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Current and future research interests

I'm currently working with the �lamentous fungus Neurospora
crassa

Role of epigenetic mechanisms in phenotypic plasticity and
transgenerational e�ects

Epigenetic changes that occur during adaptation

Characterization of the properties of epigenetic changes (in the
future)
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Introduction

This talk is about role of epigenetics and adaptation

We have investigated this with models and experiments

Mostly based on work with Sineád Collins in Edinburgh
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What is epigenetics?

There are many types of non-genetic inheritance
I I'm focusing on chromatin changes

De�nition

Changes in gene transcription through modulation of

chromatin, which are not caused by changes in DNA

sequence

Allis et al. (Eds.) 2009. Epigenetics
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Epigenetics

DNA methylation
I Cytosine methylation
I Adenosine methylation (also in eukaryotes: �ies, worms, and

algae)

Histone modi�cations / small RNA's
I Histone methylation (di�erent residues)
I Small RNA's
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Inheritance of DNA methylation

Mechanism is clear, most DNA methylation occurs in symmetric CG
context, after DNA replication hemimethylated sites are recognized
and methylated

Not all methylation is reset in meiosis

Lot of variation in resetting, plants vs. animals
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Alleles based on DNA methylation
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Inheritance of histone modi�cations and RNA's

Mechanism of inheritance of
histone marks is not clear

Di�erent hypotheses have
been proposed

There is evidence that histone
modi�cations and small
RNA's form a positive
feedback loop
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Epigenetic inheritance
Article
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SUMMARY

The global rise in obesity has revitalized a search
for genetic and epigenetic factors underlying the
disease. We present a Drosophila model of pater-
nal-diet-induced intergenerationalmetabolic reprog-
ramming (IGMR) and identify genes required for its
encoding in offspring. Intriguingly, we find that as lit-
tle as 2 days of dietary intervention in fathers elicits
obesity in offspring. Paternal sugar acts as a physio-
logical suppressor of variegation, desilencing chro-
matin-state-defined domains in both mature sperm
and in offspring embryos. We identify requirements
for H3K9/K27me3-dependent reprogramming of me-
tabolic genes in two distinct germline and zygotic
windows. Critically, we find evidence that a similar
system may regulate obesity susceptibility and
phenotype variation in mice and humans. The find-
ings provide insight into the mechanisms underlying
intergenerational metabolic reprogramming and
carry profound implications for our understanding
of phenotypic variation and evolution.

INTRODUCTION

Global incidence of obesity is approaching 1 billion humans.

Though poorly understood, parental and fetal nutritional states

have been shown to generate reproducible offspring phenotypes,

including obesity. Studies inmultiple model organisms have been

used to examine intergenerational metabolic effects (Braunsch-

weig et al., 2012; Ozanne et al., 1999; Morgan et al., 1999;

Buescher et al., 2013; Rechavi et al., 2014). Maternal and paternal

induction of intergenerational responses have been reported, and

a variety of macronutrient and timing interventions have been

used, including short- and long-term fasting (Anderson et al.,

2006), calorie restriction (Blondeau et al., 2002; Jimenez-Chillaron

et al., 2009), and modulation of dietary protein (Ozanne et al.,

1999), fat (Gniuli et al., 2008; Dunn and Bale, 2009), and methyl-

donor content (Wolff et al., 1998;Waterland et al., 2006; reviewed

inDaxinger andWhitelaw, 2012;Patti, 2013).Of note, althoughnot

understood, divergent physiological extremes can prompt similar

offspring phenotypes, so called ‘‘U-shaped’’ responses.

Intergenerational effects transmitted via the male germline

have received recent attention. Because father-to-offspring

transmission excludes difficult to control oocyte and gestational

effects, mechanistic dissections are simplified. Studies have de-

monstrated paternal transmission of tumor susceptibility (Anway

et al., 2005; Xing et al., 2007), of heat-shock-induced epigenetic

memory (Seong et al., 2011), of olfaction-dependent behavioral

and neural phenotypes (Dias and Ressler, 2014), and of meta-

bolic control (Anderson et al., 2006; Fullston et al., 2013; Carone

et al., 2010; Ng et al., 2010; reviewed in Rando, 2012).

Mechanistically, imprinting, altered DNA methylation, histone

modifications, and noncoding RNA transcripts have been impli-

cated in inter/transgenerational phenotype transmission. Adi-

posity of genetically identical agouti mouse siblings correlates

with IAP DNAmethylation (Morgan et al., 1999); DNAmethylation

correlates with endocrine disruptor and nutrient induced inter/

transgenerational phenotypes (Anway et al., 2005; Carone

et al., 2010; Radford et al., 2014), and there is evidence of

RNA-dependent transmission (Gapp et al., 2014; Rechavi

et al., 2014; Kiani et al., 2013; Rassoulzadegan et al., 2006). In

C. elegans and Drosophila, research has focused on small non-

coding RNAs and chromatin organization (Seong et al., 2011;

Shirayama et al., 2012; Lee et al., 2012; Greer et al., 2011;

Ashe et al., 2012). Despite these advances, however, our under-

standing of the initiation, transmission, and stabilization of trans/

intergenerational phenotypes remains largely a black box.

Here, we present a Drosophila model of paternal interge-

nerational metabolic reprogramming (IGMR) and identify

1352 Cell 159, 1352–1364, December 4, 2014 ª2014 Elsevier Inc.

Öst et al. 2014 Cell

In �ies, the diet of fathers in�uenced o�spring triglyceride content,
and histone methylation was required for this response.
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Transgenerational inheritance
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Summary: Epigenetic variation
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Spontaneous epigenetic variation

Random with respect to �tness

Changes happen because of biochemical errors in propagation

Analogous to genetic mutations

For the remainder of this talk, I'll focus on spontaneous epigenetic
variation (aka 'pure epigenetic variation')
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DNA methylation changes in Arabidopsis

At the moment, the best characterised epigenetic changes are
DNA methylation changes in the plant Arabidopsis thaliana

Becker et al. 2011; Schmitz et al. 2011; van der Graaf et al.
2015

Rate of DNA methylation changes in Arabidopsis

Forward mutation rate 2.56× 10−4 per site per generation

Backmutation rate 6.30× 10−4 per site per generation

Contrast to genetic mutation rate of 7× 10−9 per site per
generation
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Why epigenetics?

Why is an evolutionary biologist interested in epigenetics?
I Some epigenetic changes can be inherited
I Thus they can potentially be under selection
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Epigenetics and evolution

Chemical basis of heredity itself does not matter in evolution.
Epigenetics will only make a di�erence for evolution if:

Epigenetic inheritance has di�erent properties than genetic
inheritance

I There is some evidence that rates of DNA methylation change

are very high
I Di�erent distribution of e�ects?
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A simple model

Let's start with a very simple model, using the standard equations of
population genetics
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A simple model

Scenario: There is an environmental change that requires
silencing of a formerly constitutively expressed gene

1 locus, 3 allele system

mRNA

Ancestral allele

CHCH CH

Epigenetic allele Genetic allele

Assumption: previously reported Arabidopsis mutation rates used
here, �tness of ancestral allele is 1− s, where s = 0.05
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A simple model

Allele frequencies change due to mutation and selection, according to
standard equations written in matrix form for multiple alleles:

∆~p = ∆~psel + ∆~pmut
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A simple model
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Adding some complexity

Similar dynamics occurs with multiple loci on N-K �tness
landscapes

Epigenetic variation allows faster peak shifts

Klironomos et al., 2013. How epigenetic mutations can a�ect
genetic evolution: Model and mechanism. BioEssays
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Adding some complexity

Kronholm & Collins, 2016. Epigenetic mutations can both help
and hinder adaptive evolution. Molecular Ecology

Individual based simulations

Arbitrary mutational e�ects using Fisher's geometric model
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Adaptive walks with epigenetic variation

Similar dynamics observed in
this model

Epigenetic variation can
speed up adaptation

0 1000 2000 3000 4000 5000

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

Generations

F
itn

es
s

gen
gen + epi

Nu_gen = 10

Nu_gen = 10, Nu_epi = 90, u_eb = 0.02

Ilkka Kronholm (University of Jyväskylä) Epigenetic variation and adaptation 28.09.2018 30 / 52



Adaptive walks with epigenetic variation

Epigenetic variation is used
initially and then lost
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Adaptive walks with epigenetic variation

Results

Stability of epigenetic changes is important
I Reversion rate has to be below 0.1 for epigenetic mutations to

contribute

Phenotypic e�ects of epigenetic mutations are important
I If mutational supplies of genetic and epigenetic mutations are

equal, epigenetic variation is only bene�cial if phenotypic e�ects

are smaller

Epigenetic changes tend to replaced by genetic changes
I This process is driven by reversion rate of epimutations and is

slow
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Distribution of phenotypic e�ects

Are the distributions of phenotypic e�ects di�erent for genetic and
epigenetic mutations?

Epigenetic mutations can
I Change gene expression (silence, activate, �ne-tune)

Genetic mutations can
I Change gene expression (silence, activate, �ne-tune)
I Change regulation (add or delete cis-regulatory elements)
I Change protein structure
I Change copy number (gene duplications, deletions, even whole

genome duplication)
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Distribution of phenotypic e�ects

Based on this argument, one
would expect that phenotypic
e�ects of epigenetic
mutations are a some subset
of the phenotypic e�ects of
genetic mutations
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We don't know these distributions empirically
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Experimental test

Making models is �ne, but does epigenetics actually matter in
adaptation?

We did an evolution experiment with the single celled algae
Chlamydomonas reinhardtii

Kronholm et al., 2017. Epigenetic and genetic contributions to
adaptation in Chlamydomonas. Molecular Biology and Evolution
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The experiment

We let experimental populations of algae adapt to di�erent
environments

I High NaCl
I High CO2

I Low P

We manipulated epigenetic variation chemically
I Demethylating agents + deacetylation inhibitor

We sequenced the genomes and methylomes for some adapted
populations
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The experiment

  

~ 200
generations
of selection

Control High CO
2

Low P High NaCl

Control Methylation Methl. + deacetylation

Are there differences when we manipulate epigenetics?

Wild type, epi mutant, UV-radiated genotype

Environments

Chemical treatments



The experiment

Di�erent environments, chemical treatments within
environments, and di�erent strains within chemical treatments

No variation at the start of the experiment (single clone)

Populations went through ∼ 200 generations of batch transfer

Control populations for increased mutation rate

Growth rates assayed at the end of the experiment
I Relative to populations evolved in the control environment and

corresponding treatment
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Phenotypic results: High NaCl environment

Control populations adapted
the most

Chemical manipulation
decreases the amount of
adaptation

Ilkka Kronholm (University of Jyväskylä) Epigenetic variation and adaptation 28.09.2018 40 / 52



Phenotypic results: High CO2 environment

Growth rate of control
populations evolved in high
CO2 goes down

I This is actually adaptation!
I This has been shown in

multiple experiments and

with di�erent species of

algae

Thus chemical manipulation
also decreases adaptation
here
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Phenotypic results: Low P environment

There was adaptation to low
P environment

Chemical manipulation did
not have an e�ect

Many extinctions in this
environment
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Summary of results

We could not explain our results by chemical toxicity
I No di�erences in numbers of generations among chemical

treatments

Or increased mutation rate
I Demethylating agents are mutagenic and adaptation in high

NaCl is mutation limited, but treatments decrease adaptation
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Sequencing results

We sequenced the genomes (18 clones) and methylomes (13
clones) of clones sampled from the evolved populations
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Genetic mutations

Multiple mutations were detected

Many in genes of unknown function

Adaptation to common laboratory environment
I Mutations in �agellar genes

In high NaCl environment, gene with a chloride channel domain

In high CO2 environment, nothing obviously related to CO2
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DNA methylation

For DNA methylation, we focused in longer stretches of
methylation

I Di�erentially methylated regions (DMRs)
I Median length: 61 bp, range: 9 to 1150 bp
I These are more likely to be functional than changes in

methylation of single cytosines
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Clustering of DMRs
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Gene ontology term enrichment in DMRs

Certain GO terms were enriched in DMRs that changed during
the experiment

Adaptation to common laboratory environment
I Methylation changes in genes possibly involved aminoglycan

metabolic processes

In high NaCl environment
I GO term: transmembrane transport (p = 0.013) enriched in

DMRs

In high CO2 environment
I GO term: membrane depolarization was enriched (p = 3.2

×10−4) due to DMRs in genes that are voltage gated Ca+2

channels
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Summary

Both genetic mutations and methylation changes occurred
during the experiment

Genetic mutations could not explain methylation changes
I We would need to invoke unique trans-acting mutations in each

clone

Some methylation changes could be plastic responses to
environment, but they were not consistent

Overall, results indicate that epigenetic changes contribute to
adaptation in Chlamydomonas
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Open questions

Many open question remain:

How much of epigenetic variation is under genetic control?

How much of it a�ects the phenotype?
I (Large?) part of it must be neutral

For DNA methylation: functional importance of individual
cytosines vs. larger regions

Di�erences between di�erent epigenetic marks and di�erent
species

I Epigenetic mechanisms in fungi, plants, and animals do not work

the same way
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the same way
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Conclusions

Epigenetic variation can in�uence adaptation

This depends on the properties of epigenetic variation

Important properties of epigenetic variation

Rate of epigenetic changes

Stability of epigenetic changes

Distribution of their phenotypic e�ects

To integrate epigenetic changes into evolutionary theory we need to
understand these factors

End of presentation: What questions do you have?
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