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1. Social insects : nutrition and pheromones - same genome gives rise to entirely 
different phenotypes (soldiers, common labourers, and queen);  plant miRNAs in 
“beebread” fed to Workers; molecules affecting DNA methylation, histone 
acetylation (HDAC inhibitors) in Royal Jelly fed to Queens 
 
2. Plants : climate-controlled programming - cold-induced flowering time 
(vernalisation); Polycomb proteins in memory of cold phase; heat in winter can 
have erasing effects 
 
 
 

Environmentally programmed epigenetic changes 
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Reprogrammed at every generation 
 

SUMMARY COURS III 
Can the Environment induce or influence Epialleles? 



SUMMARY COURS III 
Can the Environment induce Epigenetic memory across generations? 

E. Heard, December 2018 

•  Transposable elements are key targets in animals 
and plants for trans-generational effects  

•  Both spontaneous and environmentally induced 



•  Evidence of transgenerational drought stress memory for 
seed dormancy – elevated in both the direct seed of 
drought-stressed parents (72% enhanced dormancy) and 
to a lesser extend in seed produced from P1 progeny, 
from drought-exposed lineages, grown in the absence of 
stress (31% enhanced dormancy).

•  DNA methylome is relatively unaffected by stress-
induced changes.
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Can the Environment induce or influence Epialleles? 

Ethanol induced post-natal growth 
restriction in fetal alcohol syndrome 

Maternal ethanol consumption alters the epigenotype and the 
phenotype of offspring
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Can the Environment induce or influence Epialleles? 

Ethanol induced post-natal growth 
restriction in fetal alcohol syndrome 

Maternal ethanol consumption alters the epigenotype and the 
phenotype of offspring

Quantitative analysis of the effects of 
gestational exposure to ethanol on Agouti 
locus, on epigenotype and on skull shape

•  Maternal ad libitum ingestion of 10% (v/v) ethanol between 
gestational days 0.5–8.5 and observed changes in the expression 
of an epigenetically-sensitive allele, Agouti viable yellow 
(Avy), in the offspring. 

•  Exposure to ethanol increases the probability of transcriptional 
silencing at Ag locus, => more mice with an agouti colored coat

Kaminen-Ahola et al, Plos Gen. 2010

Alcohol has a direct effect on fetal development 
gene expression and epigenomic marks

Stress on a pregnant mother’s body is shared to some extent 
with the fetus, interfering directly with the normal 

developmental program in utero.
=> Epigenetic in context of Development

Not across multiple generations 



Endocrine disruptors 
° BPA (Bisphenol A): plastics and resins, containers for food, drinks… 
° Phtalates : associated with PVC, adhésives, glues, medical material, textiles,        
   cosmetics, toys… 
° Vinclozoline:  fungicide used in agriculture 
 

Environmental polluants and Epigenetic alterations 

E. Heard, December 2018 

•  Can interfere with hormonal pathways, signalling pathways involved in growth, 
differentiation and secondary sexual characteristics – can target: androgens and estrogens

•  Thought to act during developmental sexual differentiation stages (in utero)
•  Metabolic effects of gestational Exposure to BPA: early-life exposure to BPA is particularly 

effective in predisposing individuals to weight gain (Howdeshell et al. in 1999) 
•  In utero exposure to low doses of BPA (2.4 lg/kg) results in increased body weight 
•  Many studies have evaluated the effects of the exposure to this endocrine disruptor during 

pregnancy or pregnancy and lactation in terms of lipid and energy balance.
•  Trans-generational effects have been reported – in mammals this remains highly 

controversial
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 What is the influence of the environment on epigenetic 

modifications and transmission of phenotypes? 
The Memory of Environmental Chemical Exposure (Bisphenol A) in C. elegans depends on 
the Jumonji Demethylases jmjd-2 and jmjd-3/utx-1.

•  How are artificial environmental cues biologically integrated and transgenerationally inherited?
•  Bisphenol A (BPA) exposure causes the derepression of epigenomically silenced transgene in the 

germline for 5 generations, regardless of ancestral response. 
•  Chromatin immunoprecipitation sequencing (ChIP-seq), histone modification quantitation, and 

immunofluorescence assays revealed that this effect is associated with a reduction of the repressive 
marks H3K9me3 and H3K27me3 in whole worms and in germline nuclei in the F3, as well as with 
reproductive dysfunctions, including germline apoptosis and embryonic lethality. 

•  Targeting of the Jumonji demethylases JMJD-2 and JMJD-3/UTX-1 restores H3K9me3 and 
H3K27me3 levels, and alleviates the BPA-induced transgenerational effects. 

•  => A central role of repressive histone modifications in the inheritance of reproductive defects 
triggered by a common environmental chemical exposure

BPA	exposures	in	C.	elegans	reduces	the	
levels	of	the	repressive	histone	marks	
H3K9me3	and	H3K27me3,	regulated	by	the	
demethylases	jmjd-2	and	jmjd-3/utx-1.		
	
This	causes	a	de-silencing	effect	and	
reproductive	dysfunction	observed	from	the	
P0	generation	until	the	F4.	The	F3	
generation	represents	the	first	generation	
where	there	was	no	direct	contact	with	the	
environmental	toxicant	(BPA).	

Camacho J, et al (2018) Cell Rep 23:2392-2404. doi: 10.1016/j.celrep.2018.04.078.

Mechanisms of inheritance of reproductive 
outcomes elicited by the model environmental 
chemical Bisphenol A in C. elegans. 



Dietary influences on Epigenetic processes 

S‑adenosylmethionine (SAM) 
affect global DNA and histone 

methylation 

SAM	

SAH	

CH3 

Méthionine	

Metabolic pathways linked to methylation (DNA, histones, etc) 

Homocystéine	

THF	

Bétaine	5MTHF	

Diméthyl-	
glycine	Folate	 Choline	

Nutrition can influence the availability of methyl-donors to a cell: 
-  Global effects? 
-  Certain regions more sensistive to such fluctuations? 
-  Impact during development and throughout life? 

E. Heard, December 2018 
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“Phénotype d’Epargne" 

Nutritional conditions during uterine development may have effects later in life, and influence 
the occurrence of adult metabolism and diseases  
(Hales, C. N. & Barker, D. J. The thrifty phenotype hypothesis. Br. Med. Bull. 60, 5–20 (2001).  
 
Eg Dutch famine – at the end of WWII, individuals exposed to famine during gestation had 

a poorer glucose tolerance than those born the year before the famine. 

Can Nutrition induce or influence Epialleles? 
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Epigenetic Mechanisms and Transmission of Metabolic 

Disease across Generations? 

•  Epigenetic Mechanisms of 
Transmission of Metabolic Disease 
across Generations

     Cell Metabolism 25, March 7, 2017

•  Both human and animal studies indicate that 
environmental exposures experienced during early 
life can robustly influence risk for adult disease. 

•  Environmental exposures experienced by parents 
during either intrauterine or postnatal life can also 
influence the health of their offspring, thus 
initiating a cycle of disease risk across generations. 

Figure	1.	The	Vicious	Cycle	of	
Intergenerational	Paternal	Disease	Risk	
Adverse	intrauterine	exposure	(1)	can	impact	the	
development	and	implantation	of	the	embryo,	
ultimately	increasing	disease	risk	in	the	offspring.	
In	addition,	postnatal	environmental	factors	(2)	and	
metabolic	disease	in	adult	life	(3)	also	contribute	to	
epigenetic	changes,	including	alterations	in	the	
germ	cells,	both	sperm	and	oocytes.	Note	that	
germ	cells	can	be	affected	by	both	the	original	
direct	exposure	to	the	embryo,	including	exposure	
to	his	developing	germ	cells	(*),	and	metabolic	
disease	in	the	adult	male,	thus	impacting	subsequent	
generations.	
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•  Epigenetic Mechanisms of 
Transmission of Metabolic Disease 
across Generations

     Cell Metabolism 25, March 7, 2017

•  Both human and animal studies indicate that 
environmental exposures experienced during early 
life can robustly influence risk for adult disease. 

•  Environmental exposures experienced by parents 
during either intrauterine or postnatal life can also 
influence the health of their offspring, thus 
initiating a cycle of disease risk across generations.

•  Maternal exposure in pregnancy could induce a 
‘metabolic cascade’ to subsequent generations, 
whereby fetal programming could alter later adult 
metabolism, which, in turn, changes the 
physiology of the uterus receiving and 
programming the early embryo of the next 
generation and/or the transplacental metabolic 
signals to the fetus

Figure	1.	The	Vicious	Cycle	of	
Intergenerational	Paternal	Disease	Risk	
Adverse	intrauterine	exposure	(1)	can	impact	the	
development	and	implantation	of	the	embryo,	
ultimately	increasing	disease	risk	in	the	offspring.	
In	addition,	postnatal	environmental	factors	(2)	and	
metabolic	disease	in	adult	life	(3)	also	contribute	to	
epigenetic	changes,	including	alterations	in	the	
germ	cells,	both	sperm	and	oocytes.	Note	that	
germ	cells	can	be	affected	by	both	the	original	
direct	exposure	to	the	embryo,	including	exposure	
to	his	developing	germ	cells	(*),	and	metabolic	
disease	in	the	adult	male,	thus	impacting	subsequent	
generations.	

•  Obesity and related metabolic problems can be 
inherited across generations through non-genetic 
mechanisms as shown by in vitro fertilization 
approaches.

•  Exposure to a high-fat diet modifies egg and sperm 
epigenetic information, rendering progeny more 
prone to obesity.

HOW? 

 
Epigenetic Mechanisms and Transmission of Metabolic 

Disease across Generations? 
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What are the epigenetic mechanisms in germ 
cells that provide this non-DNA sequence 
based molecular legacy of prior environmental 
exposures and influence transcriptional 
regulation, developmental trajectories, and 
adult disease risk in offspring?

 
Epigenetic Mechanisms and Transmission of Metabolic 

Disease across Generations? 
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Metabolic pathways affect epigenetic mechanisms  

=> may disturb chromatin states in germ line or development? 

Figure	1.	The	Vicious	Cycle	of	
Intergenerational	Paternal	Disease	Risk	
Adverse	intrauterine	exposure	(1)	can	impact	the	
development	and	implantation	of	the	embryo,	
ultimately	increasing	disease	risk	in	the	offspring.	
In	addition,	postnatal	environmental	factors	(2)	and	
metabolic	disease	in	adult	life	(3)	also	contribute	to	
epigenetic	changes,	including	alterations	in	the	
germ	cells,	both	sperm	and	oocytes.	Note	that	
germ	cells	can	be	affected	by	both	the	original	
direct	exposure	to	the	embryo,	including	exposure	
to	his	developing	germ	cells	(*),	and	metabolic	
disease	in	the	adult	male,	thus	impacting	subsequent	
generations.	

•	SIRT1	activity	depends	on	NAD+/NADH	ratio	(glycolysis)	
	
•	OGT	(O-linked	N-acetylglucosamine	transferase)	uses	
GlcNAc	(hexosamine	path).		
	
•	Pyruvate	entering	the	tricarboxylic	acid	(TCA)	cycle	
produces	alpha-ketoglutarate,	a	critical	cofactor	for	Jumonji	
domain-containing	histone	demethylase	and	TETs.		
•	Acetyl-CoA	is	converted	from	citrate	generated	by	TCA	cycle	
is	used	as	a	donor	by	histone	acetyltransferases.		
	
•	Increase	in	ATP/ADP	ratio	from	the	TCA	cycle	also	
inactivates	AMPK		(histone	hosphorylation)	

•	SAM	acts	as	a	methyl	donor	for	histone	methyltransferases	
and	TET	-		through	the	coordinate	action	of	the	folate	and	
methionine	cycles,	one-carbon	metabolism	

From Labbé et al, Oncogene 2015
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Metabolic pathways affect epigenetic mechanisms  

=> may disturb chromatin states in germ line or development? 

Figure	1.	The	Vicious	Cycle	of	
Intergenerational	Paternal	Disease	Risk	
Adverse	intrauterine	exposure	(1)	can	impact	the	
development	and	implantation	of	the	embryo,	
ultimately	increasing	disease	risk	in	the	offspring.	
In	addition,	postnatal	environmental	factors	(2)	and	
metabolic	disease	in	adult	life	(3)	also	contribute	to	
epigenetic	changes,	including	alterations	in	the	
germ	cells,	both	sperm	and	oocytes.	Note	that	
germ	cells	can	be	affected	by	both	the	original	
direct	exposure	to	the	embryo,	including	exposure	
to	his	developing	germ	cells	(*),	and	metabolic	
disease	in	the	adult	male,	thus	impacting	subsequent	
generations.	
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Metabolic pathways affect epigenetic mechanisms  

=> may disturb small RNAs in germ line or development? 

Figure	1.	The	Vicious	Cycle	of	
Intergenerational	Paternal	Disease	Risk	
Adverse	intrauterine	exposure	(1)	can	impact	the	
development	and	implantation	of	the	embryo,	
ultimately	increasing	disease	risk	in	the	offspring.	
In	addition,	postnatal	environmental	factors	(2)	and	
metabolic	disease	in	adult	life	(3)	also	contribute	to	
epigenetic	changes,	including	alterations	in	the	
germ	cells,	both	sperm	and	oocytes.	Note	that	
germ	cells	can	be	affected	by	both	the	original	
direct	exposure	to	the	embryo,	including	exposure	
to	his	developing	germ	cells	(*),	and	metabolic	
disease	in	the	adult	male,	thus	impacting	subsequent	
generations.	

Novel epigenetic reprogramming events that occur during 
mammalian spermatogenesis: Transition from a piRNA-
dominated stage of testicular spermatogenesis 
To tRNA fragment (tRF) in epididymal sperm, and a transient 
loss of clustered microRNAs in the caput epididymis. 
(Rando Lab 2018)
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 What is the influence of the environment on epigenetic 

modifications and their transmission? 
Dad’s diet – smRNA methylation signatures in sperm pass on 
disease risk

•  Increasing evidence indicates that metabolic disorders in 
offspring can result from the father’s diet, but the 
mechanism remains unclear. 

•  In a paternal mouse model given a high-fat diet (HFD), we 
showed that a subset of sperm transfer RNA–derived small 
RNAs (tsRNAs), mainly from 5′ transfer RNA halves and 
ranging in size from 30 to 34 nucleotides, exhibited changes 
in expression profiles and RNA modifications. 

•  Injection of sperm tsRNA fractions from HFD males into 
normal zygotes generated metabolic disorders in the F1 
offspring and altered gene expression of metabolic pathways 
in early embryos and islets of F1 offspring, which was 
unrelated to DNA methylation at CpG-enriched regions. 

⇒  sperm tsRNAs represent a paternal epigenetic factor that 
may mediate intergenerational inheritance of diet-induced 
metabolic disorders.

Zhang, Y. et al. Dnmt2 mediates intergenerational transmission of 
paternally acquired metabolic disorders through sperm small non-coding 
RNAs. Nat. Cell Biol. 20, 535–540 (2018).

Changes in tRNA-derived small RNAs 
following a high-fat diet. 

A high-fat diet in mice results in changes in 
tRNA-derived small RNA (tsRNA)
expression profiles as well as increased 
methyl modifications at these tsRNAs, 
which when injected into zygotes result in 
phenotypes associated with metabolic 
disease risk. 

This transmission is prevented in mice 
lacking DNA methyltransferase enzyme 
(DNMT2; Dmnt2−/−)

=> Methyl modifications for tsRNAs are 
required for the transmission of the 
environment memories of a high-fat diet.
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 Mechanisms of environmentally induced epigenetic transmission : 
methylation of RNA not DNA, and not associated with chromatin! 
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Summary: Metabolism and Epigenetic inheritance 

•  Central role for metabolites in many epigenetic processes

•  Eg manipulation of α-KG levels in ESCs affects H3K27 and DNA 
demethylation, but not H3K4 demethylation (Carey et al., 2015) - but nothing is 
known about dietary effects on germ cell or early developental metabolism

•  Many gaps in our ability to predict how diet affects the germline epigenome 
 
•  What are the concentrations of key metabolites in the germ cells of animals 

consuming various diets? Eg when mice are fed diets lacking methyl donors, 
how do levels of SAM change in the testis or ovary? 

•  And which methylases— Dnmts, histone methylases, and/or RNA methylases—
are sensitive to these concentration changes?

•  In most cases (in mammals) these cross-generation effects only proven to be 
short term ie inter-generational 
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 Maternal and Paternal Stress:  

Epigenetic impact across generations? 

Intergenerational	transmission	of	maternal	and	
paternal	stress	can	impact	offspring	
neurodevelopment.		
	
Paternal	stress	exposures	influence	offspring	
outcomes	(left	table),	potentially	through	changes	
in	sperm	epigenetic	marks.	(!!!)	
	
Maternal	stress	during	pregnancy	alters	placental	
signaling	to	reprogram	offspring	
neurodevelopment	
(right	table).		
Few	studies	to	date	have	examined	
maternal	preconception	stress	effects	on	the	
oocyte,	likely	due	to	current	technical	barriers.	
ASD,	autism	spectrum	disorder;	CRF,	
corticotropin-releasing	factor;	GR,	glucocorticoid	
receptor;	HPA,	hypothalamic-pituitary-adrenal;	
PTSD,	posttraumatic	stress	disorder.	
	
NB	Note	that	the	paternal	genome	is	much	more	
likely	to	carry	de	novo	mutations	than	the	maternal	
genome	(Molly	P’s	talks	this	year)	
Genèse	des	mutations	germinales	chez	l'Homme	
Molly	Przeworski	
	

Stress	during	pregnancy	is	associated	with	an	increased	risk	
for	autism	spectrum	disorder,	schizophrenia,	affective	disorders,	
and	attention-deficit/hyperactivity	disorder	in	offspring,	
largely	related	to	the	specific	stage	of	pregnancy	in	which	
stress	experience	occurred	(4).	For	instance,	epidemiological	
and	clinical	studies	report	that	early	pregnancy,	when	epigenomic	
patterning	is	established,	has	the	greatest	impact	on	
offspring	brain	development	(12–16).	Risk	and	outcome	of	
stress	exposure	is	also	related	to	fetal	sex,	such	that	male	
offspring	whose	mothers	experienced	psychological	stress	
during	the	first	and	second	trimesters	show	an	increased	risk	
for	schizophrenia	and	autism	spectrum	disorder	(13–15),	
whereas	female	offspring	exposed	to	high	levels	of	cortisol	
during	early	pregnancy	are	at	higher	risk	for	affective	disorders	
(16).	Moreover,	late	gestation	may	be	a	sensitive	period	
wherein	stress	exposure	can	lead	to	long-term	alterations	in	
cognitive	function	and	risk	for	attention-deficit/hyperactivity	
disorder,	particularly	in	female	offspring	(17–19).	Although	
fetal	development	differs	between	species,	rodent	models	of	
maternal	stress	exposure	are	valuable	for	elucidating	the	
proximate	mechanisms	on	programming	offspring	stress	
sensitivity.	Our	lab	and	others	have	shown	that	stress	during	
early	pregnancy	has	the	greatest	long-term	impact	on	the	
offspring	HPA	stress	axis,	cognitive,	and	metabolic	function,	
particularly	in	male	offspring	(20–25).	
	
Numerous	biological	mechanisms	converge	to	impart	sexspecific	
alterations	on	offspring	neurodevelopment	following	
maternal	stress,	including	effects	on	the	maternal	milieu,	the	For	
instance,	the	placenta	is	a	key	source	of	corticotropinreleasing	
factor	(CRF)	(26),	which	feeds	back	to	both	the	fetal	
and	maternal	pituitary	(27,28).	Placental	CRF	is	critical	for	
regulating	the	fetal	HPA	axis,	and	for	proper	production	of	
glucocorticoids	and	androgens	from	the	fetal	adrenal	gland	
(27,29).	These	steroids	are	necessary	for	organ	maturation	(30).	
Maternal	stress	enhances	placental	CRF	production	and	
signaling,	which	in	turn	modifies	fetal	HPA	feedback	and	
development	(31).	Rodent	studies	using	treatment	with	the	
synthetic	glucocorticoid	dexamethasone	during	pregnancy	
demonstrate	that	potentiation	of	the	maternal	HPA	axis	
reduces	HPA	axis	sensitivity	in	adult	offspring	by	attenuating	
the	expression	of	glucocorticoid	receptors	(GRs)	and	
mineralocorticoid	
receptors	in	the	hippocampus,	and	enhancing	
anxiety-like	behaviors	and	stress	responsivity	(32,33).	
Similar	to	maternal	stress,	maternal	infection	during	pregnancy	
is	associated	with	an	increased	risk	for	autism	spectrum	
disorder	and	schizophrenia,	suggesting	that	these	insults	may	
have	overlapping	mechanisms	that	promote	long-term	
changes	in	development	(34–39).	Interestingly,	rodent	models	
of	maternal	immune	activation	produce	offspring	phenotypes	
similar	to	those	observed	with	maternal	stress	(40).	Both	
maternal	stress	and	infection	promote	an	inflammatory	state	
by	increasing	cytokine	production	during	pregnancy,	weakening	
the	maternal	immune	system	(41).	In	mice,	signaling	of	
the	proinflammatory	cytokine	interleukin-6	is	enhanced	by	
both	of	these	maternal	insults,	and	inhibiting	interleukin-6	
signaling	rescues	the	impact	of	maternal	infection	on	
offspring	development	(42,43).	Prenatal	stress	exposure	
increases	interleukin-6	specifically	within	the	male	placenta	
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 Maternal and Paternal Stress:  

Epigenetic impact across generations? 

Intergenerational	transmission	of	maternal	and	
paternal	stress	can	impact	offspring	
neurodevelopment.		
	
Paternal	stress	exposures	influence	offspring	
outcomes	(left	table),	potentially	through	changes	
in	sperm	epigenetic	marks.	(!!!)	
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corticotropin-releasing	factor;	GR,	glucocorticoid	
receptor;	HPA,	hypothalamic-pituitary-adrenal;	
PTSD,	posttraumatic	stress	disorder.	
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likely	to	carry	de	novo	mutations	than	the	maternal	
genome	(Molly	P’s	talks	this	year)	
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Stress	during	pregnancy	is	associated	with	an	increased	risk	
for	autism	spectrum	disorder,	schizophrenia,	affective	disorders,	
and	attention-deficit/hyperactivity	disorder	in	offspring,	
largely	related	to	the	specific	stage	of	pregnancy	in	which	
stress	experience	occurred		
	
Some	epidemiological	evidence	that	early	pregnancy,	when	epigenomic	patterning	is	established,	has	the	greatest	impact	on	offspring	brain	development.	
	
Risk	and	outcome	of	stress	exposure	is	also	related	to	fetal	sex,	such	that	male	offspring	whose	mothers	experienced	psychological	stress	during	the	first	and	second	trimesters	show	an	increased	risk	for	schizophrenia	and	autism	spectrum	disorder		
whereas	female	offspring	exposed	to	high	levels	of	cortisol	during	early	pregnancy	are	at	higher	risk	for	affective	disorders	
	
Moreover,	late	gestation	may	be	a	sensitive	period	
wherein	stress	exposure	can	lead	to	long-term	alterations	in	
cognitive	function	and	risk	for	attention-deficit/hyperactivity	
disorder,	particularly	in	female	offspring	(17–19).	Although	
fetal	development	differs	between	species,	rodent	models	of	
maternal	stress	exposure	are	valuable	for	elucidating	the	
proximate	mechanisms	on	programming	offspring	stress	
sensitivity.	Our	lab	and	others	have	shown	that	stress	during	
early	pregnancy	has	the	greatest	long-term	impact	on	the	
offspring	HPA	stress	axis,	cognitive,	and	metabolic	function,	
particularly	in	male	offspring	(20–25).	
	
Numerous	biological	mechanisms	converge	to	impart	sexspecific	
alterations	on	offspring	neurodevelopment	following	
maternal	stress,	including	effects	on	the	maternal	milieu,	the	For	
instance,	the	placenta	is	a	key	source	of	corticotropinreleasing	
factor	(CRF)	(26),	which	feeds	back	to	both	the	fetal	
and	maternal	pituitary	(27,28).	Placental	CRF	is	critical	for	
regulating	the	fetal	HPA	axis,	and	for	proper	production	of	
glucocorticoids	and	androgens	from	the	fetal	adrenal	gland	
(27,29).	These	steroids	are	necessary	for	organ	maturation	(30).	
Maternal	stress	enhances	placental	CRF	production	and	
signaling,	which	in	turn	modifies	fetal	HPA	feedback	and	
development	(31).	Rodent	studies	using	treatment	with	the	
synthetic	glucocorticoid	dexamethasone	during	pregnancy	
demonstrate	that	potentiation	of	the	maternal	HPA	axis	
reduces	HPA	axis	sensitivity	in	adult	offspring	by	attenuating	
the	expression	of	glucocorticoid	receptors	(GRs)	and	mineralocorticoid	
receptors	in	the	hippocampus,	and	enhancing	
anxiety-like	behaviors	and	stress	responsivity	(32,33).	
Similar	to	maternal	stress,	maternal	infection	during	pregnancy	
is	associated	with	an	increased	risk	for	autism	spectrum	
disorder	and	schizophrenia,	suggesting	that	these	insults	may	
have	overlapping	mechanisms	that	promote	long-term	
changes	in	development	(34–39).	Interestingly,	rodent	models	
of	maternal	immune	activation	produce	offspring	phenotypes	
similar	to	those	observed	with	maternal	stress	(40).	Both	
maternal	stress	and	infection	promote	an	inflammatory	state	
by	increasing	cytokine	production	during	pregnancy,	weakening	
the	maternal	immune	system	(41).	In	mice,	signaling	of	
the	proinflammatory	cytokine	interleukin-6	is	enhanced	by	
both	of	these	maternal	insults,	and	inhibiting	interleukin-6	
signaling	rescues	the	impact	of	maternal	infection	on	
offspring	development	(42,43).	Prenatal	stress	exposure	
increases	interleukin-6	specifically	within	the	male	placenta	

•  Stress during pregnancy has been proposed to be associated with increased risks for 
autism spectrum disorder, schizophrenia, affective disorders, attention-deficit/
hyperactivity disorders in offspring, -and related to the specific stage of pregnancy in 
which stress experience occurred 

•  Placenta is a key source of corticotropin releasing factor (CRF) which feeds back to 
both the fetal and maternal pituitary

•  How such stress might affect the developing brain epigenetically (eg COURS 2017) and 
whether there is any impact on the germ line remains an area of ongoing research.

The Heritability of Trauma?	



Epigenetic Inheritance vs Behaviour 

Investigation	of	different	tissue	transcriptomes	in	male	and	female	F3	generation	vinclozolin	versus	control	lineage	rats	demonstrated	all	tissues	
examined	had	Transgenerational	transcriptomes.	The	microarrays	from	11	different	tissues	were	compared	with	a	gene	bionetwork	analysis.	
Although	each	tissue	Transgenerational	transcriptome	was	unique,	common	cellular	pathways	and	processes	were	identified	between	the	
tissues.	A	cluster	analysis	identified	gene	modules	with	coordinated	gene	expression	and	each	had	unique	gene	networks	regulating	tissue-
specific	gene	expression	and	function.	A	large	number	of	statistically	significant	over-represented	clusters	of	genes	were	identified	in	the	genome	
for	both	males	and	females.	These	gene	clusters	ranged	from	2-5	megabases	in	size,	and	a	number	of	them	corresponded	to	the	epimutations	
previously	identified	in	sperm	that	transmit	the	epigenetic	Transgenerational	inheritance	of	disease	phenotypes.ont	size=1>	
	
Combined	observations	demonstrate	that	all	tissues	derived	from	the	epigenetically	altered	germ	line	develop	Transgenerational	transcriptomes	
unique	to	the	tissue,	but	common	epigenetic	control	regions	in	the	genome	may	coordinately	regulate	these	tissue-specific	transcriptomes.	This	
systems	biology	approach	provides	insight	into	the	molecular	mechanisms	involved	in	the	epigenetic	Transgenerational	inheritance	of	a	variety	
of	adult	onset	disease	phenotypes.	

Stressors	included:	
36	h	constant	light,	15	min	of	fox	
odor	exposure	(1:10,000	2,4,5-	
trimethylthiazole,	Acros	Organics),	
novel	objects	in	cage	overnight	
(eight	marbles	of	similar	size	and	
color),	5	min	restraint	stress	in	a	
50ml	conical	tube,	novel	white	
noise	overnight	(Sleep	machine,	
Brookstone),	multiple	cage	
changes,	and	water	saturated	
bedding	overnight.	These	mild	
stressors	were	selected	to	be	
nonhabituating	and	to	not	induce	
pain.	We	previously	demonstrated	
that	this	chronic	variable	stress	
paradigm	does	not	affect	maternal	
food	or	water	intake,	weight	gain,	
gestation	length,	litter	size,	or	
postpartum	maternal	behaviors	
(Mueller	and	Bale,	2006).	

Mothers and fathers have tremendous influence on their children 
 

Numerous studies show that maternal behavior/stress clearly has an impact on her progeny 
(parental effects – gene expression changes – not epigenetics) 

           
 
 

Stressed female rats have a reduced maternal licking/grooming and arched back nursing 
(LG-ABN) behaviour towards their neonates.  

A lower level of LG-ABN behaviour resultsin “epigenetic” silencing of the glucocorticoid 
receptor (GR) gene, resulting in fearful behaviour in the F2 generation, and persistence and 

transfer of the phenotype to subsequent generations.  
The acquired phenotype is “epigenetically” maintained in multiple generations.  

However, cross nurturing of the F3 generation born from the low LG-ABN F2 group results 
in hypomethylation of the GR gene and normal LG-ABN behaviour in these rats.  

Therefore, transfer of the acquired epigenetic phenotype is not through gametes and it 
is dependent upon consistency of the environmental condition.  

From http://www.intechopen.com/books/ 

Important to distinguish between epigenetic trans-
generational effect & epigenetic trans-generational 

inheritance. The former is a broad term incorporating all 
phenotypes in following generations that are not 

genetically determined… 

D. Francis, J. Diorio, D. Liu, M.J. Meaney, Nongenomic transmission acrossgenerations of maternal behaviour and stress responses in the rat, Science286 (1999) 1155
Weaver, N. Cervoni, F.A. Champagne, A.C. D’ Alessio, S. Sharma, J.R.Seckl, S. Dymov, M. Szyf, M.J. Meaney, Epigenetic programming by maternal behaviour, Nat. 
Neurosci. 7 (2004) 847–854.
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Stressors	included:	
36	h	constant	light,	15	min	of	fox	
odor	exposure	(1:10,000	2,4,5-	
trimethylthiazole,	Acros	Organics),	
novel	objects	in	cage	overnight	
(eight	marbles	of	similar	size	and	
color),	5	min	restraint	stress	in	a	
50ml	conical	tube,	novel	white	
noise	overnight	(Sleep	machine,	
Brookstone),	multiple	cage	
changes,	and	water	saturated	
bedding	overnight.	These	mild	
stressors	were	selected	to	be	
nonhabituating	and	to	not	induce	
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paradigm	does	not	affect	maternal	
food	or	water	intake,	weight	gain,	
gestation	length,	litter	size,	or	
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(Mueller	and	Bale,	2006).	

Mothers and fathers have tremendous influence on their children 
 

Numerous studies show that maternal behavior/stress clearly has an impact on her progeny 
(parental effects – gene expression changes – not epigenetics) 

               
What about Fathers?  

 
Does a pre- or post-natally stressed father  

(who does not feed or raise the progeny and thus does not impose his behaviour)  
nevertheless give rise to depressed progeny? 

From http://www.intechopen.com/books/ 
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Epigenetic Inheritance vs Behaviour 

Investigation	of	different	tissue	transcriptomes	in	male	and	female	F3	generation	vinclozolin	versus	control	lineage	rats	demonstrated	all	tissues	
examined	had	Transgenerational	transcriptomes.	The	microarrays	from	11	different	tissues	were	compared	with	a	gene	bionetwork	analysis.	
Although	each	tissue	Transgenerational	transcriptome	was	unique,	common	cellular	pathways	and	processes	were	identified	between	the	
tissues.	A	cluster	analysis	identified	gene	modules	with	coordinated	gene	expression	and	each	had	unique	gene	networks	regulating	tissue-
specific	gene	expression	and	function.	A	large	number	of	statistically	significant	over-represented	clusters	of	genes	were	identified	in	the	genome	
for	both	males	and	females.	These	gene	clusters	ranged	from	2-5	megabases	in	size,	and	a	number	of	them	corresponded	to	the	epimutations	
previously	identified	in	sperm	that	transmit	the	epigenetic	Transgenerational	inheritance	of	disease	phenotypes.ont	size=1>	
	
Combined	observations	demonstrate	that	all	tissues	derived	from	the	epigenetically	altered	germ	line	develop	Transgenerational	transcriptomes	
unique	to	the	tissue,	but	common	epigenetic	control	regions	in	the	genome	may	coordinately	regulate	these	tissue-specific	transcriptomes.	This	
systems	biology	approach	provides	insight	into	the	molecular	mechanisms	involved	in	the	epigenetic	Transgenerational	inheritance	of	a	variety	
of	adult	onset	disease	phenotypes.	

• F2 males from fathers that were exposed to pre-natal stress exhibited a female-brain gene expression 
profile and decreased anogenital distance and testis weight:  ‘dysmasculinization’. 
 
• miRNAs targeting b-glycan of the (TGF) b family known to regulate release of gonadal hormones,  
were significantly reduced in the brains of F2 males from fathers that were exposed to prenatal stress.  
 

Stressors	included:	
36	h	constant	light,	15	min	of	fox	
odor	exposure	(1:10,000	2,4,5-	
trimethylthiazole,	Acros	Organics),	
novel	objects	in	cage	overnight	
(eight	marbles	of	similar	size	and	
color),	5	min	restraint	stress	in	a	
50ml	conical	tube,	novel	white	
noise	overnight	(Sleep	machine,	
Brookstone),	multiple	cage	
changes,	and	water	saturated	
bedding	overnight.	These	mild	
stressors	were	selected	to	be	
nonhabituating	and	to	not	induce	
pain.	We	previously	demonstrated	
that	this	chronic	variable	stress	
paradigm	does	not	affect	maternal	
food	or	water	intake,	weight	gain,	
gestation	length,	litter	size,	or	
postpartum	maternal	behaviors	
(Mueller	and	Bale,	2006).	

Precopulatory,	
copulatory,	or	
postcopulatory	
behavior	of	
defeated	male	
might	cause	
increased	female	
stress	perhaps	via	
direct	physical	
aggression/
interaction,	
pheromonal	
signaling,	or	
ultrasonic	
vocalization,	which	
could	conceivably	
indicate	inferiority	
or	a	degree	of	
unfitness.	

Morgan, C.P. and Bale, T.L. (2011) Early prenatal stress epigenetically programs dysmasculinization in second-generation offspring via the 
paternal lineage. J. Neurosci. 31, 11748–11755  
Franklin, T.B. et al. (2010) Epigenetic transmission of the impact of early stress across generations. Biol. Psychiatry 68, 408–415  
Weiss, I.C. et al. (2011) Inheritable effect of unpredictable maternal separation on behavioral responses in mice. Front. Behav. Neurosci. 5, 3  
Pryke, S.R. and Griffith, S.C. (2009) Genetic incompatibility drives sex allocation and maternal investment in a polymorphic finch. Science 
323, 1605–1607 
Dietz, D.M. et al. (2011) Paternal transmission of stress-induced pathologies. Biol. Psychiatry 70, 408–414  

 
It is also important to note 

that depending on the social 
defeat paradigm, the 

experimenter can play a 
significant role in affecting  
the conditions of the test to 

generate the desired 
outcome in resident–

intruder models.  
 

Dietz et al (2011), behavioral changes in progeny from stressed (socially defeated males) 
only present after natural reproduction, and not after IVF… 

 
⇒ Stress-related vulnerabilities are not transmitted to subsequent generations through 

the gametes but rather through the mother’s behavior to her pups - ‘maternal 
provisioning’ - which can be influenced the behavior of her mate (the father) 

Could be via physical aggression, pheromonal signaling, ultrasonic vocalization by the 
stressed male to the female => indicate inferiority or a degree of unfitness leading to 

subsequent decrease in maternal care … 
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 Maternal and Paternal Stress:  

Epigenetic impact across generations? 

Intergenerational	transmission	of	maternal	and	
paternal	stress	can	impact	offspring	
neurodevelopment.		
	
Paternal	stress	exposures	influence	offspring	
outcomes	(left	table),	potentially	through	changes	
in	sperm	epigenetic	marks.	(!!!)	
	
Maternal	stress	during	pregnancy	alters	placental	
signaling	to	reprogram	offspring	
neurodevelopment	
	
Few	studies	to	date	have	examined	
maternal	preconception	stress	effects	on	the	
oocyte,	likely	due	to	current	technical	barriers.	
ASD,	autism	spectrum	disorder;	CRF,	
corticotropin-releasing	factor;	GR,	glucocorticoid	
receptor;	HPA,	hypothalamic-pituitary-adrenal;	
PTSD,	posttraumatic	stress	disorder.	
	
NB	Note	that	the	paternal	genome	is	much	more	
likely	to	carry	de	novo	mutations	than	the	maternal	
genome	(Molly	P’s	talks	this	year)	
Genèse	des	mutations	germinales	chez	l'Homme	
Molly	Przeworski	
	

Stress	during	pregnancy	is	associated	with	an	increased	risk	
for	autism	spectrum	disorder,	schizophrenia,	affective	disorders,	
and	attention-deficit/hyperactivity	disorder	in	offspring,	
largely	related	to	the	specific	stage	of	pregnancy	in	which	
stress	experience	occurred		
	
Some	epidemiological	evidence	that	early	pregnancy,	when	epigenomic	patterning	is	established,	has	the	greatest	impact	on	offspring	brain	development.	
	
Risk	and	outcome	of	stress	exposure	is	also	related	to	fetal	sex,	such	that	male	offspring	whose	mothers	experienced	psychological	stress	during	the	first	and	second	trimesters	show	an	increased	risk	for	schizophrenia	and	autism	spectrum	disorder		
whereas	female	offspring	exposed	to	high	levels	of	cortisol	during	early	pregnancy	are	at	higher	risk	for	affective	disorders	
	
Moreover,	late	gestation	may	be	a	sensitive	period	
wherein	stress	exposure	can	lead	to	long-term	alterations	in	
cognitive	function	and	risk	for	attention-deficit/hyperactivity	
disorder,	particularly	in	female	offspring	(17–19).	Although	
fetal	development	differs	between	species,	rodent	models	of	
maternal	stress	exposure	are	valuable	for	elucidating	the	
proximate	mechanisms	on	programming	offspring	stress	
sensitivity.	Our	lab	and	others	have	shown	that	stress	during	
early	pregnancy	has	the	greatest	long-term	impact	on	the	
offspring	HPA	stress	axis,	cognitive,	and	metabolic	function,	
particularly	in	male	offspring	(20–25).	
	
Numerous	biological	mechanisms	converge	to	impart	sexspecific	
alterations	on	offspring	neurodevelopment	following	
maternal	stress,	including	effects	on	the	maternal	milieu,	the	For	
instance,	the	placenta	is	a	key	source	of	corticotropinreleasing	
factor	(CRF)	(26),	which	feeds	back	to	both	the	fetal	
and	maternal	pituitary	(27,28).	Placental	CRF	is	critical	for	
regulating	the	fetal	HPA	axis,	and	for	proper	production	of	
glucocorticoids	and	androgens	from	the	fetal	adrenal	gland	
(27,29).	These	steroids	are	necessary	for	organ	maturation	(30).	
Maternal	stress	enhances	placental	CRF	production	and	
signaling,	which	in	turn	modifies	fetal	HPA	feedback	and	
development	(31).	Rodent	studies	using	treatment	with	the	
synthetic	glucocorticoid	dexamethasone	during	pregnancy	
demonstrate	that	potentiation	of	the	maternal	HPA	axis	
reduces	HPA	axis	sensitivity	in	adult	offspring	by	attenuating	
the	expression	of	glucocorticoid	receptors	(GRs)	and	mineralocorticoid	
receptors	in	the	hippocampus,	and	enhancing	
anxiety-like	behaviors	and	stress	responsivity	(32,33).	
Similar	to	maternal	stress,	maternal	infection	during	pregnancy	
is	associated	with	an	increased	risk	for	autism	spectrum	
disorder	and	schizophrenia,	suggesting	that	these	insults	may	
have	overlapping	mechanisms	that	promote	long-term	
changes	in	development	(34–39).	Interestingly,	rodent	models	
of	maternal	immune	activation	produce	offspring	phenotypes	
similar	to	those	observed	with	maternal	stress	(40).	Both	
maternal	stress	and	infection	promote	an	inflammatory	state	
by	increasing	cytokine	production	during	pregnancy,	weakening	
the	maternal	immune	system	(41).	In	mice,	signaling	of	
the	proinflammatory	cytokine	interleukin-6	is	enhanced	by	
both	of	these	maternal	insults,	and	inhibiting	interleukin-6	
signaling	rescues	the	impact	of	maternal	infection	on	
offspring	development	(42,43).	Prenatal	stress	exposure	
increases	interleukin-6	specifically	within	the	male	placenta	

The Heritability of Trauma?	
Can We Really Inherit Trauma?

Headlines suggest that the epigenetic marks of 
trauma can be passed from one generation to 
the next. But the evidence, at least in humans, 

is circumstantial at best.	

Study  of  Civil  War  prisoners 
that  came  to  a  remarkable 
conclusion.  Male  children  of 
abused  war  prisoners  were 
about 10 %  more likely to die 
than  their  peers  were,  in  any 
given year after middle age, the 
study reported.

«   The  findings,  the  authors 
concluded, supported an “epigenetic 
explanation.” The idea is that trauma 
can  leave  a  chemical  mark  on  a 
person’s genes, which then is passed 
down to subsequent generations. The 
mark  doesn’t  directly  damage  the 
gene; there’s no mutation. Instead it 
alters  the  mechanism by which the 
gene  is  converted  into  functioning 
proteins, or expressed. The alteration 
isn’t genetic. It’s epigenetic. « 

Costa et al (2018) Inter-
generational transmission of 
paternal trauma among US Civil 
War ex-POWs. 
PNAS 115(44): 11215–11220. 
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for	autism	spectrum	disorder,	schizophrenia,	affective	disorders,	
and	attention-deficit/hyperactivity	disorder	in	offspring,	
largely	related	to	the	specific	stage	of	pregnancy	in	which	
stress	experience	occurred		
	
Some	epidemiological	evidence	that	early	pregnancy,	when	epigenomic	patterning	is	established,	has	the	greatest	impact	on	offspring	brain	development.	
	
Risk	and	outcome	of	stress	exposure	is	also	related	to	fetal	sex,	such	that	male	offspring	whose	mothers	experienced	psychological	stress	during	the	first	and	second	trimesters	show	an	increased	risk	for	schizophrenia	and	autism	spectrum	disorder		
whereas	female	offspring	exposed	to	high	levels	of	cortisol	during	early	pregnancy	are	at	higher	risk	for	affective	disorders	
	
Moreover,	late	gestation	may	be	a	sensitive	period	
wherein	stress	exposure	can	lead	to	long-term	alterations	in	
cognitive	function	and	risk	for	attention-deficit/hyperactivity	
disorder,	particularly	in	female	offspring	(17–19).	Although	
fetal	development	differs	between	species,	rodent	models	of	
maternal	stress	exposure	are	valuable	for	elucidating	the	
proximate	mechanisms	on	programming	offspring	stress	
sensitivity.	Our	lab	and	others	have	shown	that	stress	during	
early	pregnancy	has	the	greatest	long-term	impact	on	the	
offspring	HPA	stress	axis,	cognitive,	and	metabolic	function,	
particularly	in	male	offspring	(20–25).	
	
Numerous	biological	mechanisms	converge	to	impart	sexspecific	
alterations	on	offspring	neurodevelopment	following	
maternal	stress,	including	effects	on	the	maternal	milieu,	the	For	
instance,	the	placenta	is	a	key	source	of	corticotropinreleasing	
factor	(CRF)	(26),	which	feeds	back	to	both	the	fetal	
and	maternal	pituitary	(27,28).	Placental	CRF	is	critical	for	
regulating	the	fetal	HPA	axis,	and	for	proper	production	of	
glucocorticoids	and	androgens	from	the	fetal	adrenal	gland	
(27,29).	These	steroids	are	necessary	for	organ	maturation	(30).	
Maternal	stress	enhances	placental	CRF	production	and	
signaling,	which	in	turn	modifies	fetal	HPA	feedback	and	
development	(31).	Rodent	studies	using	treatment	with	the	
synthetic	glucocorticoid	dexamethasone	during	pregnancy	
demonstrate	that	potentiation	of	the	maternal	HPA	axis	
reduces	HPA	axis	sensitivity	in	adult	offspring	by	attenuating	
the	expression	of	glucocorticoid	receptors	(GRs)	and	mineralocorticoid	
receptors	in	the	hippocampus,	and	enhancing	
anxiety-like	behaviors	and	stress	responsivity	(32,33).	
Similar	to	maternal	stress,	maternal	infection	during	pregnancy	
is	associated	with	an	increased	risk	for	autism	spectrum	
disorder	and	schizophrenia,	suggesting	that	these	insults	may	
have	overlapping	mechanisms	that	promote	long-term	
changes	in	development	(34–39).	Interestingly,	rodent	models	
of	maternal	immune	activation	produce	offspring	phenotypes	
similar	to	those	observed	with	maternal	stress	(40).	Both	
maternal	stress	and	infection	promote	an	inflammatory	state	
by	increasing	cytokine	production	during	pregnancy,	weakening	
the	maternal	immune	system	(41).	In	mice,	signaling	of	
the	proinflammatory	cytokine	interleukin-6	is	enhanced	by	
both	of	these	maternal	insults,	and	inhibiting	interleukin-6	
signaling	rescues	the	impact	of	maternal	infection	on	
offspring	development	(42,43).	Prenatal	stress	exposure	
increases	interleukin-6	specifically	within	the	male	placenta	

The Heritability of Trauma?	

Twin studies from 25 years ago established that 
Post traumatic stress disorder (PTSD) is also 
genetically influenced 

Genome-wide association studies (GWAS) 
encompassing tens of thousands of participants 
enabled the first molecular genetic heritability 
and genetic correlation estimates for PTSD in 
2017. 

In 2018, highly promising loci for PTSD were 
reported, including variants in and near the 
CAMKV, KANSL1, and TCF4 genes (involved 
in brain functions?)

NB Sex differences in PSTD 
(see COURS 2018)
Stress induce TE activation in the brain 
(see COURS 2017)

Genetic predisposition?
Cultural transmission?

« Epigenetic » transmission?
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•  « The question of whether and how the effects of cultural trauma can be transmitted 
intergenerationally from parents to offspring, or even to later generations, has evoked 
interest and controversy in academic and popular forums. 

•  Recent methodological advances have spurred investigations of potential epigenetic 
mechanisms for this inheritance, representing an exciting area of emergent research. 

•  Epigenetics has been described as the means through which environmental influences 
"get under the skin," directing transcriptional activity and influencing the expression or 
suppression of genes. 

•  Over the past decade, this complex environment-biology interface has shown 
increasing promise as a potential pathway for the intergenerational transmission of the 
effects of trauma. »

 
 What is the influence of the environment on epigenetic 

modifications and their transmission? 

Lehrner A, Yehuda R. Cultural trauma and epigenetic inheritance. Dev Psychopathol. 
2018 Dec;30(5):1763-1777. doi: 10.1017/

Many challenges facing research on trauma:
Rather than searching for putative epigenetic mechanisms, the societal 

implications of genetic predispositions and the relevance of cultural 
narratives need to be discussed 

As do the remarkable  possibilities of resilience and adaptivity that 
humans can have!
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 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 

ccc

Environmentally induced epigenetic changes and stochastic epimutations are 
associated with phenotypic plasticity and diversifying bet-hedging respectively. 

Their relative contribution is thus expected to reflect the capacity
of a genotype to face distinct changes since these strategies are differentially
selected according to environmental uncertainty. 

To test the source of epigenetic changes on clonal fish from predictable
(lakes) or unpredictable (intermittent streams) environments. 

DNA methylation of clones from natural conditions revealed contrasting 
contribution of environmentally induced versus stochastic changes according to 
their origins. 

These differences were validated in common garden experiments. Consistent with 
theoretical models, distinct sources of epigenetic variation prevail according to the
environmental uncertainty. However, both sources act conjointly, suggesting
that plasticity and random processes are complementary strategies. This represents
a rigorous approach for further exploring the capacity of organisms to
respond to environmental conditions.
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 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 

ccc

Epigenetic processes extend the phenotypic options of a genotype by fine-tuning gene 
expression and triggering development of alternative phenotypes:  
Development, phenotypic plasticity …

Environmentally-induced and spontaneous stochastic modifications (epimutations) are two 
fundamentally different mechanisms enabling epigenetic variation (COURS I and II)

Environmentally induced epigenetic changes and stochastic epimutations are 
associated with phenotypic plasticity and diversifying bet-hedging respectively. 

Their relative contribution is thus expected to reflect the capacity
of a genotype to face distinct changes since these strategies are differentially
selected according to environmental uncertainty. 

To test the source of epigenetic changes on clonal fish from predictable
(lakes) or unpredictable (intermittent streams) environments. 

DNA methylation of clones from natural conditions revealed contrasting 
contribution of environmentally induced versus stochastic changes according to 
their origins. 

These differences were validated in common garden experiments. Consistent with 
theoretical models, distinct sources of epigenetic variation prevail according to the
environmental uncertainty. However, both sources act conjointly, suggesting
that plasticity and random processes are complementary strategies. This represents
a rigorous approach for further exploring the capacity of organisms to
respond to environmental conditions.

Stochastic epimutation
Upon nutrient starvation (red star), individual yeast 
cells in a population undergo sporulation in an 
unsynchronized fashion (horizontal profiles). 

Bet-Hedging: heterogeneity in sporulation timing is 
linked to expression noise in the master regulator 
Ime1p (Meiosis-inducing protein 1)

This favors the maintenance of non-sporulated cells 
that are pre-adapted in case of reversion to nutrient-rich 
conditions. Environmentally-induced epimutation

Daphina: can grow as parthenogenotes 
Exposure to chemical signals from predators, induces 
protective cranial structures « Helmets » (casques)
Phenotype can be transmitted to subsequent generation in 
absence of predator signal…�
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 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 

ccc

Epigenetic processes extend the phenotypic options of a genotype by fine-tuning gene 
expression and triggering development of alternative phenotypes:  
Development, phenotypic plasticity …

Environmentally-induced and spontaneous stochastic modifications (epimutations) are two 
fundamentally different mechanisms enabling epigenetic variation (COURS I and II)

(1) Environmentally induced epigenetic variation has been proposed to mediate 
phenotypic plasticity: following perception of an environmental signal, specific genes may 
be epigenetically silenced or activated, resulting in a modified and environment-specific 
phenotype (see for example Verhoeven and Preite 2014).
 Phenotypic plasticity would be selected for dealing with predictable environmental changes, for example, 
when environmental conditions change between generations but remain stable within a generation

(2) Stochastic epigenetic changes can also result in the production of different phenotypes 
(eg Cubas et al. 1999; Miura et al. 2009) - epimutations can be 104 times higher than somatin 
mutations, can vary  a lot and can increase in some cases under environmental stress 
Bet hedging could be selected for unpredictable environmental changes - risk-spreading strategy is based 
on the stochastic production of phenotypically variable offspring, irrespective of environmental conditions 
(Slatkin 1974; Veening et al. 2008; de Jong et al. 2011)

 

Environmentally induced epigenetic changes and stochastic epimutations are 
associated with phenotypic plasticity and diversifying bet-hedging respectively. 

Their relative contribution is thus expected to reflect the capacity
of a genotype to face distinct changes since these strategies are differentially
selected according to environmental uncertainty. 

To test the source of epigenetic changes on clonal fish from predictable
(lakes) or unpredictable (intermittent streams) environments. 

DNA methylation of clones from natural conditions revealed contrasting 
contribution of environmentally induced versus stochastic changes according to 
their origins. 

These differences were validated in common garden experiments. Consistent with 
theoretical models, distinct sources of epigenetic variation prevail according to the
environmental uncertainty. However, both sources act conjointly, suggesting
that plasticity and random processes are complementary strategies. This represents
a rigorous approach for further exploring the capacity of organisms to
respond to environmental conditions.

Variation in the predictability of environmental conditions may be encountered, 
compromise between plasticity and bet-hedging strategies may be optimal.
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Phenotypic plasticity in Bacteria: bet hedging and epigenetics 

Adapt and survive: bacteria such as Paenibacilla 
promote crop growth 
New Scientist Dec. 5th 2018 - Soonhee Moon/Tal Danino

Bacterial World, Oxford University Museum of 
Natural History, to 28 May 2019

Inducible and reversible phenotypic switching in 
Paenibacillus dendritiformis 

Phase variation in Bacteria:

Genetic or Epigenetic? Can be BOTH!

Be’er et al 201, Mbio.;2(3):e00069-11. doi: 10.1128/mBio.
00069-11. 
Natural habitats vary in available nutrients and room for 
bacteria to grow, but successful colonization can lead to 
overcrowding and stress. Here we show that competing 
sibling colonies of Paenibacillus dendritiformis bacteria 
survive overcrowding by switching between two distinct 
vegetative phenotypes, motile rods and immotile cocci. 
Growing colonies of the rod-shaped bacteria produce a toxic 
protein, Slf, which kills cells of encroaching sibling colonies. 
However, sublethal concentrations of Slf induce some of the 
rods to switch to Slf-resistant cocci, which have distinct 
metabolic and resistance profiles, including resistance to cell 
wall antibiotics. Unlike dormant spores of P. dendritiformis, 
the cocci replicate. If cocci encounter conditions that favor 
rods, they secrete a signaling molecule that induces a switch 
to rods. Thus, in contrast to persister cells, P. dendritiformis 
bacteria adapt to changing environmental conditions by 
inducible and reversible phenotypic switching.
IMPORTANCE:
In favorable environments, species may face space and 
nutrient limits due to overcrowding. Bacteria provide an 
excellent model for analyzing principles underlying 
overcrowding and regulation of density in nature, since their 
population dynamics can be easily and accurately assessed 
under controlled conditions. We describe a newly discovered 
mechanism for survival of a bacterial population during 
overcrowding. When competing with sibling colonies, 
Paenibacillus dendritiformis produces a lethal protein (Slf) 
that kills cells at the interface of encroaching colonies. Slf 
also induces a small proportion of the cells to switch from 
motile, rod-shaped cells to nonmotile, Slf-resistant, 
vegetative cocci. When crowding is reduced and nutrients are 
no longer limiting, the bacteria produce a signal that induces 
cocci to switch back to motile rods, allowing the population 
to spread. Genes encoding components of this phenotypic 
switching pathway are widespread among bacterial species, 
suggesting that this survival mechanism is not unique to P. 
dendritiformis.

From Wiki
https://en.wikipedia.org/wiki/Paenibacillus_dendritiformis

Morphotype transition
The P. dendritiformis, poses an intriguing collective faculty – the ability 
to switch between different morphotypes[14][15][26] to better adapt in 
complex environments. Mostly studied is the transition between the 
Branching (or tip-splitting) morphotype (Figure 1) and the Chiral 
morphotype (Figure 2) that is marked by curly branches with well 
defined handedness. 
The morphotype transition (Figure 3), can be viewed as an identity 
switching[14][15][26][27][28] – the calls can cooperatively make drastic 
alterations of their internal genomic state, effectively transforming 
themselves into differently looking and behaving cells which can 
generate colonies with entirely different organization. Under conditions 
somewhat more favorable to motion, such as growth on a softer 
substrate, the bacteria engineer classes of chiral colony patterns in 
which the branches are thinner and curl in the same direction (Figure 
2). Accompanying the colonial structure is a designed genome 
change: the bacteria are now programmed to become longer and 
have multiple chromosomes. The morphotype transition are both 
inheritable - the identity is maintained during LB growth and even 
through sporulation/germination, and reversible – for example the 
reverse transitions from chiral to ordinary branching occur on harder 
substrates (when higher bacteria densities are required to produce 
sufficient amounts of lubrication). Optical microscope observations 
during colony development reveal the following: upon elongation, the 
cells alter their collective movement from the typical run-and-tumble to 
a coordinated forward-backward movement with limited tumbling. 

From Wiki
https://en.wikipedia.org/wiki/Paenibacillus_dendritiformis

Similar to other social bacteria Paenibacillus species, P. dendritiformis 
can form complex patterns on semi-solid surfaces. Development such 
complex colonies require self-organization and cooperative behavior of 
individual cells while employing sophisticated chemical 
communication.[14][15][16][17][18] Pattern formation and self-organization 
in microbial systems is an intriguing phenomenon, reflection social 
behaviors of bacteria[17][19] that might provide insights into the 
evolutionary development of the collective action of cells in higher 
organisms.[20][21][22][23][24] 

P. dendritiformis colonies behave much like a multi-cellular 
organism, with cell differentiation and task distribution.[17][18][20][24] 
Accomplishing such intricate cooperative ventures requires 
sophisticated cell-cell communication[14][16][17][22][25]. Communicating 
with each other using a variety of chemical signals, bacteria exchange 
information regarding population size, a myriad of individual 
environmental measurements at different locations, their internal states 
and their phenotypic and epigenetic adjustments. The bacteria 
collectively sense the environment and execute distributed information 
processing to glean and assess relevant information. The information is 
then used by the bacteria for reshaping the colony while redistributing 
tasks and cell epigenetic differentiations, for collective decision-making 
and for turning on and off defense and offense mechanisms needed to 
thrive in competitive environments, faculties that can be perceived as 
social intelligence of bacteria.[17] 

low concentrations of IPTG, a subpopulation of cells is able to
maintain the fully induced state (34). Maintenance occurs
because fully induced cells have a high level of !-galactoside
permease in their membrane. The permease transports IPTG,
providing a high internal concentration of inducer, which
maintains full induction (32, 34). The positive feedback loop in
this system is that a high level of permease is required to con-
centrate IPTG in the cell, and high internal IPTG levels are
required for high levels of permease synthesis (34). In other
cells, however, a decrease in the internal concentration of
inducer will reduce permease synthesis, which in turn will
cause further reduction in the internal concentration of IPTG,
driving the cell toward the repressed state via binding of the
LacI repressor. The overall consequence is that a fully induced
population bifurcates into two bistable states: fully induced and
uninduced (repressed) (32–34).
Errorsmade during transcription can also provide signals for

epigenetic switching in the E. coli lac operon (35). An increased
error rate during transcription, caused either bymutations that
reduce transcription fidelity of RNA polymerase or by the
absence of transcription fidelity factors GreA and GreB,
increases switching of the lac operon from the off state (unin-
duced) to the on state (induced) (35). The interpretation is that
errors in lacImRNA synthesis cause a transient decrease in the
Lac repressor level, which permits switching to the on state (35,
36). Note that an uninduced E. coli cell contains!10molecules
of the Lac repressor, an amount small enough to make the sys-
tem noisy and therefore metastable. Perturbation of this deli-
cate equilibriumby transcription inaccuracy can switch the sys-
tem to the on state. Even though the decrease in the Lac
repressor concentration is transient, synthesis of permease will
generate a positive feedback loop that will maintain in the on
state in certain cells (34). Lac bistability is not observed in cells
containing a 10-fold higher Lac repressor level, consistent with
the hypothesis that switching occurs only under conditions in
which repressor levels are subsaturating.
Another classical example of bistability occurs in B. subtilis.

Upon entry into stationary phase, a fraction of B. subtilis cells
acquire the capacity to take up DNA, a phenomenon known as
competence (10). A crucial factor for competence development
is accumulation of ComK, which activates genes required for
DNA uptake as well as the comK gene itself (37). During expo-
nential growth, ComK is synthesized but degraded. When the
culture approaches stationary phase, a quorum sensing-related

factor stabilizes ComK (38, 39). At that moment, a competition
is initiated between several repressors andComK for binding to
regulatory regions of the comK promoter (40, 41). Binding of
ComK initiates a positive feedback loop, leading to increased
synthesis of ComK and subsequent transcription of compe-
tence genes. Binding of the repressors inhibits comK expression
and prevents competence. A crucial property for bifurcation of
the population into two subpopulations is that the level of
ComK in individual cells fluctuates, generating stochastic
noise.When the ComK level reaches a threshold in a B. subtilis
cell, a quantitative difference becomes qualitative: the ComK
positive feedback loop will be activated, and competence will
develop (42–44). Development of competence thus occurs in
cells that undergo a small but critical increase in ComK con-
centration (Fig. 2). In turn, comK will be repressed in cells in
which the ComK level remains below the threshold, and they
will not develop competence (Fig. 2) (43).

Formation of Epigenetic Lineages by a Double-negative
Feedback Loop

Infection of E. coli by bacteriophage " can follow two devel-
opmental programs.One is lysis of the bacterial cell; the other is
lysogeny, a symbiosis-like association inwhich the phage enters
a dormant state. Although the lysis/lysogeny decision is influ-
enced by the physiological state of the cell and by environmen-
tal factors, the fate of individual infections is unpredictable and
may be considered stochastic (33, 45, 46). Phage " has two
repressors, cI and Cro, each of which represses expression of
the other. At the onset of infection, both repressors are pro-
duced, and the lysis/lysogeny decision may be viewed as a
repressor race: the repressor that first occupies specific regula-
tory DNA sites in " DNAwill repress synthesis of its antagonist
(45). If the winner is Cro, synthesis of cI will be repressed, and "
will lyse the host cell (Fig. 2). If the winner is cI, synthesis of Cro
will be repressed, and"will lysogenize the cell (Fig. 2) (45).Note
that the outcomes of a positive feedback loop and a double-
negative feedback loop are analogous (22, 33). In the case of ",

FIGURE 1. Left panel, Waddington’s artistic drawing of an “epigenetic land-
scape” as a ball that falls to stable valleys from unstable ridges (adapted from
Ref. 1). Right panel, bistability viewed as the fall of a ball from an unstable state
on a ridge to a stable state in a valley. In phase variation, the valley state is
metastable, and the ball periodically returns to the ridge.

FIGURE 2. A, competence development in B. subtilis, an example of bistability
created by a positive feedback loop. B, the lysis/lysogeny decision in bacte-
riophage ", an example of bistability created by a double-negative feedback
loop.
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COURS	V	(lors	du	Colloque)	



Epigenetic variations may be involved in the control of plant developmental 
processes and participate in shaping phenotypic plasticity to the environment. 

Intense breeding has eroded genetic diversity, and epigenetic diversity may be a 
new source of phenotypic variation to improve adaptation to changing 
environments and ensure the yield and quality of crops. 

Epigenetic diversity may increase the productivity and stability of 
plant populations?

Biological diversity within species can be an important driver of population and ecosystem 
functioning. Until now, such within-species diversity effects have been attributed to underlying 
variation in DNA sequence. However, within-species differences, and thus potentially 
functional biodiversity, can also be created by epigenetic variation. 

Epigenetic diversity increases the productivity and stability of plant populations. 
Epigenetically diverse populations of Arabidopsis thaliana produce up to 40% more biomass than 
epigenetically uniform populations. The positive epigenetic diversity effects are strongest when populations 
are grown together with competitors and infected with pathogens, and they seem to be partly driven by 
complementarity among epigenotypes. 

Need to re-evaluate previous within-species diversity studies where some effects could reflect epigenetic 
diversity; second, we need to incorporate epigenetics into basic ecological research, by quantifying natural 
epigenetic diversity and testing for its ecological consequences across many different species.

(Bosdorff 2013)

E. Heard, December 2018 



Epigenetic diversity may increase the productivity and stability of 
plant populations?

E. Heard, December 2018 

Improved salt resistance of progeny from 
parents exposed to hyperosmotic stress in the 
next generation (but not beyond)	

A TE insertion enables plants to 
skip the vernalization 
requirement and to flower in 
response to extreme heat-stress
Quadrana, Colot (unpublished)	
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 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 
•  « Phenotypic plasticity" enables individual animals to alter their appearance or 

behavior enough to survive in a new environment. 
•  Eventually, new adaptations promoting survival arise in the population through 

genetic changes and natural selection, which acts on the population over generations. 
•  Known as the "Baldwin effect" after the psychologist James Mark Baldwin, who 

presented the idea in 1896.
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 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 

•  Individual side-blotched lizards can change colors in a new environment  - darker on lava, lighter on sand –  in weeks
•  Epigenetic mechanisms?  not known
•  PREP and PRKA1A genes regulate coloration and differ between populations on and off the lava
•  Mutations in the population adapted to the lava flow make these lizards darker than others. 
•  One of the most detailed example of the Baldwin effect occurring in a wild population.

Some	lizards	switch	from	light	to	dark	between	
sandy	and	lava	surfaces	in	the	lab	
Both	varieties	can	adjust	their	colors	to	match	
their	new	surroundings	in	
just	a	few	weeks.		
Some	lizards	from	a	sandy	environment	did	
not	get	as	dark	on	lava	as	the	regular	lava	
dwellers,	suggesting	a	genetic	difference	in	the	
lizards’	ability	to	change	color.	



Developmental	plasticity	and	evolution.	Oxford	
University	Press,	New	York.	

 
 

•  Can acquired traits be inherited? (as posited by Lamarck?!) 
•  No – phenotypic plasticity is DNA sequence based (transcriptional noise, 

epimutations) and is in itself an adaptive trait 
•  In some environments when an “acquired” trait does become permanent, it is due 

to mutations that “fixed” the plastic trait— genetic assimilation. 
•  Mary Jane West-Eberhard suggested in 2003 (based on work on wasps, and 

butterflies) that phenotypic plasticity might set the stage for permanent 
adjustments: some of those genetic changes would simply increase the proportion 
of the most flexible individuals, while others might favor a specific trait. 

Lamarck was right in emphasizing that 
fast, flexible responses to the 
environment— ie phenotypic plasticity— 
can drive lasting change 
However mutations must fix these 
changes:
⇒ Mutations are still important drivers 

of evolution
⇒ Responses to the environment may  be 

the precursors and the mutations are 
followers…?

 
 The role of Epigenetics in Phenotypic Plasticity and the 

Evolution of Adapative Responses 



 
 Biodiversity – from genotype to phenotypes :  

The role of epigenetics?  
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

Selected for in the course of Evolution
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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.

•  Biodiversity within species (phenotypic variation) regarded with some suspicion as 
genetic determinism prevailed…

•  Most species can display some degree of phenotypic plasticity

•  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 evolution

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

•  Understanding this level of biodiversity will be key to understand life, and how it 
can (or cannot) adapt to the rapid, manmade changes we are imposing. 
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Environmentally induced epigenetic changes and stochastic epimutations are 
associated with phenotypic plasticity and diversifying bet-hedging respectively. 

Their relative contribution is thus expected to reflect the capacity
of a genotype to face distinct changes since these strategies are differentially
selected according to environmental uncertainty. 

To test the source of epigenetic changes on clonal fish from predictable
(lakes) or unpredictable (intermittent streams) environments. 

DNA methylation of clones from natural conditions revealed contrasting 
contribution of environmentally induced versus stochastic changes according to 
their origins. 

These differences were validated in common garden experiments. Consistent with 
theoretical models, distinct sources of epigenetic variation prevail according to the
environmental uncertainty. However, both sources act conjointly, suggesting
that plasticity and random processes are complementary strategies. This represents
a rigorous approach for further exploring the capacity of organisms to
respond to environmental conditions.

Cariation in the predictability of environmental conditions may be encountered, 
compromise between plasticity and bet-hedging strategies may be optimal.

 
 Synthesizing the role of epigenetics in the response and adaptation of 

species to climate change in freshwater ecosystems 

Freshwater	ecosystems	are	amongst	the	most	threatened	ecosystems	on	Earth.	Currently,	
climate	change	is	one	of	the	most	important	drivers	of	freshwater	transformation	
and	its	effects	include	changes	in	the	composition,	biodiversity	and	
functioning	of	freshwater	ecosystems.	Understanding	the	capacity	of	freshwater	
species	to	tolerate	the	environmental	fluctuations	induced	by	climate	change	is	critical	
to	the	development	of	effective	conservation	strategies.	In	the	last	few	years,	
epigenetic	mechanisms	were	increasingly	put	forward	in	this	context	because	of	
their	pivotal	role	in	gene–environment	interactions.	In	addition,	the	evolutionary	role	
of	epigenetically	inherited	phenotypes	is	a	relatively	recent	but	promising	field.	
Here,	we	examine	and	synthesize	the	impacts	of	climate	change	on	freshwater	
ecosystems,	exploring	the	potential	role	of	epigenetic	mechanisms	in	both	shortand	
long-term	adaptation	of	species.	Following	this	wrapping-up	of	current	evidence,	
we	particularly	focused	on	bringing	together	the	most	promising	future	
research	avenues	towards	a	better	understanding	of	the	effects	of	climate	change	
on	freshwater	biodiversity,	specifically	highlighting	potential	molecular	targets	and	
the	most	suitable	freshwater	species	for	future	epigenetic	studies	in	this	context.	



 
 CHAIRE ÉPIGÉNÉTIQUE ET MÉMOIRE CELLULAIRE 

 
 Année 2018-2019:  

“Épigénétique, Environnement et Biodiversité” 
 COURS V et COLLOQUE

8 et 9 Avril 2019 


