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4 mars 
Cours 1: Introduction
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Cours 2: Comment l'environnement influence-t-il les phénotypes ?
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Cours 4: Exemples d’impacts environnementaux sur le règne végétal
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environnement



E. Heard

Epigenetics at the interface of the 
organism and its environment

Although American biologist Eugene Stoermer coined the term 
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 Epigenetic modifications are sensitive to environmental 
stimuli, transmissible and potentially heritable



• 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….

E. Heard, 

Can the environment induce epigenetic memory 
across generations? How “adaptive” is this?
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Human-driven impact on life on earth

The speed of environmental 
changes, due to the impact of 
humans through farming, 
deforestation, chemical pollution 
and fossil fuels that induce 
climate change, is threatening 
biodiversity: ecosystems are 
being destroyed and some life 
forms are unable to adapt and 
are lost. Major impact for human 
health and human economies.

Although American biologist Eugene Stoermer coined the term 

Rapidly changing environments and their impact on organisms?

Natural populations of snowshoe 
hares exposed to 3 y of widely 
varying snowpack show plasticity in 
the rate of the spring white-to-brown 
molt But not in the initiation dates of 
color change
Nor in the rate of the autumn brown-

Animals can react to climate change in only three ways: They can move, adapt or die.

Plants: Plants respond to their environment in a variety of ways. Some common plant 
stimuli include light, gravity, water, movement of the sun, and touch.
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Human-driven impact on life on earth 
“Anthropocene”?

Anthropocene is derived from Greek and means the “recent age of man.”

Although American biologist Eugene Stoermer coined the term 

McPhearson et al, NPJ (2021)



E. Heard

Human-driven impact on life on earth 

All life forms across the globe are 
experiencing drastic changes in 
environmental conditions as a result of 
global climate change.

These environmental changes are happening 
rapidly, incur substantial socioeconomic 
costs, pose threats to biodiversity and 
diminish a species’ potential to adapt to 
future environments. Understanding and
monitoring how organisms respond to 
human-driven climate change is therefore a 
major priority for the conservation of 
biodiversity in a rapidly changing 
environment. 
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Human-driven impact on life on earth 
“Anthropocene”?

Although American biologist Eugene Stoermer coined the term 

WWF Living planet Report 2021

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

temperatures rise by more than 3.5°C
• Deforestation of closed tropical rain forests may lead to up to100 species 

being lost every day.
• 1/3 of reef-building corals are threatened with extinction
• Over 350 million people suffer from severe water scarcity
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Impacts on Human health and well-being
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Extinction risk and diversity in different taxonomic groups
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Biodiversity is comprised of several levels - genes, species, populations and 
individuals within them, communities of creatures, entire ecosystems, where life 
interplays with the physical environment.

These interactions have made Earth habitable for billions of years.
Biodiversity can be considered as the knowledge “learned” through evolution of 
species over millions of years about how to survive through the vastly varying
environmental conditions Earth has experienced.

“Humanity is « burning the library of life » by destroying ecosystems on a massive scale, 
through impact of climate change, accelerating pollution, deforestation, and other 
manmade factors...”

World Wildlife Fund, Living Planet Report 2018

Human impact on Biodiversity
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Human impact on Biodiversity
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Human impact on Biodiversity
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The Economics of Biodiversity

Biodiversity is the diversity of life. We will find that the economics of biodiversity is the economics of the entire biosphe
So, when developing the subject, we will keep in mind that we are embedded in Nature. The Review shows (Chapter 4*) 
that although the difference in conception is analytically slight, it has profound implications for what we can legitimately 
expect of the human enterprise. The former viewpoint encourages the thought that human ingenuity, when it is directed 

2021
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Human impact on Biodiversity
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The struggle for life in rapidly changing environments

Darwin's theory of evolution (from E. Mayr):
•Every species is fertile enough that if all offspring survived to reproduce, the 
population would grow (fact). 
•Despite periodic fluctuations, populations remain roughly the same size (fact). 
•Resources such as food are limited and are relatively stable over time (fact). 
•A struggle for survival ensues (inference). 
•Individuals in a population vary significantly from one another (fact). 
•Much of this variation is heritable (fact). 
•Individuals less suited to the environment are less likely to survive and less likely 
to reproduce; individuals more suited to the environment are more likely to 
survive and more likely to reproduce and leave their heritable traits to future 
generations, which produces the process of natural selection (fact). 
•This slowly effected process results in populations changing to adapt to their 
environments, and ultimately, these variations accumulate over time to form new 
species (inference).

https://en.wikipedia.org/wiki/Struggle_for_existence
https://en.wikipedia.org/wiki/Heredity
https://en.wikipedia.org/wiki/Natural_selection
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Through evolution and natural selection, living organisms are typically adapted to their environments.

In other words, their appearance, behaviour, their physiology and metabolism, or their way of life make 
them suited to survive and reproduce in their habitats. 

The struggle for life in rapidly changing environments
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Through evolution and natural selection, living organisms are typically adapted to their environments.

In other words, their appearance, behaviour, their physiology and metabolism, or their way of life make 
them suited to survive and reproduce in their habitats. 

Organisms in their natural context can also respond to specific, acute environmental changes. 
Organisms have adapted to live and reproduce within the range of environmental conditions experienced 
by their ancestors. 

The struggle for life in rapidly changing environments
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Through evolution and natural selection, living organisms are typically adapted to their environments.

In other words, their appearance, behaviour, their physiology and metabolism, or their way of life make 
them suited to survive and reproduce in their habitats. 

Organisms in their natural context can also respond to specific, acute environmental changes. 
Organisms have adapted to live and reproduce within the range of environmental conditions experienced 
by their ancestors. 

If the environment changes outside these conditions, then population fitness (i.e. the average fitness of 
individuals in the population) is predicted to decline.

The current speed of environmental changes means that some life forms are unable to adapt and are lost, 
and many species’ potential to adapt to future environments is lost. 

Faced with such rapid environmental change, populations could go extinct, migrate to more suitable 
environments or stay and adapt to the novel conditions  

Understanding the processes that underlie adaptation in changed environments is crucial.

The struggle for life in rapidly changing environments
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Through evolution and natural selection, living organisms are typically adapted to their environments.

In other words, their appearance, behaviour, their physiology and metabolism, or their way of life make 
them suited to survive and reproduce in their habitats. 

Organisms in their natural context can also respond to specific, acute environmental changes. 
Organisms have adapted to live and reproduce within the range of environmental conditions experienced 
by their ancestors. 

If the environment changes outside these conditions, then population fitness (i.e. the average fitness of 
individuals in the population) is predicted to decline.

The current speed of environmental changes means that some life forms are unable to adapt and are lost, 
and many species’ potential to adapt to future environments is lost. 

Faced with such rapid environmental change, populations could go extinct, migrate to more suitable 
environments, or stay and adapt to the novel conditions.

Understanding the processes that underlie adaptation in changed environments is critical.

The struggle for life in rapidly changing environments

The potential response of population to a changing climate will in part be governed by the average lifespan of individuals and the age at which they reach 
reproductive maturity. However, delayed reproductive maturity will reduce the number of generations that can establish during any given period of time, whilst the 
long lifespan (and hence low turnover) of individuals will reduce the opportunities for the establishment of new genotypes within existing populations

Fluctuating environments threaten fertility and viability. To better match the immediate, local environment, many organisms adopt alternative phenotypic states, a 
phenomenon called "phenotypic plasticity." Natural populations that predictably encounter fluctuating environments tend to be more plastic than conspecific 

Muluneh Agric & Food Secur (2021) 10:36 https://doi.org/10.1186/s40066-021-00318-5



E. Heard

Monitoring and understanding species responses to 
environmental change

Global, drastic changes in environmental conditions as a result 
of global climate change and other human impacts.

These environmental changes are happening rapidly, with major 
socioeconomic costs, and threaten biodiversity, hence 
diminishing  a species’ potential to adapt to future 
environments. 

Understanding and monitoring how organisms respond is key 
for the conservation of biodiversity in a rapidly changing 
environment. 

Recent developments in genomic, transcriptomic and 
epigenomic technologies are enabling unprecedented 
insights into the evolutionary processes and molecular 
bases of adaptation.
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Assessing the effects of global climate change using -omics approaches

Global climate change (GCC) poses a 
significant threat to species, although 
they can adapt genetically through 
spatially or temporally varying selection 
(response 1), cope through range shifts 
and dispersal when possible to avoid 
extirpation (response 2) or  acclimate 
to GCC through phenotypic plasticity 
(response 3). Various methods that 
integrate genomic and/or epigenomic 
tools (listed as bullet points) can be
used in both natural environments and 
experimental laboratory conditions to 
assess how species are responding to 
GCC (Table 1). Lack of or inappropriate 
responses can result in extirpation or 
extinction (red box), which can also 
inform on the historical effects of GCC 
on species and communities. eDNA, 
environmental DNA.
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Exploring Life in its rapidly changing Natural Context

Nature | Vol 601 | 6 January 2022 
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Molecular biology for green recovery—A call for action



Advanced 
Training

Excellent 
Research

Scientific 
Services Innovation and 

Translation

Integrating 
life sciences

European Molecular Biology Laboratory (EMBL)

2022 metrics

107 million 
daily web requests to 

EMBL-EBI data services

3600 
annual users of 

experimental services

29 
member states 

2000 
people 

850 
publications 

EMBL is Europe’s only intergovernmental laboratory for life sciences research

8700
course and conference 

participants



E. Heard

Monitoring and understanding species responses to 
environmental change

The potential response of population to a changing climate will in part be governed by the average lifespan of individuals and the age at which they reach 
reproductive maturity. However, delayed reproductive maturity will reduce the number of generations that can establish during any given period of time, whilst the 
long lifespan (and hence low turnover) of individuals will reduce the opportunities for the establishment of new genotypes within existing populations

Fluctuating environments threaten fertility and viability. To better match the immediate, local environment, many organisms adopt alternative phenotypic states, a 
phenomenon called "phenotypic plasticity." Natural populations that predictably encounter fluctuating environments tend to be more plastic than conspecific 

EMBL wants to measure and 
understand:

● Dynamic behaviours of living systems
● Changes over different scales of time
● Perturbation effects
● Population effects
● Genes x Environment 

Molecular and mechanistic levels

Quantitative methods and new 
technologies

Theory to understand complexity

From Atoms to Ecosystems: 
Towards an understanding of organisms in their environment

https://www.embl.org/about/programme/



• New EMBL service, to collate, standardise, track 
and present the worlds public biodiversity data 
across hundreds of projects

• Funded by EMBL’s Planetary Biology Transversal 
Theme, shares technology across our portals.

• Crucially has been endorsed by Earth BioGenome
Project.

• Showcases EMBL archives, data standards, 
research, and Ensembl standardised annotation.

https://www.ebi.ac.uk/biodiversity



Global Biodiversity Initiatives



To sequence all life for the future of life

• Biology’s moonshot: sequence, catalogue and 
characterize the genomes of all of Earth’s 
eukaryotic biodiversity.

• Coordinated collection of over 50 biodiversity networks.

• Sequencing more than a million taxonomically classified 
eukaryotic species.



• Single access point to fully open 
high quality reference genomes, 
raw data, publications, and 
Ensembl annotation.

• Status tracking key for 
coordination with other global 
projects.

• Already presenting > 7500 
species.

https://www.ebi.ac.uk/biodiversity



TRaversing European Coastlines (TREC)

TREC sam pling sites Environmental Sampling

Across environmental gradients: natural and man-made

Across scales: from viruses to animal and plants

Across life complexity: from molecules to ecosystems

Huge operation: > 200 scientist in the field

Mobile infrastructure

The Scientific Expedition and Scientific Project

EMBL Flagship Project 

https://www.embl.org/about/info/trec/



Mobile Infrastructure

TREC sam pling sites EMBL customised fleet of mobile laboratories Schooner Tara

TRaversing European Coastlines (TREC)
EMBL Flagship Project 

https://www.embl.org/about/info/trec/



12 meters long | ~22 tons weight | Extendable on Site

12 meters long | ~22 tons weight | Hosts up to 15 scientists

Tissue processing Single cell 
transcriptomics

Feedback 
microscopy

Image-enabled cell 
sortingCulturingHigh pressure 

freezing

Mobile Infrastructure: Advanced Mobile Lab

TRaversing European Coastlines (TREC)
EMBL Flagship Project 



TRaversing European Coastlines (TREC) 

TREC sam pling sites

Pristine Nature

River outputs

Agricultural sites

Touristic areas 

Cities

Ports

> 100 Sampling Sites

https://www.embl.org/about/info/trec/



TRaversing European Coastlines (TREC) 

TREC sam pling sites

Pristine Nature

River outputs

Agricultural sites

Touristic areas 

Cities

Ports

Local monitoring sites

Linked to Historical Data

https://www.embl.org/about/info/trec/



TRaversing European Coastlines (TREC) 

TREC sam pling sites

Pristine Nature

River outputs

Agricultural sites

Touristic areas 

Cities

Ports

TREC monitoring sites

Follow up with Time Series

https://www.embl.org/about/info/trec/



200-300 m 50-150 m 10-50 m 50-200 m

Inland Coastal Transition Zone

TRaversing European Coastlines (TREC) 

Shallow 
waters

Superficial 
sediments

Aerosols

Coastal & offshore water 
column

200-500 m From 1 Km0-10 m

Offshore

Up to 90 people in the field

Top soil

https://www.embl.org/about/info/trec/



TRaversing European Coastlines (TREC) TRaversing European Coastlines (TREC) 

200-300 m 50-150 m 10-50 m 50-200 m 200-500 m From 1 Km0-10 m

Passive 
acoustics

Annelids 

Planarians
Nematodes

Sea 
grasses

Sponges Cnidarian 
polyps

Annelids Sea 
grasses

Clams Macroalgae

Terrestrial 
Plants

Plants, macroalgae and animals

https://www.embl.org/about/info/trec/



TRaversing European Coastlines (TREC) 

TREC sam pling sites

END

March 2023

July 2024

START

Performing > 200 protocols

65 LSI sampling sites

99 Tara stations

7 selected species subtidal sampling sites

11 selected intertidal species sampling sites

5 super sites AML

What has been done in 2023?

33.000 
samples

30.000 
expected

https://www.embl.org/about/info/trec/
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Here we focus on two main points that are crucial to

adaptive, such variation may also generate a plethora of 

What happens to organisms in the face of sudden acute environmental change: 
 New or extreme stimulus, or unexpected fluctuations in the environment?

Daphnia magna (D. magna) is a keystone species in aquatic ecosystems, and a standard 
model species in the fields of ecology and ecotoxicology (Effertz
Due to its inherent phenotypic plasticity, well-known ecological background, and sensitivity 
to a range of aquatic biotic and/or abiotic factors, D. magna
organism for the understanding of interactions between it and its environment (
2015; Le et al., 2013; Silvestre et al., 2012).

Especially during the initial phases of exposure to a new environment, it has been hypothesized that plasticity 
and associated epigenetic mechanisms enable species to cope with environmental change 

 Lett. 2023)

What processes underlie successful responses to cope with acute stress
(more next week):

A major physiological response to environmental change is cellular 
stress, which is counteracted by generic stress reactions detoxifying the 
cell. If stress is minor, the cellular homeostasis response is deployed to 
ensure homeostasis.

However, the capacity of this response may be exceeded if the magnitude 
of stress is too great or arises to rapidly. 

Acute cellular stress can induce changes in: 
(1) mutation rates, (2) histone post-translational modifications, (3) DNA 
methylation, (4) chromoanagenesis & (5) transposable element activity

Through each of these mechanisms, organisms can rapidly generate 
heritable phenotypes that may be adaptive, maladaptive or neutral in 
specific contexts.

Regardless of their consequences to individual fitness, these mechanisms 
produce phenotypic variation at the population level. 

Because variation fuels natural selection, the physiological mechanisms of 
stress-induced evolution increase the likelihood that populations can 
avoid extirpation and instead adapt under the stress of new 
environmental conditions.

Under these circumstances, the CSR can employ physiological
mechanisms of stress-induced evolution (SIE). 

These are strategies by which individuals rapidly generate new heritable 
phenotypes. 

At the population level, SIE produces widespread phenotypic variation and
therefore accelerates evolutionary processes. 

environmental challenges facing a variety of taxa because of climate change 

DOI: (10.1111/evo.14421) 



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

Genes

Different fates

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

variation will not affect the pathway

‘Canalization’ means that, up to a certain
threshold, any genetic variation or environmental
noise will be ‘buffered’ and not affect
the pathway, but above this threshold, the cell
would flip over into an adjacent pathway. 

By representing a pathway as a valley in a surface,
Waddington provided a simple mechanical
analogy for the rather complex biochemical/genetic
buffering that occurs in organisms
during development.

This representation has its limitations though 
particularly in the conceptualisation of the role that 
the environment plays (refs. L. Loison)
more next week

Waddington proposed that
networks of genes must be 

involved in defining the epigenetic 
landscape

E. Heard,

Returning to Waddington

Some genes can change the topology of the landscape
- Leading to alternate paths if activated
- Changing cell pathways if mutated

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



Genes

Different fates

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

variation will not affect the pathway

‘Canalization’ means that, up to a certain
threshold, any genetic variation or environmental
noise will be ‘buffered’ and not affect
the pathway, but above this threshold, the cell
would flip over into an adjacent pathway. 

By representing a pathway as a valley in a surface,
Waddington provided a simple mechanical
analogy for the rather complex biochemical/genetic
buffering that occurs in organisms
during development.

This representation has its limitations though 
particularly in the conceptualisation of the role that 
the environment plays (refs. L. Loison)
more next week

E. Heard,

Returning to Waddington

Some genes can change the topology of the landscape
- Leading to alternate paths if activated
- Changing cell pathways if mutated

Genetic Assimilation
Genetic assimilation is a process by which a phenotype 
originally produced in response to an environmental 

condition, such as exposure to thermal shock or ether, 
later becomes genetically “fixed” either via artificial 

selection or natural selection.
more next week
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Effects of stress on phenotypic variability are captured via 
individual animal hashing of single-cell transcriptomes

What happens to organisms in the face of sudden acute environmental change
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Effects of stress on phenotypic variability are captured via 
individual animal hashing of single-cell transcriptomes

• Study shows that zebrafish embryos raised at elevated temperature 
have altered cell type composition and differential gene expression 
at important junctures of organogenesis. 

• The study was performed on lab population, with high time 
resolution and cellular coverage of many biological replicate 
embryos from the commonly studied AB laboratory strain

• However the adaptive relevance in wild zebrafish remains to be 
ascertained (lab populations of zebrafish may show reduced 
plasticity and so, be less resilient than wild counterparts?)

• Warming water systems create an urgent need for further studies in 
natural populations and related species to explore this question. 

Maladaptive response to increased temperature can lead to reduced fitness



Phenotypic plasticity is the ability of organisms to change how they look and act, and how 
their tissues function, in response to their environment.

How populations and species respond to modified environmental conditions is critical to their survival and 
persistence both now and into the future, particularly given the increasing pace of environmental change. 

Adaptation concerns the genetic changes that are passed on from one generation to the next that improve 
a species’ ability to survive in its environment

The process of adaptation to novel environmental conditions can occur via at least two mechanisms: 

(1) evolution via selection for particular phenotypes, resulting in the modification of genetic variation 
in the population. 

(2) the expression of phenotypic plasticity (the ability of one genotype to express varying phenotypes 
when exposed to different environmental conditions)

Plasticity, because it acts at the level of the individual, is often hailed as a rapid-response mechanism that will 
enable organisms to adapt and survive in our rapidly changing world. 

However, plasticity can also retard adaptation by shifting the distribution of phenotypes in the population, 
shielding it from natural selection. Furthermore, not all plastic responses are adaptive. Plasticity can be 
maladaptive, meaning that it does not always facilitate selection for adaptive genotypes.

Adapted from Fox et al, 2019 Proc of the Royal SocietyE. Heard

Adaptation to novel environmental conditions 
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Phenotypic Plasticity and Polyphenism

Voir COURS 2018-2019



Phenotypic plasticity is the ability of organisms 
to change how they look (appearance) and act 
(behaviour), and how their tissues function, in 
response to their environment.

E. Heard

Here we focus on two main points that are crucial to

adaptive, such variation may also generate a plethora of 

What happens to organisms in the face of sudden acute environmental change: 
 New or extreme stimulus, or unexpected fluctuations in the environment?

Daphnia magna (D. magna) is a keystone species in aquatic ecosystems, and a standard 
model species in the fields of ecology and ecotoxicology (Effertz
Due to its inherent phenotypic plasticity, well-known ecological background, and sensitivity 
to a range of aquatic biotic and/or abiotic factors, D. magna
organism for the understanding of interactions between it and its environment (
2015; Le et al., 2013; Silvestre et al., 2012).

Especially during the initial phases of exposure to a new environment, it has been hypothesized that plasticity 
and associated epigenetic mechanisms enable species to cope with environmental change 
(Swaegers et al Evol Lett. 2023)

• What processes underlie successful responses to cope 
with novel conditions? 

• Phenotypic plasticity is an immediate response that 
enables individuals to survive under rapid change

(a) Spadefoots from the southwestern U.S. (such as this Couch’s 
spadefoot toad, Scaphiopus couchii) typically breed in (b)temporary rain-
filled ponds. (c) This harsh environment has favored rapid, but 
environmentally sensitive, development (here, a metamorph of a Mexican 
spadefoot toad,Spea multiplicata, emerges from a drying pond).

N.A. Levis, D.W. Pfennig / Seminars in Cell & Developmental Biology 88 (2019) 80–90
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Here we focus on two main points that are crucial to

adaptive, such variation may also generate a plethora of 

What happens to organisms in the face of sudden acute environmental change: 
 New or extreme stimulus, or unexpected fluctuations in the environment?

• What processes underlie successful responses to cope 
with novel conditions? 

• Phenotypic plasticity is an immediate response that 
enables individuals to survive under rapid change

North American spadefoot toads of the genus Spea have evolved a unique resource polyphenism. (a) Like 
most anuran tadpoles, spadefoots normally develop into atypical ‘omnivore’ morph by default (pictured on 
the left). However, if a young tadpole ingests large animal prey, such as Anostracan fairy shrimp (center), it 
might developinto a novel carnivore morph (right). (b) Among other novel features, carnivores develop a 
keratinized beak, which they use to grasp large prey, such as (c) other tadpoles.

N.A. Levis, D.W. Pfennig / Seminars in Cell & Developmental Biology 88 (2019) 80–90
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Here we focus on two main points that are crucial to

adaptive, such variation may also generate a plethora of 

What happens to organisms in the face of sudden acute environmental change: 
 New or extreme stimulus, or unexpected fluctuations in the environment?

• What processes underlie successful responses to cope 
with novel conditions? 

• Phenotypic plasticity is an immediate response that 
enables individuals to survive under rapid change

Plasticity can generate phenotypic divergence within species as great as that between species. 
Depending on their diet, spadefoot toad tadpoles in the genus Speadevelop into either an omnivore morph or a carnivore morph. 
An analysis of body shape reveals that these two morphs (in this case, within Sp. multiplicata) are as divergent as are the tadpoles of different genera of 
spadefoot toads (numbers denote least squares mean differences between morphs/species in principle component space).

N.A. Levis, D.W. Pfennig / Seminars in Cell & Developmental Biology 88 (2019) 80–90
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In a fast-changing environment, evolution can be 
too slow. “Plasticity” can give it a chance to catch up

By Elizabeth Pennisi, in Montpellier, France

BUYING TIME

When conditions are right, 

spadefoot toad tadpoles can turn 

into carnivores like these consuming 

a metamorphosing relative.

Published by AAAS
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After as few as four generations, some of 

the colonies recovered half of their growth 

rate. Because that’s too little time for a ge-

netic adaptation to arise and sweep through 

a whole colony, Stenberg concluded at least 

some of the yeast had a form of phenotypic 

plasticity that allowed them to cope with 

the excess free radicals. When he stopped 

applying paraquat and then reapplied it 

three to 100 generations later, the colo-

nies’ growth rates again plummeted after 

10 generations. The reduction indicates that 

the unknown paraquat-resistance mecha-

nism was not yet permanently encoded in 

the genomes. But after constant exposure 

to paraquat for 150 generations, the yeast 

developed a permanent adaptation. They 

continued to grow even if Stenberg stopped 

applying the herbicide for 80 generations 

and then reapplied it.

Since the meeting, Stenberg has found 

what may be the yeast’s coping mechanism: 

eliminating some or all of the DNA in their 

mitochondria, the cells’ energy-producing 

organelles. (Mitochondria themselves gen-

erate free radicals.) When the yeast were 

first exposed to herbicide, they temporar-

ily reduced their mitochondrial DNA, a 

reversible change. After extended expo-

sure, though, the change became lasting 

as they stopped making mitochondrial 

genomes altogether. (Yeast are among the 

few eukaryotic organisms that can survive 

without these genomes.) “The adapta-

tion had become genetically assimilated,” 

Stenberg says. 

SO FAR, STENBERG HASN’T PINNED down the 

genes responsible for this transition. But 

other researchers, working with the nema-

tode Caenorhabditis elegans, have shown 

how a single mutation in one wild strain 

caused a plastic response to starvation to 

become fixed. In the lab, C. elegans—a key 

model animal for studying development 

and many other topics—is usually fed Esch-

erichia coli bacteria. But in the wild, C. el-

egans lives on microbes in decaying fruit. 

These wild nematodes and their young live 

a life of feast and famine: Once the fruit is 

gone, it could take days to find more.

The worms have a ghoulish way to cope. 

They stop laying eggs, which instead hatch 

inside the mother’s body, turning it into a 

lifeline for the developing young as they 

devour her insides. With enough food to 

survive, the nematode larvae can then enter 

a state of suspended animation called the 

dauer stage until the next windfall of fruit, 

when they mature and return to egg laying.

In a compost pile outside Paris, 

biologists have found a C. elegans strain in 

which the plastic response has become per-

manent. For these worms, matricide is the 

rule: They don’t lay eggs, even when food is 

plentiful. “All the upstream signals related 

to food availability are irrelevant,” says 

Christian Braendle, an evolutionary bio-

logist at the French national research agency 

CNRS and University of Nice Institute of 

Biology in Valrose, France, who learned of 

the strain and decided to follow up. The 

change in strategy must be adaptive—

allowing more offspring to survive—

because Braendle’s team keeps finding 

other matricidal wild strains.

By crossbreeding the compost pile strain 

with nonmatricidal worms and analyzing 

the DNA of offspring, his team has now 

tracked down the key gene, which codes 

for an ion channel, a protein in the cell 

membrane that transmits signals between 

nerves and muscle cells. In the matricidal 

strain, a single base change in the gene al-

ters the ion channel. As a result, the worm’s 

vulva muscle fails to respond to food sig-

nals that would normally cause it to expel 

eggs, causing them to hatch internally. 

“What our research shows is that a single 

mutation can lead to dramatic effects on 

life history through loss of ancestral plas-

ticity,” Braendle said at the meeting.

To confirm the mutation’s effect, his 

team engineered it into egg-laying worms, 

which then bore live young. And when they 

transferred the unmutated gene to the ma-

tricidal worms, they reverted to egg-laying, 

Braendle reported.

“This might be the first description 

of the genetic mechanism underlying 

the transition from a historically plastic 

trait to a fixed trait,” Ghalambor says. If 

Lamarck had come across these matri-

cidal worms, he might have thought a 

selfless mother had adopted this strategy 

in a single generation, then passed it on. 

Braendle’s unpublished work shows matri-

cide is actually a plastic response encoded 

in the genes that, with one more mutation, 

became permanent.

So 200 years later, biologists are realizing 

Lamarck wasn’t wrong in emphasizing that 

fast, flexible responses to the environment—

what biologists now know as plasticity—

can drive lasting change. Although muta-

tions are still important drivers of evolu-

tion, responses to the environment “can 

be the precursors, and the genes are the 

followers,” Gibert says. “This is a change in 

the way of thinking.” j
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The (adjustable) color of lizards
Side-blotched lizards can adjust their skin color to match their environments. After a population moved onto 
black lava fields long ago, natural selection favored better-camouflaged lizards, and the population eventually 
developed permanent genetic mutations that enabled them to become even darker (photo).
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Plasticity

Side-blotched lizards 
can vary from light to 
dark to match 
their environment.

The adjustable color-
ation makes lizards on 
different surfaces less 
visible to predators.

Mutations in lava dwellers 
(top) allow them to get 
darker, although they can 
still adjust their coloring. 
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A plastic response can pave the way for permanent adaptations

E. Heard

• Individual side-blotched lizards can change colors in a new environment - darker on lava, lighter on sand – in weeks
• However 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.
• 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. 
• However this fixation probably took 20 000 years…

Some lizards switch 
lava surfaces
Both varieties can 
surroundings in just



G
rowing up in South Texas, David 

Pfennig was fascinated by canni-

balistic tadpoles. When summer 

storms soak the normally dry 

plains, spadefoot toads emerge 

from their burrows to lay eggs in 

short-lived pools. The tadpoles 

normally dine demurely on algae, 

tiny crustaceans, and detritus. 

But even as a boy, Pfennig could tell that 

the same toads sometimes spawned very 

different tadpoles. Those tadpoles had bulg-

ing jaw muscles and serrated mouthparts. 

They jostled aggressively in the shrinking 

puddles. They ate larger crustaceans, such 

as fairy shrimp—and one another.

Later, when he became a biologist, 

Pfennig’s fascination turned into curios-

ity. Both kinds of tadpoles had the same 

parents, and hence the same genes. That 

they could turn out so differently, presum-

ably because of their environments, didn’t 

square with the gene-centric view he had 

acquired during his studies in the 1980s. In 

that view, the genes inherited from parents 

should dictate every detail of how animals 

look and behave. “Yet here I was observing 

these animals that can modify their traits 

in response to the environment,” recalls 

Pfennig, who now runs a lab at the Uni-

versity of North Carolina in Chapel Hill. “It 

was sort of mind blowing.”

The toads display phenotypic plasticity, 

the ability to change how they look and act, 

and how their tissues function, in response 

to their environment. Other researchers 

had already documented the tadpole trans-

formations. When algae and tiny prey are 

abundant, the tadpoles are small-jawed 

and mild-mannered. But if the pond also 

contains fairy shrimp, some tadpoles turn 

into the aggressive carnivores. They take 

advantage of the atypical food source, grow 

faster on the extra protein, and have a bet-

ter chance of making it to adulthood before 

the water dries up. 

Recently, Pfennig and his team have 

come upon something even more remark-

able than that dramatic behavioral plastic-

ity. In one species of spadefoot toad, they 

found, the carnivorous tadpole stage has 

become entrenched—there’s no need for a 

dietary trigger. A flexible response to the 

environment somehow became fixed.

To some, such findings evoke the spirit 

of the French naturalist Jean-Baptiste 

Lamarck. Decades before Charles Darwin 

laid out his evolutionary theory in On 

the Origin of Species, Lamarck and other 

biologists proposed their own mechanisms 

for evolutionary change. Among his ideas, 

Lamarck famously asserted in the early 

1800s that organisms can acquire a new 

trait in their lifetime—longer necks for 

giraffes reaching for food; webbed feet 

for water birds—and pass it on to their 

offspring. Later, biologists cast aside La-

marckism, as the classic view of evolution 

emerged: that organisms evolve as a result 

of natural selection acting on random ge-

netic changes.

Now, however, evolutionary biologists 

have shown in multiple organisms, includ-

ing lizards, roundworms, and yeast, that a 

plastic response can pave the way for perma-

nent adaptations. The new evidence, much 

of it reported at the Second Joint Congress 

on Evolutionary Biology here this summer, 

shows the connection between plasticity 

and evolution “is a real thing,” says Carl 

Schlichting, an evolutionary biologist at the 

University of Connecticut in Storrs. “If you 

look for it, you are going to find it.”

On the surface, the findings vindicate 

Lamarck: Acquired traits can be inherited. 

But biologists are quick to stress that what 

these organisms show is not true Lamarck-

ian evolution. Application of Lamarck’s 

idea to modern findings “has led to a lot 

of confusion and debate,” says Cameron 

Ghalambor, an evolutionary ecologist at 

Colorado State University in Fort Collins.

As biologists explore the underpinnings of 

plasticity and how it can lead to permanent 

change, they’ve uncovered a process that ex-

tends traditional evolutionary mechanisms 

rather than challenging them. The plasticity 

those changeable tadpoles display is built into 

their genetic code. And when an “acquired” 

trait does become permanent, it is because 

of mutations that “fixed” the plastic trait—

a process biologists call genetic assimilation.
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The millimeter-long nematode Caenorhabditis elegans normally lays eggs (top), but when food is scarce the eggs 

(blue) hatch internally and the young (red) consume their mother from within (bottom). 
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E. Heard

A plastic response can pave the way for permanent adaptations

How are apparently “acquired” traits inherited (Lamarck)?

Phenotypic plasticity is built in fact built into the genetic code/

When an “acquired” trait becomes permanent, it is because
of mutations that “fixed” the plastic trait—a process call genetic 
assimilation.

Are these mutations, new ones (de novo), or existing mutations 
in the population (standing genetic variation), or even trans- 
generational heritable epimutations?

Mary Jan West-Eberhad (2002) proposed that in the face of an 
environmental challenge, plasticity built into the genome (of 
some species) enables at least some members of a species to 
cope.

This would “buy time” for adaptive mutations to arise and be 
selected. In the populations.

Some of those (pre-existing or de novo) genetic changes would 
simply increase the proportion of the most flexible individuals.  
Others might favor a specific trait.

The millimeter-long nematode Caenorhabditis 
elegans normally lays eggs (top), but when 
food is scarce the eggs (blue) hatch internally 
and the young (red) consume their mother 
from within (bottom).
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Here we focus on two main points that are crucial to
demonstrating the evolutionary significance of epigenetics
in the context of adaptation to environmental change:
(i) the relative contribution of genetic and epigenetic variation

adaptive, such variation may also generate a plethora of 

Daphnia magna (D. magna) is a keystone species in aquatic ecosystems, and a standard 
model species in the fields of ecology and ecotoxicology (Effertz
Due to its inherent phenotypic plasticity, well-known ecological background, and sensitivity 
to a range of aquatic biotic and/or abiotic factors, D. magna
organism for the understanding of interactions between it and its environment (
2015; Le et al., 2013; Silvestre et al., 2012).

Plasticity and epigenetic mechanisms in evolutionary 
responses to novel conditions

More in COURS 3 and 4

• Phenotypic plasticity is an immediate response that enables individuals to survive under rapid change
• Yet, it might also be limited and associated with costs. 
• Moreover, ancestral plasticity in the old environment might not be adaptive in the new environment 
• Evolution may be needed to avoid population extinction under new conditions
• Phenotypic plasticity may both slow down or accelerate evolutionary responses to novel conditions – ie 

“buying time” until a genetic mutation or combination comes about
• Plasticity can clearly be important in the context of species’ adpation to man-made environmental change – 

but the timescale of different types of plasticity may be more or less useful for adaptation to different types 
of rapid evironmental changes.

• Epigenetic mechanisms might contribute to more rapid adaptive plasticity in a new environment
• Environmentally-induced epigenetic modifications (e.g., DNA methylation) might particularly contribute 

during the initial phases of exposure to a new environment (buying time... also more flexible/reversible)
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Different ways in which environmental change could increase 

heritable phenotypic variation

O’Dea et al, 2012

• Exposing cryptic genetic variation (eg demethylation or chromatin remodeling – 
activate silent gene)

• Generating genetic variation (eg epigenetic mechanisms control transposable 
tlement (TE) activity and TE-mediated mutations)

• Creating more heritable epigenetic variation                                                                                                            




