway	as	a	valley	in	a	surface,	
Waddington	provided	a	simple	mechanical	
analogy	for	the	rather	complex	biochemicalgenetic	
buffering	that	occurs	in	organisms	
during	development.	

 
Waddington proposed that 
networks of genes must be 

involved in defining the epigenetic 
landscape 

 

E. Heard, November 2018 

Returning to Waddington’s Epigenetics 

Developmental and phenotypic plasticity: 
Alternative pathways 

Same genotype 
 different phenotypes  

& different epigenotypes 

Some genes can change the topology of the landscape 
- Leading to alternate paths if activated  

- Changing cell pathways if mutated  

Drosophila wing development – affected by 30 loci. 
In first 48h after larva enters pupa, wings undergo at least 15 
different processes, each of which is affected by a known gene 
	



Conrad H. Waddington (1957)  
The strategy of the genes (London: Allen and Unwin) 

Genes 
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have a different fate according  to the interactions  

between genes and their environment” 
 

Different cell fates 

Buffering (canalization): 
Up to a certain threshold, genetic or 
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the pathway 
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noise	will	be	‘buffered’	and	not	affect	
the	pathway,	but	above	this	threshold,	the	cell	
would	flip	over	into	an	adjacent	pathway.	By	
representing	a	pathway	as	a	valley	in	a	surface,	
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Returning to Waddington’s Epigenetics 

Developmental and phenotypic plasticity: 
Alternative pathways 

Same genotype 
 different phenotypes  

& different epigenotypes 

Reconciling the Definitions
Cells and organisms need to stabilize phenotypic responses to 
changing environments. Some of these phenotypic states must 
persist after the initial stimulus has subsided, often for long 

period of time, and, on occasion, must be reestablished after cell 
division and/or organismal reproduction.

EPIGENETIC	FORCES	SHAPE	
PHENOTYPES	AT	THE	

CELLULAR	AND	ORGANISMAL		
LEVEL,	BEFORE	DURING	AND	
AFTER	DEVELOPMENT…	
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Waddington’s Epigenetics Revisited 
 

Biodiversity : within and between individuals 
of the same species 

  
Phenotypic variation with the same genotype:  

within a cell population  
within an organism  

within a species 
 

Developmental and phenotypic plasticity  
 

How does environment influence phenotypes 
within individuals and populations 

 

"alternative	phenotypes,"	such	as	
polymorphisms,	polyphenisms,	and	context	
sensitive	phenotype	life	history	and	
physiological	traits.[13][14][15]	This	resulted	in	
her	2003	book	Developmental	Plasticity	and	
Evolution.[5]	
	
She	argues	that	such	alternative	phenotypes	
are	important	since	they	can	lead	to	novel	
traits,	and	then	to	genetic	divergence	and	so	
speciation.	Through	alternative	phenotypes	
environmental	induction	can	take	the	lead	in	
genetic	evolution.	Her	book	Developmental	
Plasticity	and	Evolution	developed	in	detail	
how	such	environmental	plasticity	plays	a	key	
role	in	understanding	the	genetic	theory	of	
evolution.	Her	argument	is	full	of	examples	
from	butterflies	to	elephants.		



See Review by Simpson, S. et al (2011) Current Biology 21, R738–R749 E. Heard, November 2018 

Phenotypic variations 
• In late 1800s, August Weismann in Freiburg and Edward Poulton at 
Oxford had shown influence of environmental cues to change the 
phenotype in moths and butterflies (mimicry)
• Darwin’s « species » were much criticised - Poulton supportively argued 
that species were reproductively isolated populations.
• Alfred Russel Wallace (1865) described varieties below the species level

• In early 1900s, Richard Woltereck working on helmet length 
(cyclomorphosis) in clones of Daphnia (les daphnies – petits crustacés), 
introduced the term ‘reaktionsnorm’ (reaction norm) to describe how the 
phenotype of an individual depends on the interaction between its 
genotype and environmental cues

•  Weismann,	A.	(1875).	Studien	zur	Descendenz-Theorie.	I.	Ueber	den	Saison-Dimorphismus	der	Schmetterlinge	(Leipzig:	Engelmann).	
•  Poulton,	E.B.	(1890).	The	Colours	of	Animals:	Their	Meaning	and	Use,	Especially	Considered	in	the	Case	of	Insects	(London:	Kegan	Paul).	
•  Woltereck,	R.	(1909).	Weitere	experimentelle	Untersuchungen	u¨	ber	Artveranderung,	speziell	u¨	ber	das	Wesen	quantitativer	Artenunterschiede	bei	Daphniden.	Verh.	Deutsch	Zool.	Gesell.	1909,	110–172.	
•  Michener,	C.D.	(1961).	Social	polymorphism	in	Hymenoptera.	Symp.	R.	Entomol.	Soc.	Lond.	1,	43–56.	
•  Mayr,	E.	(1963).	Animal	Species	and	Evolution	(Cambridge:	Belknap	Press	of	Harvard	University	Press).	
•  Canfield,	M.,	and	Greene,	E.	(2009).	Phenotypic	plasticity	and	the	semantics	of	polyphenism:	a	historical	review	and	current	perspectives.	In	Phenotypic	Plasticity	of	Insects:	Mechanisms	and	Consequences,	

D.W.	Whitman	and	T.N.	Ananthakrishnan,	eds.	(Enfield:	Science	Publishers),	pp.	65–80	

development	of	
population	genetic	
theory	during	the	
1930s	and	1940s,	
which	placed	a	
great	emphasis	on	
the	relationship	
between	the	
genotype	and	
phenotype		A place for phenotypic plasticity in 

development and evolution

Poulton's	pioneering	argument	that	species	
were	reproductively	isolated	populations.	
	
Yet	the	historical	links	go	back	even	further.	In	
December	1903,	shortly	before	Poulton's	
lecture,	Alfred	Russel	Wallace	gave	him	a	
signed	book	on	mimicry	and	speciation.	This	
contained	a	reprint	of	Wallace's	1865	paper	on	
Asian	Papilio	butterflies:	the	first	to	recognize	
that	the	female	mimics	of	poisonous	
swallowtails	were	members	of	the	same	
species	as	non-mimetic	males.	
	
Wallace	also	made	the	first	careful	analysis	by	
a	darwinist	of	‘varieties’	below	the	species	
level,	in	particular	distinguishing	geographic	
races	from	reproductively	isolated	species.	
Darwin	had	never	provided	such	an	analysis,	
leaving	his	definition	of	species	vague.	Both	
Poulton	and	Jordan	worked	on	Papilio	
butterflies,	and	cited	Wallace's	paper.	

Sir	Edward	Bagnall	
Poulton		

(1856–1943).	

‘‘In order to make the term 
‘polymorphism’ more useful and precise, 
there is now a tendency to restrict it to 
genetic polymorphism. Since this would 
leave nongenetic variation of the 
phenotype without a designation, the term 
‘polyphenism’ is here proposed for it. 
Polyphenism is discontinuous when 
definite castes are present (certain social 
insects) or definite stages in the life cycle 
(larvae vs. adults; sexual vs. 
Parthenogenetic) or definite seasonal 
forms (dry vs. wet; spring vs. summer). 
Polyphenism may be continuous, as in the 
cyclomorphosis of fresh-water organisms 
and some other seasonal variation.’

Can grow as parthenogenotes => « clones »,  exposed to different envrionments
Eg chemical signals from predators, induce protective cranial structures « Helmets » (casques)
Phneotype can be transmitted to subsequent generation in absence of predator signal
But only to F2? Inter- rather than trans-generational? 
Wonderful « eco-devo » model for testing epigenetic impact and to detect toxins…
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Phenotypic variations 
• In late 1800s, August Weismann in Freiburg and Edward Poulton at 
Oxford had shown influence of environmental cues to change the 
phenotype in moths and butterflies (mimicry)
• Darwin’s « species » were much criticised - Poulton supportively argued 
that species were reproductively isolated populations.
• Alfred Russel Wallace (1865) described varieties below the species level

• In early 1900s, Richard Woltereck working on helmet length 
(cyclomorphosis) in clones of Daphnia (les daphnies – petits crustacés), 
introduced the term ‘reaktionsnorm’ (reaction norm) to describe how the 
phenotype of an individual depends on the interaction between its 
genotype and environmental cues

• However, in the 1900s the rise of genetics and the fact that 
environmentally induced phenotypic plasticity could be taken for 
« Lamarckism », meant it was ignored in favour of ‘‘more useful and 
precise’’ study of genetic polymorphisms, in which phenotypic variants 
are produced by different rather than the same genotype (Mayr 1963).

• The Genotype was seen as a self-contained internal developmental 
« programme »  that specifies a single, determinate phenotypic outcome

•  Weismann,	A.	(1875).	Studien	zur	Descendenz-Theorie.	I.	Ueber	den	Saison-Dimorphismus	der	Schmetterlinge	(Leipzig:	Engelmann).	
•  Poulton,	E.B.	(1890).	The	Colours	of	Animals:	Their	Meaning	and	Use,	Especially	Considered	in	the	Case	of	Insects	(London:	Kegan	Paul).	
•  Woltereck,	R.	(1909).	Weitere	experimentelle	Untersuchungen	u¨	ber	Artveranderung,	speziell	u¨	ber	das	Wesen	quantitativer	Artenunterschiede	bei	Daphniden.	Verh.	Deutsch	Zool.	Gesell.	1909,	110–172.	
•  Michener,	C.D.	(1961).	Social	polymorphism	in	Hymenoptera.	Symp.	R.	Entomol.	Soc.	Lond.	1,	43–56.	
•  Mayr,	E.	(1963).	Animal	Species	and	Evolution	(Cambridge:	Belknap	Press	of	Harvard	University	Press).	
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development	of	
population	genetic	
theory	during	the	
1930s	and	1940s,	
which	placed	a	
great	emphasis	on	
the	relationship	
between	the	
genotype	and	
phenotype		

A place for phenotypic plasticity in 
development and evolution

Poulton's	pioneering	argument	that	species	
were	reproductively	isolated	populations.	
	
Yet	the	historical	links	go	back	even	further.	In	
December	1903,	shortly	before	Poulton's	
lecture,	Alfred	Russel	Wallace	gave	him	a	
signed	book	on	mimicry	and	speciation.	This	
contained	a	reprint	of	Wallace's	1865	paper	on	
Asian	Papilio	butterflies:	the	first	to	recognize	
that	the	female	mimics	of	poisonous	
swallowtails	were	members	of	the	same	
species	as	non-mimetic	males.	
	
Wallace	also	made	the	first	careful	analysis	by	
a	darwinist	of	‘varieties’	below	the	species	
level,	in	particular	distinguishing	geographic	
races	from	reproductively	isolated	species.	
Darwin	had	never	provided	such	an	analysis,	
leaving	his	definition	of	species	vague.	Both	
Poulton	and	Jordan	worked	on	Papilio	
butterflies,	and	cited	Wallace's	paper.	

‘‘In order to make the term 
‘polymorphism’ more useful and precise, 
there is now a tendency to restrict it to 
genetic polymorphism. Since this would 
leave nongenetic variation of the 
phenotype without a designation, the term 
‘polyphenism’ is here proposed for it. 
Polyphenism is discontinuous when 
definite castes are present (certain social 
insects) or definite stages in the life cycle 
(larvae vs. adults; sexual vs. 
Parthenogenetic) or definite seasonal 
forms (dry vs. wet; spring vs. summer). 
Polyphenism may be continuous, as in the 
cyclomorphosis of fresh-water organisms 
and some other seasonal variation.’

Sir	Edward	Bagnall	
Poulton		

(1856–1943).	

See Review by Simpson, S. et al (2011) Current Biology 21, R738–R749 



 
 Revisiting Genotype to Phenotype 

EVOLUTIONARY	IMPLICATIONS	
This	deterministic		view	of	the	
genotype	has	led	to	three	key	
evolutionary	corollaries.		
First,	if	genes	determine	specific	
traits	such	as	size,	structure	and	
behaviour,	the	organism’s	
adaptation	to	its	environment	
is	set	by	its	genotype.		
Second,	if	traits	of	individuals	
depend	on	their	genes,	then	the	
functional	and	fitness	differences	
between	individuals	that	cause	
natural	selection	are	also	specified	
by	their	genotypes—in	other	
words,	fitness	differences	
originate	in	genetic	differences.		
Third,	the	DNA	sequence	inscribed	
within	the	nucleus	of	each	cell	
comprises	the	developmental	
information	that	is	passed	from	
one	generation	to	the	next.		
	
Because	this	genetically	encoded	
information	is	impervious	to	the	
environment	as	well	as	resistant	
to	error,	it	is	faithfully	
transmitted	across	a	continuous	
evolutionary	trajectory.	
	
Together,	these	three	points	form	
the	foundation	of	the	elegantly	
simple	and	coherent	Modern	
Synthesis	model	of	
adaptation	as	population-level	
change	over	time	in	the	relative	
frequencies	of	alternative	genetic	
alleles.	

Development	is	the	missing	link	between	
genotype	and	phenotype,	a	place	too	often	
occupied	by	metaphors	in	the	past	…	But	a	
strong	emphasis	on	the	genome	means	that	
environmental	influence	is	systematically	
ignored.	If	you	begin	with	DNA	and	view	
development	as	“hard-wired,”	you	overlook	
the	flexible	phenotype	and	the	causes	of	its	
variation	that	are	the	mainsprings	of	adaptive	
evolution.	(Mary	Jane	West-Eberhard,	2003:	
89-90	

The Jacob and Monod  
Lac operon model	

• C.D. Michener first introduced the term 
Polyphenism (as opposed to Polymorphic) in 
1961 and this was taken up by Ernst Mayr in 
his book in 1963

In his book The Triple Helix, 
Richard Lewontin told the story 
of the molecular biologist and 
Nobel laureate Sydney Brenner, 
who – while speaking at a 
conference – predicted that one 
day we would be able to 
“compute” an organism (2002). 
All we would need are two 
things: the organism’s full 
genome and powerful enough 
computers that were up to the 
task…

•  It is in this context that Epigenetics re-emerged in the late 20th C  - with realisation that 
phenotypic variation could be found within and between individuals of same genotype

•  Different phenotypes arise before, during and after development from same genotype 

•  Phenotypes can be stable (morphs) or plastic – and can be functional, inevitable or accidental

Role of the environment: a renaissance for Waddington’s definition of epigenetics

Mario	Tama/Getty	Images		

•  The  « GENETIC PROGRAMME » was (and still is) a deeply embedded metaphor for both 
developmental & evolutionary processes : one gentope = one phenotype

•  Whereby genotype dictates phenotype and it is possible to know what an organism’s 
features will be just by knowing its DNA sequence

E. Heard, November 2018 



Gustav Klimt 
The three ages of a woman 

(1905) 

it	has	been	proposed	that	the	aging	
clock	is	by	and	large	driven	by	epigenetic	deterioration,	and	that	
understanding	the	root	causes	of	this	deterioration	might	allow	us	to	
stop	or	even	reverse	the	clock	(Rando	and	Chang,	2012).	

CLONES	

Twins	
Vines	
Aspens…	

E. Heard, November 2018 

Genotype to Phenotype Revisited 

Adapted from Ecker et al, Bioessays 2018



How to define the nature and extent of the epigenetic 
components in environmentally-induced phenotypic changes? 

Genetic	(DNA)	

Epigenetic	

Phenotype	

Stochastic	events	

Environment	

PHENOTYPES	
PHENOTYPES	

PHENOTYPES	HEALTHY	
HEALTHY	

DISEASE	

E. Heard, November 2018 

Most lab models in the past : 
-  Fixed environment + Genetic variation => phenotypes? 
To test impact of penvironment:  
-  Genetically identical => uniform genetic information 
-  Can identify specific effects of different environmental influences  
-  Can identify the precise time at which sensitivity to the environment may occur 
-  Can identify the extent to which stochastic events contribute to phenotypic change 



•	Stochastic	epigenetic	events:	
			Differences	in	twins,	clones…		
				

Random	XCI	
XXi		XY	

Females	are	mosaics	for	X-linked	traits	

•	Endogenously	programmed	epigenetics:	
			Development,	X	inactivation,	imprinting…	
				

•	Environmentally		
			programmed	epigenetics	:				
			Bees,	ants	-	nutrition	
			Vernalisation	in	plants	-	climate	

     0                3               6 
Weeks of vernalization ( 4oC ) 

⇒ One can measure human aging from DNA Methylomes 
Hannum et al (2013) Mol. Cell 49, 359–367. 

 
Gender differences 

Correlate with gene expression differences 
Tumors show faster aging 

Epigenetics underlying biodiversity within species 

•	Developmental	Plasticity				
			Polyphenism	

Epigenetic and Phenotypicdifferences
between genetically identical individuals

•	Developmental	«	noise	»	
			Stochastic	choice	eg	Drosophila	eye	development	
					

•	Heritable	epigenetic	variants:	
			Transgenerational	epimutations	
				Often	due	to	transposons	
			+/-		Environmentally	sensitive	
	

peloric 

Agout  

COURS III et IV
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From	reviews	by	Lippman	and	Martienssen,	2004;	Schotta	et	al,	2003	
McClintock,	B.	1954	

Müller,	H.J.	1930s	

Heterochromatisation	of	the	white	gene	region	
in	T(1;4)wm258-21.	Heterochromatisation	(d)	
is	visible	by	a	condensed	and	underreplicated	
chromosome	structure.	

•  Variation in phenotype and gene expression observed within the same cell type in a 
single individual 

•  Clonal, alternate activity states leading to cellular phenotypic mosiacism
•  Associated with heterochromatin formation and sometimes with metastable states

Lyon,	M.	1961	

Epigenetics underlying diversity within individuals  
(or cell populations) 

A.	Klar;	R.	Allshire	1990’s	Ronin	et	al,	Elife	2017	

COURS II
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 Phenotypic Plasticity and Polyphenism 

Two	genetically	identical	water	
fleas,	Daphnia	lumholtzi.	
The	helmet	and	extended	tail	
spine	of	the	individual	on	the	left	
were	induced	as	a	result	of	
chemical	cues	from	a	predaceous	
fish	and	serve	as	protection	(67).	
(from		Agrawal,	A.	“Phenotypic	
plasticity	in	the	interactions	and	
evolution	of	species”,	Science,	
October	12,	2001,	294:321-326,.	

Phenotypic Plasticity: 
•  One genotype can produce more than one phenotype when exposed to 

different environments
•  The modification of developmental events by the environment,
•  The ability of an individual organism to alter its phenotype in response to 

changes in environmental conditions. 

Phenotypic plasticity may be a powerful means of adaptation 
-  predator avoidance, insect wing polymorphisms, timing of 

metamorphosis in amphibians, osmoregulation in fishes, reproductive 
tactics in male vertebrates.

-  in humans, examples of plasticity include results of exercise, training and/
or dieting on human morphology and physiology.Environmentally dependent 

polyphenism in various taxa. 

induction	of	defense	structure	by	
exposure	to	predators	(Tollrian	and	Dodson,	
1999).	For	example,	the	
presence	of	chemicals	released	by	predators	in	
the	water	causes	the	
development	of	a	protective	cranial	extension	
known	as	a	‘helmet’	
(Fig.	3A).	In	Daphnia	cucullata,	these	structures	
are	also	observed	
in	subsequent	generations	not	directly	
exposed	to	the	stimulus	
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 Phenotypic Plasticity and Polyphenism 

Two	genetically	identical	water	
fleas,	Daphnia	lumholtzi.	
The	helmet	and	extended	tail	
spine	of	the	individual	on	the	left	
were	induced	as	a	result	of	
chemical	cues	from	a	predaceous	
fish	and	serve	as	protection	(67).	
(from		Agrawal,	A.	“Phenotypic	
plasticity	in	the	interactions	and	
evolution	of	species”,	Science,	
October	12,	2001,	294:321-326,.	

Phenotypic Plasticity: 
•  One genotype can produce more than one phenotype when exposed to 

different environments
•  The modification of developmental events by the environment,
•  The ability of an individual organism to alter its phenotype in response to 

changes in environmental conditions. 

Phenotypic plasticity may be a powerful means of adaptation 
-  predator avoidance, insect wing polymorphisms, timing of 

metamorphosis in amphibians, osmoregulation in fishes, reproductive 
tactics in male vertebrates.

-  in humans, examples of plasticity include results of exercise, training and/
or dieting on human morphology and physiology.

Phenotypic plasticity can be passive, anticipatory, instantaneous, delayed, 
continuous, discrete, permanent, reversible, beneficial, harmful, adaptive or 
non-adaptive, and generational. 

Phenotypic plasticity, through its ecological effects, can facilitate 
evolutionary change and speciation
(COURS IV)

Environmentally dependent 
polyphenism in various taxa. 

Natural populations of snowshoe hares exposed to 3 y of widely varying snowpack 
Show plasticity in the rate of the spring white-to-brown molt
But not in the initiation dates of color change 
Nor in the rate of the autumn brown-to-white molt.
NB Climate change may lead to increased mortality due to camouflage mismatching…

induction	of	defense	structure	by	
exposure	to	predators	(Tollrian	and	Dodson,	
1999).	For	example,	the	
presence	of	chemicals	released	by	predators	in	
the	water	causes	the	
development	of	a	protective	cranial	extension	
known	as	a	‘helmet’	
(Fig.	3A).	In	Daphnia	cucullata,	these	structures	
are	also	observed	
in	subsequent	generations	not	directly	
exposed	to	the	stimulus	
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Genotypes may differ phenotypically within one environment, differ 
phenotypically in yet another environment, but all show the same 
basic developmental or physiological response to this environmental 
variation. In such a case, these genotypes are all phenotypically plastic
—that is, they exhibit “reaction norms” of nonzero slope—for the trait 
of interest, but the reaction norms are parallel. The environmentally 
induced phenotypic differences within each genotype are often 
referred to as “nongenetic” or “environmental” difference.

Possible	relationships	among	plasticity	and	genetic	variation.	
In	each	panel,	dots	connected	by	lines	represent	the	phenotypes	
expressed	by	each	of	three	genotypes	(or	families),	numbered	1,	2,	
and	3,	in	each	of	two	alternative	environments	(A,	B).	These	lines	are	
the	reaction	norms.	(A)	The	three	genotypes	differ	in	their	phenotypes	
within	each	environment,	indicating	genetic	variation	(VG	=	yes).	However,	
a	given	genotype	expresses	the	same	phenotype,	regardless	of	
environment;	that	is,	the	reaction	norms	are	flat.	Hence,	there	is	no	
environmental	effect	on	the	phenotype	(VE,	or	plasticity,	is	absent).	
Because	the	reactions	norms	are	parallel,	there	is	no	genotype-byenvironment	
interaction	(GxE	=	no).	(B)	As	in	panel	“A,”	the	three	
genotypes	differ	in	phenotype	within	a	given	environment,	but	in	addition,	
each	genotype	expresses	a	different	phenotype	in	environment	
“B,”	relative	to	that	expressed	in	environment	“A.”	That	is,	the	reaction	
norms	are	not	flat;	each	genotype	is	plastic	for	the	trait	of	interest.	However,	
because	the	slopes	of	all	reaction	norms	are	parallel,	there	is	no	
genotype-by-environment	interaction.	The	genotypes,	although	plastic,	
are	all	similarly	plastic	(for	the	trait	of	interest).	(C)	Genotypes	differ	
within	environments,	show	plasticity,	and	differ	in	plasticity.	That	is,	the	
reaction	norms	are	not	parallel,	indicating	genotype-by-environment	
interactions.	In	this	case,	reaction	norms	2	and	3	cross,	but	this	may	
not	always	be	the	case.	This	figure	is	conceptually	similar	to,	and	derived,	
with	permission,	from	Figure	1.4	from	Pigliucci	(121;	p.	15)	and	
Figure	1.1	from	reference	38;	p.	4)	

 
 Phenotypic Plasticity Revisited 

HOW do organisms integrate environmental cues with inherited biological information 
to guide development or adult transformation?

When transmitted across generations, this information can include more than genes alone, 
because organisms also inherit environmentally induced developmental factors from their 

parents, such as altered provisioning of resources to the embryo and epigenetic modifications 
of genetic material… 

What is the nature of these inherited developmental effects and what are their 
transmission mechanisms? 

COURS III and IV
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Peacock Flounder, Bothus mancus displaying its active camouflage 
abilities, changing colors depending on the colors of its surroundings. 

All frames are of the same fish taken few minutes apart. 

 
 Phenotypic Plasticity  

Camouflage
Flounder /Poisson Flet

Calamar Cukoo (top) and host nest eggs (bottom)
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 Phenotypic Plasticity  

Pristimantis mutabilis skin texture transformation
Over the course of 330 seconds, the skin of the mutable rain frog (Pristimantis mutabilis) 
from Ecuador changed from highly textured and rough to smooth
Juan Guayasamin (2015) The Zoological Journal of the Linnean Society

Pristimantis mutabilis skin texture transformation
Frog (grenouille) 	
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 Mimicry: Diet-induced Polyphenism of Nemoria moth caterpillars

The genus Nemoria contains over 130 species of geometrid
moths, all of which are found in the New World and
many of which are superb mimics of their host plants
as caterpillars. The species N. arizonaria is a host-plant
specialist restricted to oak. The moth has two generations
each year, one in spring and the other in summer. Caterpillars
from the spring generation emerge when the oaks are
in flower. They feed upon and develop into perfect physical
mimics of oak flowers (catkins). The summer generation,
by contrast, emerges onto oaks that are no longer in flower
and instead feed upon leaves. These caterpillars grow to
look like oak twigs. Adding to the effectiveness of this twig
mimicry, when resting they anchor their hind ends and
project their bodies outwards at an appropriately twig-like
angle (Figure 1).

Greene and colleagues [12,13] showed that the catkin and
twig morphs are produced as a result of larval diet: young
caterpillars fed catkins grow to be catkin mimics, whereas
those fed leaves become twig mimics. Other environmental
cues, such as day length, temperature, humidity and 
background
colour, have no effect. Which aspect of food
chemistry is responsible for the developmental switch
between catkin and twig morphs is not yet known, nor are
the physiological and genetic pathways that control the
polyphenism.

The catkin (left) and twig (right) morphs in 
caterpillars of the moth Nemoria

arizonaria (photo courtesy of Erik Greene).

 
 Phenotypic Plasticity  
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 Seasonal Polyphenism in Butterflies and Moths 

Evolution in response to climate change 
in the seasonal polyphenism of Colias 
eurytheme butterflies 
Matthew Nielsen:
« Unfortunately, anthropogenic climate 
change poses an extra challenge for 
organisms which use photoperiod as a cue. 
Photoperiod can be used as a cue for 
seasonal conditions because of a consistent 
historical relationship between time of year 
and temperature… contemporary 
photoperiods no longer predict the same 
temperatures that they once did, creating a 
mismatch between the cue (photoperiod) and 
selective environment (temperature). This 
would lead organisms to produce the wrong 
seasonal morph for at least some of the 
year. » https://www.lep-net.org/ 

Seasonal Morphs
The European map butterfly 
Araschnia levana: A, spring female; 
B, summer female; C, spring male; 
D, summer male; E, ventral side of 
the wings of a spring female (top) 
and a summer female (bottom); F, a 
spring male dummy attacked by a 
bird in the field.

Sourakov, 2015:
Older views of this phenotypic variability (Pease-1968- 
“Variation is genetic rather than environmental) since 
phenotypically diverse stocks retained their distinctive
differences when reared side by side under constant 
conditions of light and temperature.” In my approach, I have 
used the opposite method to that of Pease: I reared 
phenotypically (genetically) similar stocks under different 
conditions and, when placed side by side, it became obvious 
that they are (as groups) statistically different from each 
other in the characters of pigmentation and black markings 
outlined by Pease’s otherwise excellent revision of the 
species.

-	wet	season	when	there	is	plenty	of	food:	the	
female	makes	the	eggs	and	thus	has	the	
metabolic	lad:	she	is	choosy	while	the	males	
are	beautiful	with	wing	spots	and	are	trying	to	
display	their	fitness	to	seduce	the	females.	
-	dry	season	when	food	is	sparse:	the	male	
becomes	the	choosy	one	and	the	female	gains	
wing	spots	to	seduce	him	because	it	is	now	the	
male	that	has	the	metabolic	load:	It	transfers	
during	mating	a	huge	amount	of	his	body	
weight	through	the	sperm,	food	that	will	serve	
to	feed	the	eggs	

 
 Phenotypic Plasticity  



Get	FISH	EXAMPLES		
(see	the	review	by	SULTAN		
Too?	Or	for	COURS	IV?)	

 This study shows that diet can already affect head 
shape early after the glass eels start to feed. 

E. Heard, November 2018 E. Heard, November 2018 

 
 Phenotypic Plasticity  

 
 Diet induced plasticity in Fish 



Get	FISH	EXAMPLES		
(see	the	review	by	SULTAN		
Too?	Or	for	COURS	IV?)	

 This study shows that craniofacial evolution 
in the Perissodini involved discrete shifts in 
skeletal anatomy that reflect differences in 
habitat preference and predation strategies.
Selection has accentuated a latent, 
genetically determined handedness of the 
craniofacial skeleton, enabling the evolution 
of jaw asymmetries in order to increase 
predation success.

E. Heard, November 2018 E. Heard, November 2018 

 
 Phenotypic Plasticity and Rapid Speciation in Cichlids 

Rapid, convergent radiations of cichlid fish in East African Lakes may have been facilitated by 
morphological plasticity, and its fixation as regulatory networks degenerate. 
"The cichlids of Africa's lakes impress us mightily with what evolution can do in a short space 
of time", wrote Richard Dawkins in The Greatest Show on Earth (Bantam Press, 2009). https://
natureecoevocommunity.nature.com/users/24561-richard-buggs/posts/13977-phenotypic-plasticity-drives-cichlid-radiations
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 Epigenetic and Phenotypic Plasticity in Insects 

•  Polyphenisms are a major reason for the success of the insects. 

•  Deploy the same genome to produce developmentally and environmentally alternative phenotypes in 
order to: 
•  Partition life history stages (feeding larval stages versus reproducing, dispersing adults)
•  Adopt phenotypes that best suit predictable environmental changes (seasonal morphs) 
•  Adopt phenotypes that best suit ‘predictably unpredictable’ environmental shifts such as the transformation of 

desert environments after unpredictable rain or the degradation of an environment by overcrowding.
•  Partition labour within social groups: eusocial insects.

The developmental stages of insects provide some of the most striking examples:
-  the transition from larva to pupa to adult in holometabolous (discontinuously developing) insects such 

as the Lepidoptera (moths and butterflies), Coleoptera (beetles), Hymenoptera (ants, bees and wasps) 
and Diptera (true flies). 

Seasonal morphs are exemplified by the aphids and Lepidoptera
Density-dependent phenotypes (locusts)
Plastic sexually selected phenotypes (horned beetles), 
Diet-mediated phenotypes (some caterpillars and in the castes of social insects)

What kinds of sensory cues trigger shifts in phenotype?
What are the neurochemical and hormonal pathways that mediate the transformation? 
What are the molecular genetic and epigenetic mechanisms involved in initiating and 
maintaining the polyphenism?

Seasonal	Morphs	
The	European	map	butterfly	
Araschnia	levana:	A,	spring	female;	
B,	summer	female;	C,	spring	male;	
D,	summer	male;	E,	ventral	side	of	
the	wings	of	a	spring	female	(top)	
and	a	summer	female	(bottom);	F,	a	
spring	male	dummy	attacked	by	a	
bird	in	the	field.	
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 Epigenetic and Phenotypic Plasticity in Locusts 

Swarms	of	the	migratory	locust	(Locusta	
migratoria	manilensis)	can	wipe	out	thousands	
of	hectares	of	crops	grown	in	Africa	and	other	
parts	of	the	world.	But	the	key	to	preventing	
such	devastating	aggregation,	researchers	
have	learned,	may	be	a	simple	gut	parasite,	
Paranosema	locustae.	
	
According	to	a	study	published	in	PNAS	this	
week	(January	13),	P.	locustae	bacteria	
prevent	the	release	of	swarming	pheromones	
in	the	locusts’	scat,	such	that	locusts	coming	
into	contact	with	scat	from	infected	comrades	
were	less	likely	to	aggregate	than	those	who	
were	placed	in	chambers	with	scat	from	
parasite-free	insects.	

"Because	social	behaviour	in	so	many	animals	
depends	on	serotonin,	if	we	used	serotonin	
antagonists	in	the	environment	that	were	not	
specifically	targeted,	we	run	the	risk	of	
affecting	other	processes	in	locusts,	as	well	as	
severely	impacting	animals	other	than	locusts.	
	
"We	would	need	to	be	sure	that	locusts	have	a	
unique	serotonin	receptor	that	causes	phase	
change,	which	we	haven't	identified	yet.	Any	
locust	control	agent	would	have	to	be	specific	
for	this	serotonin	receptor	in	locusts."	

•  Scientists believed radically different 
solitarious and gregarious phases were 
actually different species!

•  Solitarious locusts behave like common 
grasshoppers but can form vast swarms 
upon crowding devouring crops over 
huge areas in a matter of hours…

rom	the	Biblical	plagues	of	Egypt	to	a	major	infestation	in	Madacasgar	
two	years	ago,	locust	swarms	have	caused	chaos	throughout	history.	Just	
one	swarm	can	cover	20%	of	the	land	surface	of	the	Earth,	affecting	the	
livelihood	of	10%	of	the	world’s	population	by	consuming	up	to	200	tons	
of	vegetation	per	day.	
	
Understanding	how	swarms	form	and	what	can	break	them	apart,	then,	is	
of	great	importance.	
	
But	how	many	locusts	does	it	take	to	make	a	swarm?	It	sounds	like	the	
start	of	a	bad	joke,	but	understanding	and	controlling	locust	plagues	is	
something	we’ve	been	striving	to	do	for	thousands	of	years.	If	we	can	
understand	what	makes	a	swarm,	hopefully	we	can	understand	how	to	
stop	it.	This	is	exactly	what	our	international	research	team	tried	to	do	–	
and	the	results	are	in.	The	answer	is	just	three.	
	
In	an	astoundingly	short	period	of	time,	they	can	completely	destroy	a	
crop;	nuisance	for	commercial	agriculture,	but	life-threatening	for	
subsistence	farmers.	Dr.	Steve	Rogers	of	Cambridge	University	says,	“The	
gregarious	phase	is	a	strategy	born	of	desperation	and	driven	by	hunger	
–	swarming	is	a	response	to	find	pastures	new.”		
In	2004,	Australian	plague	locusts	were	responsible	for	national	
agricultural	losses	estimated	to	be	worth	more	than	$11	million.	In	
November	2008,	a	locust	swarm	3.7	miles	long	devastated	agricultural	
production	in	Australia.	A	swarm	of	an	estimated	30	million	locusts	had	
descended	on	Egypt.	The	insects	descended	on	agricultural	farms	in	Giza	
and	in	Cairo,	causing	damage	of	catastrophic	proportions.	

Since the dawn of agrarian civilization, locust 
plagues have
been viewed as one of the most devastating 
natural
disasters, linked with famine, strife and 
dissolution of
societal order as documented in the Bible, the 
Qur’an and
Chinese historical records1,2. Unfortunately, 
locust plagues
continue to cause destruction even today. For 
example, in 1988,
locust swarms covered an enormous area of 
some 29 million
square kilometres, extending over or into parts 
of up to
60 countries, resulting in billions of dollars in 
economic losses3.
The primary current method for combating 
locust outbreaks is
through intensive spraying of chemical 
pesticides; however, their
overall usefulness has been widely debated 
because of their highly
negative impact on human and	environmental	
health,	and	on	
biological	diversity2.

•  Migratory locust swarms fly distances up to 1000 km. 
•  Swarms of the desert locust flew across the Atlantic 

Ocean in 1988, covering 5,000 km in 6 -10 days.
•  Swarm sizes can cover areas up to 800 km2 and 

contain up to 40 billion locusts (largest terrestrial 
congregation of animals on Earth)…

•  Swarms may contain 50 million adults per km2 
•  A moderate size 10km2 swarm can consume 

1000 tons of fresh vegetation daily…



Reared alone:

phase solitaria

Reared crowded:

phase gregaria

Behaviour is the first feature to change: 
•  Switch from repulsion to attraction after 1 hour of crowding;
•  Aggregate – then march!

Two animals packed within the same genome

Simpson, S.J., McCaffery, A.R., Hägele, B. (1999 Biological Reviews 74: 461-480. 
Courtesy	of	Stephen	Simpson		E. Heard, November 2018 

 
 Epigenetic and Phenotypic Plasticity in Locusts 

•  Phase transition induces a broad range of differences in anatomy (size, colour), 
physiology (lifespan, metabolism, immune responses, endocrinology and 
reproduction) & behaviour (solitary vs gregarious with population density increase)

•  Gregarious morphs exhibit a wider dietary range, display increased locomotory 
activity, and fly during daytime, in contrast to isolated locusts, which generally fly at 
night



 
 Epigenetic and Phenotypic Plasticity in Locusts 

E. Heard, November 2018 

•  Only serotonin shows a substantial 
increase during the critical 1–4 h window 
during which gregarious behaviour is 
established. Blocking the action of 
serotonin or preventing its synthesis 
prevents behavioural gregarization. 

•  Applying serotonin or its agonists induces 
gregarious behaviour even in locusts that 
have never encountered other locusts.

•  Behavioural changes can rely on short-
term neuronal plasticity to alter circuit 
activity and function

behavioural	changes	
can	rely	on	short-term	
neuronal	plasticity	to	
alter	circuit	activity	
and	function	

Serotonin,	a	brain	chemical	and	neurotransmitter		
influences	moods	in	humans.		



Serotoninergic nerve cells control swarming behaviour

Anstey, M.L., Rogers, S.M., Ott, S.R., Burrows, M. & Simpson, S.J. (2009) Science 323, 627-630. 

Courtesy	of	Stephen	Simpson		E. Heard, November 2018 



Half-brains of a solitarious locust (left) and gregarious locust (right) in frontal view to the 
same scale (scale bar, 1 mm).  

Swidbert R. Ott, and 
Stephen M. Rogers Proc. R. 
Soc. B 2010;277:3087-3096 

Brain morphology changes 

E. Heard, November 2018 
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Phase state is transmitted epigenetically: the mother has a memory of 
being crowded, which she translates to her offspring

Simpson, S.J., McCaffery, A.R., Hägele, 
B. (1999 Biological Reviews 74: 
461-480.  

E. Heard, November 2018 Courtesy	of	Stephen	Simpson		

The	older	she	is	when	
crowded	the	more	
effectively	she	transmits	
the	crowiding	behaviour	to	
her	offspring	



         
        Egg laying locust 
 

She influences hatchling phase-state by adding a chemical to 
the egg foam when laying a pod of eggs

•  Water soluble: some activity in ethanol 
extracts, none in hexane (therefore not C8 ketones 
as suggested by Malual et al., 2001)

•  Originate in female accessory glands 
(Haegele, B., McCaffery, A.R., Oag, V., Bouaichi, A. & Simpson, 
S.J. (2000) Journal of Insect Physiology, 46, 275-280)

•  Only effective within a few hours of the eggs
being laid

E. Heard, November 2018 Courtesy	of	Stephen	Simpson		



Egg foam 

E. Heard, November 2018 

She influences hatchling phase-state by adding a chemical to 
the egg foam when laying a pod of eggs

Courtesy	of	Stephen	Simpson		
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McCaffery, A.R., Simpson, S.J., Islam, M.S. & Roessingh, P. (1998) Journal of experimental Biology, 201, 347-363. 

 E. Heard, November 2018 

Maternally deposited chemical in egg foam is responsible for 
gregarious behaviour

Courtesy	of	Stephen	Simpson		
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E. Heard, November 2018 

Alkylated L-dopa analogue 

Courtesy	of	Stephen	Simpson		



 
 The Genome/Epigenomes of Solitarious vs Gregarious Locusts 

•  Expansion of genes involved in lipid metabolism  => highly efficient energy 
supply system - intensive energy consumption during their long-distance flights

•  A massive number of repetitive elements (at least 60%) in the L. migratoria 
genome and their rates of loss are lower than those in other insect species.

•  Transcriptomes and methylomes from gregarious and solitarious locusts, reveal 
potential neuronal regulatory mechanisms underlying phase change in the locust.

•  Comparative methylome analysis for brain tissues using reduced representation 
bisulphite sequencing (RRBS)

•  Comparative transcriptome analysis for brain tissues over two time courses 
(within 64 h): starting at the onset of crowding of solitarious locusts and the 
isolation of gregarious locusts.

•  L. migratoria genome seems to have a functional CpG methylation system, 
including two copies of Dnmt1 and one copy of Dnmt2 and Dnmt3.

•  Repetitive elements are highly methylated and introns have higher methylation 
levels than exons (different in other insect species where exons have higher 
methylation levels). 

•  90 differentially methylated genes
•  4,893 differentially expressed genes in at least one of the time points during both 

processes (28.3% of gene sets)
•  During locust crowding (ie S to G) : increased expression of genes associated 

with synaptic transmission, carbohydrate metabolism and nucleosome assembly, 
decrease for genes associated with oxidoreductase and antioxidase, microtubule 
and motor activity.

•  The expression patterns of these genes were reversed during gregarious locust 
isolation (ie G to S). 

•  => crowding of solitarious locusts may trigger an increase in neuronal activity 
with a simultaneous suppression of antioxidative responses in the CNS during 
the onset of phase change in locusts.

•  Genes involved in the regulation of the cytoskeletal microtubular system were 
highlighted from the analysis of methylome, transcriptome and AS

•  Twenty-five significantly expanded gene families in 
the L. migratoria genome were mainly involved in 
detoxification, chemoreception, chromosome 
activity and nutritional metabolism, indicating 
unique adaptation features of the L. migratoria 
genome

•  A massive number of repetitive elements (at least 
60%) in the L. migratoria genome and their rates of 
loss are lower than those in other insect species

•  90 differentially methylated genes

•  4,893 differentially expressed genes in at least one 
of the time points during both processes (28.3% of 
gene sets)

•  During locust crowding (ie S to G) : increased 
expression of genes associated with synaptic 
transmission, carbohydrate metabolism and 
nucleosome assembly, decrease for genes associated 
with oxidoreductase and antioxidase, microtubule 
and motor activity.

very	strong	activation	of	the	JHPH	(juvenile	
hormone	binding	protein,	hexamerins,	
prophenoloxidase	and	haemocyanins)	gene	
family	was	observed	in	the	head	of	gregarious	
locusts	



 
 Epigenetic and Phenotypic Plasticity in Locusts 

Initiation of phase transition
Visual, olfactory and/or mechanosensory information (hindlegs or antennae)
•  Within hours - serotonin induces behavioural change
•  Inducing neuronal plasticity to alter circuit activity and function?
•  Across generations - tactile information of degree of crowding experienced by the mother directly 

influences the colour of hatchlings in S. gregaria and L. migratoria => via maternal factor 
•  An alkylated L-DOPA analogue isolated from egg foam, can induce gregarious behaviour in nymphs 

hatched from treated eggs deposited by solitarious females (Islam, 2013; Miller et al., 2008).
Juvenile hormone (JH) in conjunction with corazonin (undecapeptide) account for body colour 
polyphenism – but cannot induce phase transition behaviour… 



 
 Epigenetic and Phenotypic Plasticity in Locusts 

Initiation of phase transition
Visual, olfactory and/or mechanosensory information (hindlegs or antennae)
•  Tactile information of degree of crowding experienced by the mother directly influences the colour of 

hatchlings in S. gregaria and L. migratoria => maternal factor (Maeno et al., 2011). 
•  An alkylated L-DOPA analogue isolated from egg foam, can induce gregarious behaviour in nymphs 

hatched from treated eggs deposited by solitarious females (Islam, 2013; Miller et al., 2008).
Juvenile hormone (JH) in conjunction with corazonin (undecapeptide) account for body colour 
polyphenism – but cannot induce phase transition.

Propagation of phase transition
• 6 kDa Phase-related peptide (Clynen et al., 2002) is present in much higher concentrations in the haemolymph of 
gregarious (up to 0.1 mmol l−1) compared to solitarious locusts – goes down progressively (generations) 
when  gregarious locust put into solitude
• Higher concentrations of this peptide are found in the eggs of gregarious S. gregaria (Rahman et al., 2002, 2003

• 90 differentially methylated genes; 4,893 differentially expressed genes in at least one of the time points 
during both processes (28.3% of gene sets)
• During locust crowding (ie S to G) : increased expression of genes associated with synaptic transmission, 
carbohydrate metabolism and nucleosome assembly, decrease for genes associated with oxidoreductase and 
antioxidase, microtubule and motor activity.
• 105 retro-elements in migratory locust: some show a differential expression in solitarious and gregarious 
phase at the fifth instar and in adults (Jiang et al., 2012). 
=> Regulatory role for transposon elements in the phase transition of migratory locusts (Jiang et al., 2012)?  

Epigenetics of locust phase differentiation and maintenance?

?	



E. Heard, November 2018 

 
 Epigenetic and Phenotypic Plasticity in Social Insects 

expression	of	all	three	DNMTs	encoding	genes	
studied	here	is	sensitive	to	external	stimuli,	
especially	early	in	a	worker’s	adult	life.	
Consequently,	the	resulting	epigenetic	
modifications	might	influence	gene	regulatory	
networks	associated	with	the	workers	
behavioral	ontogeny	in	colonies	
containing	young	adult	workers.	
	
We	found	that	the	presence	of	brood	affected	
dnmt3	expression.	This	effect	is	possibly	
mediated	through	a	brood	pheromone36.	A	
recent	study	showed	that	dnmt3	gene	
expression	is	also	affected	by	a	pheromone	
produced	in	the	mandibular	gland	of	A.	
mellifera	queens37.	This	pheromone	spreads	
within	the	colony	and	signals	the	
presence	of	the	queen	and	influences	worker	
behavior38.		
	
Through	their	pheromonal	signals,	queens	and	
brood,	thus,	appear	to	affect	the	same	
epigenetic	component	in	the	regulatory	
circuitry	underlying	behavioral	plasticity	
of	workers.	
Finally,	our	results	provide	empirical	evidence	
for	an	epigenetic	response	to	seasonal	
demographic	variation	
in	honeybee	colonies	that	is	in	line	with	
previous	studies10,12,21.	The	results	of	these	
studies,	together	with	ours,	
highlight	the	important	role	of	DNA	
methylation	in	insect	societies,	acting	in	
processes	that	are	analogs	to	those	
described	in	mammals5,6,11.	This	indicates	
that	social	insects	may	make	use	of	an	
evolutionarily	conserved	epigenetic	
machinery	to	modulate	behavioral	responses	
according	to	social	context.	

Queen–worker morphological and reproductive divide is environmentally controlled during 
post-embryonic development by differential feeding

Queen pheromones –
 - Influence fertility and 
behaviour of workers
- Modulate epigenetic 

enzymes	

Beebread	=	
honey+pollen	

Contains	plant	miRNAs	
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 Epigenetic and Phenotypic Plasticity in Social Insects 

expression	of	all	three	DNMTs	encoding	genes	
studied	here	is	sensitive	to	external	stimuli,	
especially	early	in	a	worker’s	adult	life.	
Consequently,	the	resulting	epigenetic	
modifications	might	influence	gene	regulatory	
networks	associated	with	the	workers	
behavioral	ontogeny	in	colonies	
containing	young	adult	workers.	
	
We	found	that	the	presence	of	brood	affected	
dnmt3	expression.	This	effect	is	possibly	
mediated	through	a	brood	pheromone36.	A	
recent	study	showed	that	dnmt3	gene	
expression	is	also	affected	by	a	pheromone	
produced	in	the	mandibular	gland	of	A.	
mellifera	queens37.	This	pheromone	spreads	
within	the	colony	and	signals	the	
presence	of	the	queen	and	influences	worker	
behavior38.		
	
Through	their	pheromonal	signals,	queens	and	
brood,	thus,	appear	to	affect	the	same	
epigenetic	component	in	the	regulatory	
circuitry	underlying	behavioral	plasticity	
of	workers.	
Finally,	our	results	provide	empirical	evidence	
for	an	epigenetic	response	to	seasonal	
demographic	variation	
in	honeybee	colonies	that	is	in	line	with	
previous	studies10,12,21.	The	results	of	these	
studies,	together	with	ours,	
highlight	the	important	role	of	DNA	
methylation	in	insect	societies,	acting	in	
processes	that	are	analogs	to	those	
described	in	mammals5,6,11.	This	indicates	
that	social	insects	may	make	use	of	an	
evolutionarily	conserved	epigenetic	
machinery	to	modulate	behavioral	responses	
according	to	social	context.	

•  Queen pheromones = chemical signals 
that characterize queens and other 
reproductive individuals

•  Multiple important functions, and likely 
exist in all eusocial insects [14]. 

•  Queen pheromones have long-lasting 
‘primer’ effects on recipients’ 
physiology, such as rendering them 
sterile

•  Primer effects might involve epigenetic 
changes, allowing individuals that have 
detected queen pheromone to record this

•  Information and express a long-lasting 
transcriptomic response…

•  => Does queen pheromone stimulate 
DNA methyltransferase activity in 
workers?

•  Queen pheromone treatment
•  -  lowered DNMT1 expression in A. 

mellifera honeybees, 
•  - elevated expression in Lasius niger and 

L. flavus ants
•  - had no effect on expression in B. 

terrestris bumblebees.
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 Epigenetic and Phenotypic Plasticity in Ants 

•  Epigenetic (re)programming of caste-specific behavior in the ant 
Camponotus floridanus (Simola et al, Science 2016)

An epigenetic model for division of labor. Left: Workers were injected at eclosion and tested for foraging 
activity. HDAC inhibition (HDACi) with chromatin drugs or siRNA enhanced foraging; HATi suppressed 
foraging. Right: Minor and major workers express distinct behavioral ontogenies. Minors forage earlier in 
life and with greater intensity than majors. HDACi in majors stimulated minor-like foraging behavior, a 
gain of function suppressed by HATi treatment. RPD3	and	CBP	mediate	epigenetic	reprogramming	of	major	

workers	
	
(A)	Differential	versus	average	scatterplot	comparing	mRNA	
levels	for	brains	dissected	from	individual	1-day-old	majors	
and	minors	(n	=	5	per	caste)	from	one	colony.	Caste-
differential	genes	were	identified	by	Mann-Whitney	U	test	
(P<0.05)	and	gene-specific	SE	(Bonferroni	P<0.01).	(B)	
Scatterplot	comparing	coefficients	of	variation	(CVs)	in	gene	
expression	between	drug	treatments	and	caste.	Pearson	
correlation	coefficients	are	shown.	Inset	shows	correlation	
coefficients	for	1000	random	sets	of	153	genes	sampled	
from	11,110	expressed	genes.	(C)	mRNA	levels	for	select	
caste-differential	genes	in	1-day-old	worker	brains	(left)	and	
minor	scout	brains	(right).	Error	bars	denote	SE	among	
biological	replicates.	4-ABAT,	4-aminobutyrate	
aminotransferase;	Unc13-4a,	mammalian	uncoordinated	
homology	13,	4a	ortholog.	(D)	Schematic	of	piggyback	
foraging	assay.	Majors	and	minors	received	no	injection	
(gray)	or	0.5%	DMSO,	50	μM	TSA,	50	μM	TSA	+	100	μM	
C646,	or	50	μM	TSA	+	100	μM	EML425	and	were	placed	in	a	
nest	box	attached	to	a	foraging	arena	with	20%	sugar	water	
(blue	triangle)	(Fig.	S1E).	(E)	Cumulative	foraging	over	the	
course	of	9	days	for	pooled	cohorts	of	minor	and	major	
nestmates,	measured	by	time-lapse	photography	every	6	
min.	Uninjected	cohorts	were	fed	20%	sugar	water	
containing	0.5%	DMSO.	Error	bars	denote	SE	over	replicate	
cohorts.	See	table	S5	for	colony	background	and	mortality	
information.	Photographs	(and	movie	S2)	depict	brain	
injection	procedure.	P	values	were	estimated	by	Mann-
Whitney	U	test	using	counts	of	daily	foraging	events.	(F)	
Long-term	assessment	of	foraging	activity	(left)	and	number	
of	scouts	(right)	for	the	same	injected	majors	and	control	
minors	from	(E).	(G)	RT-qPCR	analysis	of	mRNA	abundance	
for	Rpd3	(Hdac1a	and	Hdac1b)	in	major	brains	24	to	48	
hours	after	injection	with	nontargeting	(control)	RNAi	or	
Rpd3	RNAi.	Each	bar	indicates	the	mean	±	SE	over	
measurements	from	15	brains.	Abundance	was	normalized	
against	Gapdh1	and	Rpl32.	(H)	Cumulative	foraging	over	the	
course	of	9	days	for	pooled	cohorts	of	minors	and	majors,	as	
in	(D).	P	values	in	(E)	to	(H)	were	computed	by	Mann-
Whitney	U	test.	
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Epigenetic mechanisms in life phase transitions? 

• Water flea Daphnia magna, exposure to 5-azacytidine reduced overall DNA methylation as well as body length 
(Vandegehuchte et al., 2010).  DNA hypomethylation pattern was transferred to two subsequent generations that were not 
exposed to the drug, demonstrating transgenerational epigenetic inheritance

The locust genome is more highly methylated than most known insect genomes 
• Many retro-transposons are methylated – and may be differentially expressed in phase transition? (Kang lab)
• 90 genes are differentially methylated (at least four differentially methylated CpG sites) in gregarious versus solitarious 
locusts, including genes involved in cytoskeleton formation - involved in synaptic plasticity and, for the phase transition, 
point to a crucial role of microtubule dynamics control in locust brains

Despite the overwhelming indications for an important role of epigenetics in the regulation of phase transitions in insects, 
the direct evidence is relatively limited. 

Honeybee
DNA methylation and histone modifications in: 
(1) the irreversible differentiation of a female larva into a queen or worker phenotype (Kucharski et al., 2008) 
(2) the reversible shift for worker bees from a temporal nurse subcaste to the forager subcaste (Herb et al.,
2012; Lockett et al., 2012). 
The differentiation into a queen or a worker has dramatic consequences: a honeybee queen lives several years, is
much larger, highly fertile and also differs in many more morphological traits and behavioural characteristics from her 
sisters that developed into workers and have a life expectancy of only a few weeks (Winston, 1987).

• Induction of queen-like phenotypes in honeybees, Apis mellifera, by downregulating of DNA methyltransferase 3 
(Dnmt3) (Kucharski et al., 2008; Li-Byarlay et al., 2013). 

• Buff-tailed bumblebee, Bombus terrestris, experimental alteration of DNA methylation by feeding with 5-aza-20-
deoxycytidine (decitabine) renders queenless worker bees more aggressive and more fertile (Amarasinghe et al.,
2014). 
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 SUMMARY: Epigenetics in life phase transitions 

At times, the existence of phenotypic plasticity and 
transgenerational inheritance have been interpreted as supporting
evolutionary processes that do not rely on random variation and 
natural selection (Danchin et al., 2011; Jablonka and Lamb, 
2008).
I do not believe this is an accurate representation of our 
understanding of molecular epigenetics (Dickins and Rahman, 
2012) and it is dangerously prone to creationist distortions (see, 
for example, http://creation.com/epigenetics-and-darwin). 
The examples of polyphenisms and epigenetic plasticity 
described above are compatible with the notion that multiple 
phenotypes can be encoded in the same genome, with the 
appropriate phenotypes activated in response to a stimulus and 
stabilized by epigenetic mechanisms. Some phenotypes can 
indeed be maintained through
sexual reproduction, resulting in their epigenetic inheritance, on 
occasion over several generations. In some cases 
transgenerational epigenetic effects might even confer 
inheritance of acquired traits
via a communication route between the soma and the germline – 
Darwin’s gemmulae (Darwin, 1868) – for which ncRNAs are 
prime candidates (Heard and Martienssen, 2014; Rechavi et
al., 2014; Rechavi et al., 2011). However, a characteristic of 
epigenetic states is that they are meta-stable (Bonasio et al., 
2010a). 
It is difficult to envision molecular mechanisms by which 
epigenetic signals could cause an acquired phenotype to be fixed 
over evolutionary times for thousands of generations. In the 
absence of such molecular evidence and in deference to 
Ockham’s razor, I continue to support the modern synthesis, 
which has been greatly successful in explaining inheritance and 
evolution to date.
In conclusion, many non-model organisms appear to have 
adapted epigenetic pathways in unique ways to develop 
alternative phenotypes and behaviors that make them better 
suited for their environment. The availability of cheap 
sequencing technologies and efficient genome editing tools will 
allow us to probe for the first time these phenomena at the 
molecular level.

•  For more than a century – biodiversity within species (phenotypic variation) was 
regarded with interest but some suspicion as genetic determinism prevailed…

•  Today it is clear that most species can display some degree of phenotypic plasticity 
– either distinctly stable  « morphs » - or continuum of traits (eusociality) 

•  It can be functional (and potentially adaptive), neutral, or deleterious

•  Can be restricted to a few minutes, to a whole life time, or to many generations
⇒  Implications for evolutionary theory… the Modern Synthesis?

•  Clearly such plasticity can be subject to Natural Selection (Eg insects are the most 
diverse kingdom because of their remarkable phenotypic plasticity)

•  How one genotype can give rise to different phenotypes through environmental 
effects is clearly an EPIGENETICS question – firmly brings us back to 
Waddington’s original definition – but actual mechanisms are still elusive

•  New tools to explore both genomes and epigenomes, as well as genetic engineering 
strategies, and ecotrons are opening up a new era of research.

•  Understanding this level of biodiversity will be key to understand life on our planet, 
and how it can (or cannot) adapt to the rapid, manmade changes we are imposing. 



E. Heard, November 2018 
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