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Summary of last week (Cours I)

. Human activity has created the Anthropocene

Waters and his colleagues will continue t press that the Anthropocene is worthy of recognition in the geologic 
timescale, even if that advocacy has to continue in an informal capacity, he says. Although small in size, 
Anthropocene strata such as the 10 centimeters of lake mud are distinct and can be traced using more than 100 

Like the Great Oxygenation Event, in which cyanobacteria flushed the atmosphere with oxygen billions of years 
ago, the Anthropocene marks a huge transition, but one without an exact date. “Let us work together to ensure 
the creation of a far deeper and more ionclusive Anthropocene event,” Ellis says. 

• A panel of experts (reportedly) recently voted down a 
proposal to officially declare the start of the Anthropocene.

• Current extinction rates of species in various orders are 
estimated to have risen to 100-1,000 times the average 
extinction rate over the past tens of millions of years (the 
‘background rate’) of 0.1-1 per million species per year 
(expressed as E/MSY), and are continuing to rise.

• In absolute terms, 1,000 species are becoming extinct every 
year if 10 million is taken to be the number of species and 100 
E/MSY the current extinction rate.

Ecosystems are being destroyed and some life 
forms are unable to adapt and are lost. 

Major impact for human health and human 
economies.

carrying insects tenfold. 
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carrying insects tenfold. 

. The struggle for life in rapidly changing environments • 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.

Many species lack obvious strategies to manmade 
environmental changes....

https://www.nytimes.com/interactive/2022/12/09/climate/biodiv
ersity-habitat-loss-climate.html
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. Exploring life in its rapidly changing natural context
EMBL’s Molecules to Ecosystems Programme 2022-2026
https://www.embl.org/about/programme/
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TREC sam pling sites

EMBL’s Molecules to Ecosystems Programme 2022-2026
Planetary Biology Transversal Theme
TREC Flagship Project in partnership with TARA and EMBRC:
 

    A scientific discovery voyage to explore land-water interfaces

. Exploring life in its rapidly changing natural context

https://www.embl.org/about/info/trec/
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. Maladaptive response to increased temperature can 
lead to reduced fitness
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. Human activity has created the Anthropocene

. The struggle for life in rapidly changing environments

. Exploring life in its rapidly changing natural context

. What processes underlie successful responses to cope with acute stress

. Adaptation to novel environmental conditions 

. evolution via selection for particular phenotypes – which ultimately results 
in modification of genetic variation at population level
. the expression of phenotypic plasticity - the ability of one genotype to 
express varying phenotypes when exposed to different environmental conditions
- phenotypic plasticity is an immediate response that can enable individuals to survive 
under rapid change
- a plastic response can pave the way for permanent adaptations (via mutation-selection)
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.  Adaptation to novel environmental conditions 

. evolution via selection for particular phenotypes – which ultimately results 
in modification of genetic variation at population level
. the expression of phenotypic plasticity - the ability of one genotype to 
express varying phenotypes when exposed to different environmental conditions
- phenotypic plasticity is an immediate response that can enable individuals to survive 
under rapid change
- a plastic response can pave the way for permanent adaptations (via mutation-selection)

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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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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• 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. 
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. Waddington – revisited 

Two related aspects of Waddington’s evolutionary theories are the concepts of canalization and of genetic 
assimilation. Canalization is associated with the robust development of an individual to diverse 

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
Written By
Alexander V. Spirov, Marat A. Sabirov and David M. Holloway
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(A–B) Waddington’s canalization and epigenetic 
landscape: Diverse and inevitable environmental 
disturbances and internal developmental noise 
systematically disturb developmental trajectory on the 
epigenetic landscape. However, the developmental 
process usually returns to the basin of normal 
development (creod), that is, the development is 
canalized and the canal walls keep the process in the 
basin prescribed by the genetic program (after 
http://www.gen.cam.ac.uk/research-groups/martinez-
arias).

(A–B) Waddington’s genetic assimilation: The 
environmental stress causes a series of the 
Drosophila’s divergent phenotypes. The 
untypical, high environmental disturbances 
deform, change the epigenetic landscape. By 
doing so, it causes the appearance of new 
phenotypes in the population under stress. If 
some of the phenotypes are beneficial, it can be 
stabilized in the genotype by further selection 
(after [4]).

Two related aspects of Waddington’s evolutionary theories are the concepts of canalization and of genetic 
assimilation. Canalization is associated with the robust development of an individual to diverse 

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
Written By
Alexander V. Spirov, Marat A. Sabirov and David M. Holloway

Systems Evolutionary Biology of Waddington’s Canalization and Genetic Assimilation
Alexander V. Spirov, Marat A. Sabirov and David M. Holloway

. Waddington – revisited 

From D. Noble, J. Exp. Biol, 2015



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)

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
The environment can also alter the landscape….

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.

Canalization, or phenotypic robustness is the 
resistance of developing organisms to change when 
perturbed genetically or environmentally. 
The molecular underpinnings have now started to be 
uncovered: for ex the molecular chaperone Hsp90, is 
a protein that facilitates the folding of many key 
regulators of growth and development
It ensures canalization of phenotypes but can lead to 
de-canalization in times of stress.
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The role of Hsp90 in canalization

Disruption of Hsp90 leads to phenotypic variation in nearly every structure 
of adult D. melanogaster -  with different types of variant depending on the 
genetic background of the flies (ie combination of specific alleles in each 
individual). 

Rutherford and Lindquist concluded that D. melanogaster accumulates hidden 
genetic variation, which Hsp90 somehow prevents (buffers) from affecting the 
phenotype. Similar effect in experiments with plants.

If the function of Hsp90 is partly compromised, the buffer breaks and one can 
see previously ‘unavailable’ phenotypic variants. Just like the heat shock or 
ether shock in Waddington’s experiments.

Rutherford and Lindquist also observed rapid genetic assimilation of the 
Hsp90-dependent traits in D. melanogaster, similarly to Waddington. 

Other studies with different organisms/environmental triggers have also 
shown that the environment can exert a large influence on heritability, 
presumably by altering the impact of cryptic genetic variation. 

In Hsp90 mutants, cryptic genetic variation is 
expressed to a greater extent.  Hsp90 is a 
chaperone for signal-transduction and other factors, 
normally suppressing the expression of genetic 
variation affecting many developmental pathways.
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The role of Hsp90 in canalization
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DNA mutations and Epigenetic modifications

Climate change is already forcing lizards, insects and other species to ... 
https://theconversation.com/climate-change-is-already-forcing-lizards...

Heat-shock proteins help to protect organisms from external stresses. The

heritable, stable,
irreversible

heritable, 
stable (+/-)
reversible

Heritable changes in gene
function that cannot be explained

by changes in DNA sequence

EPIGENOMICS

Chromatin states and 
structures, non-coding

RNAs that can be
associated with gene

expression and genome
function

and that do not
necessarily have to be

heritable
(mitotically or meiotically)

DNA sequence changes : 
ATGC -> AGGC

Epigenetic changes : 
ATGC -> ATGC*

https://theconversation.com/climate-change-is-already-forcing-lizards
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• Eukaryotic organisms must respond to environmental changes with changes in gene expression 
to survive. 

• Environmental responses include growth, movement, learning, homeostasis, immunity…

• All of these involve changes in gene expression in the relevant nuclei of the organism, and some 
of them may involve changes to the chromatin landscape that provide access to genes that are 
packaged in nucleosomes.

• The epigenomes of an organism can be challenged by many intrinsic and extrinsic stresses

• Stress can be at the organismal level but may affect specific tissues (and epigenomes) to 
different extents – with protection of the germ-cell and stem-cells

Epigenomes as Integrators of the Environment 

Thus the “Phenome” or phenotypic output can defined by DNA sequence 
(genetics), chromatin regulation (epigenetics and cellular memory) and 
environmental variables (e.g. nutrition), and their interactions



Epigenetic Modifications

E. Heard

Epigenetic memory 
systems such as:

Polycomb (PRC)
HP1 and Suv39

DNA methylation

Transcriptional activation 
or repression via 

DNA-sequence binding 
transcription factors (TFs),

Chromatin Remodellers 
and Chromatin Modifiers

Chromatin: 
the physiological 
template of the 

genome

Chromatin
spreading

Nuclear
compartments
of active and 

inactive 
chromatin



Phenotypic variation within and between individuals

Climate change is already forcing lizards, insects and other species to ... 
https://theconversation.com/climate-change-is-already-forcing-lizards...

Heat-shock proteins help to protect organisms from external stresses. The

DNA – the genome -  remains the blueprint for an individual organism, but epigenetic modifications 
are important in development, adult physiology, phenotypic plasticity, and can account for variation 
both within and between individuals, including individuals that are genetically identical.

E. Heard

https://theconversation.com/climate-change-is-already-forcing-lizards
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Heat-shock proteins help to protect organisms from external stresses. The

DNA – the genome -  remains the blueprint for an individual organism, but epigenetic modifications 
are important in development, adult physiology, phenotypic plasticity, and can account for variation 
both within and between individuals, including individuals that are genetically identical. 

Differences can be established and influenced by STOCHASTIC events and by the ENVIRONMENT

E. Heard

Developmental epigenetics:
Development, sex chromosome dosage 
compensation…

Stochastic epigenetic events:
Differences in twins, clones… 
Disease « epimutations »  

Exogenously / environmentally 
   programmed epigenetics : 

Bees, ants - nutrition
Vernalisation in plants – temperature/seasons

0      3          6
Weeks of vernalization ( 4oC )

Same Genome different Epigenomes

https://theconversation.com/climate-change-is-already-forcing-lizards


Phenotypic plasticity within a lifetime 

Environmentally programmed phenotypes

Environmentally induced cross-generational parental phenotypes

Environmentally induced trans-generational phenotypes 

Environmentally induced trans-generational bet-hedging / phenotypic plasticity

Environmentally plastic responses that pave the way for permanent adaptations

Impact of rapid and dramatic changes in environment on phenotypes: stress, survival, 
adaptation or extinction

How does the environment influence phenotypes?

E. Heard
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Phenotypic Plasticity and Polyphenism

Voir COURS 2018-2019
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Phenotypic Plasticity

• One genotype can produce more than one phenotype when exposed to different environments
• The modification of developmental events by the environment
• Ability of an individual organism to alter its phenotype in response to changes in environmental conditions.
• Whether plasticity aids adaptive evolution depends on how it improves the fitness of individuals. 
• Predator avoidance, insect wing polymorphisms, timing of metamorphosis in amphibians, osmoregulation in 

fishes, reproductive tactics in male vertebrates all appear to be adaptive.
• A plastic response is said to be ‘adaptive’ when it allows genotypes to express phenotypes more close to 

the environmental optimum, and it is called ‘maladaptive’ otherwise
• Plasticity may be maladaptive under extreme environments, unless genetic correlations are strong between 

extreme and non-extreme environmental states, and the optimum phenotype changes smoothly with the 
environment. 

Pristimantis mutabilis skin texture transformation
Juan Guayasamin (2015) The Zoological Journal of the Linnean Society
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• Genotypes may differ phenotypically within one environment, differ
phenotypically in yet another environment, but all show the same basic 
developmental or physiological response to this environmental variation. 

• In such a case, these genotypes are phenotypically plastic—that is, they
exhibit “reaction norms” of non-zero slope—for the trait of interest, but 
the reaction norms are all parallel. 

• The environmentally induced phenotypic differences within each genotype
are often referred to as “non-genetic” or “environmental” differences.

 Phenotypic Plasticity Revisited



How does the nutritional environment influence phenotypes?

E. Heard

Organism-environment interactions and 
development

Cnidarians, show remarkable developmental plasticity. 



How does the nutritional environment influence phenotypes?
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Organism-environment interactions and 
development

Cnidarians,  show remarkable developmental plasticity. 

How do they cope with fluctuations of food availability?
• Use the tentacles of the sea anemone Nematostella 

vectensis as an experimental paradigm for 
developmental patterning across distinct life history 
stages. 

• By analyzing over 1000 growing polyps, we find that 
tentacle progression is stereotyped and occurs in a 
feeding-dependent manner. 

• Using genetic, cellular and molecular approaches, find 
that crosstalknbetween Target of Rapamycin (TOR) 
and Fibroblast growth factor receptor b (Fgfrb) 
signaling in ring muscles defines tentacle primordia in 
fed polyps. 

• Fgfrb-dependent polarized growth is observed in 
polyp but not embryonic tentacle primordia. 

• Unexpected plasticity of tentacle development, and 
link post-embryonic body patterning with food 
availability.
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• Correct timing of flowering is key to 
reproductive success

• Eg to ensure that reproductive 
development and seed production 
occurs in spring and summer, not 
autumn

• Multiple pathways have evolved to 
mediate different environmental and 
endogenous cues 

• Eg. Longer days as well as cold 
temperatures are required for winter 
wheat plants to go from the vegetative 
to the reproductive state (VRN1, VRN2, 
and FT (VRN3) genes)

In nature, environment and timing are crucial…

J. Stinchcombe

Courtesy of C. Dean

Environmentally programmed phenotypes
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BARLEY

winter

spring

Many plants are completely dependent on subtle aspects of the weather 
to survive Eg Vernalization – a period of cold required for 
appropriate flowering timing

Plants that need to be vernalised include important food 
species such as sugar beet and wheat, which feed millions and 
provide much-needed income globally.

Every plant variety has an optimal temperature for vegetative growth, and a 
specific range of temperatures at which a plant will produce seed.  
Outside of this range, the plant will not reproduce.  Eg corn will fail to reproduce at 
temperatures above 95 °F (35 °C) and soybean above 102 °F (38.8 °C).

Temperature programmed phenotypes in Plants
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Phenotypic Plasticity and the evolutionary success of Insects

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

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

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

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

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

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

What kinds of sensory cues trigger shifts in phenotype?
What are the neurochemical and hormonal pathways that mediate the transformation? 
What are the molecular genetic and epigenetic mechanisms involved in initiating and 
maintaining the polyphenism?
In a rapidly altered environment, can phenotypic plasticity in fact be maladaptive?

COURS 2018
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Queen–worker morphological and reproductive divide is environmentally
controlled during post-embryonic development by differential feeding
and mediated by pheromones

Queen pheromones:
- Influence fertility and behaviour

of workers
- Modulate epigenetic enzymes

Beebread = 
honey+pollen
Contains plant 

miRNAs

Nutritionally programmed phenotypes in Bees

COURS 2018

Environmental (nutrition and space) changes induced by commercial 
rearing practices result in a sub-optimal queen phenotype which may be
due to epigenetic processes, and can potentially contribute to the 
evolution of queen-worker dimorphism. 

This has probably contributed to the global increase in honeybee
colony failure rates.

Climate change is also impacting bees forcing them north to cooler
climates and causing spring flowers to bloom earlier than normal 
leaving less time for the bees to pollinate them.



 Epigenetic and Phenotypic Plasticity in Locusts

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

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

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

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

?

E. Heard,



Response to climate change in 
the seasonal polyphenism of 
Colias eurytheme butterflies

« Unfortunately, anthropogenic climate
change poses an extra challenge for 
organisms which use photoperiod as a 
cue. Photoperiod can be used as a cue
for seasonal conditions because of a 
consistent historical relationship
between time of year and 
temperature… contemporary
photoperiods no longer predict the 
same temperatures that they once did, 
creating a mismatch between the cue
(photoperiod) and selective environment
(temperature). This would lead 
organisms to produce the wrong
seasonal morph for at least some of the 
year. » 
Matt Nielsen https://www.lep-net.org/4

Seasonally programmed phenotypes in Insects

E. Heard

 Seasonal Polyphenism in Butterflies and Moths

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



Seasonally programmed phenotypes in Insects

E. Heard

Developmental plasticity allows genomes to encode multiple distinct phenotypes that can be
differentially manifested in response to environmental cues. Alternative plastic phenotypes can be
selected through a process called genetic assimilation, although the mechanisms are still poorly

Untangling the genetics of plasticity
• The common buckeye butterfly, Junonia coenia, exhibits plastic 

coloration; it has two color morphs, light tan and dark red, that 
depend on day length and temperature. 

• By selecting for more and less color plasticity (similarly to 
Waddington’s alternate selection regime) van der Burg et al. 
generated butterfly lines that were used to map the genetic variants 
that underlie differential coloration. 

A) Seasonal morphs of J. coenia. 
B) Wing color response differences after 

six generations of selection for 
increased plasticity (warm = 27°C and 
16 hours of light, cold = 19°C and 8 
hours of light). 



Seasonally programmed phenotypes in Insects
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Developmental plasticity allows genomes to encode multiple distinct phenotypes that can be
differentially manifested in response to environmental cues. Alternative plastic phenotypes can be
selected through a process called genetic assimilation, although the mechanisms are still poorly

A) Seasonal morphs of J. coenia. 
B) Wing color response differences after 

six generations of selection for 
increased plasticity 

E) Wing color response differences after 12 
     generations of selection for reduced     

plasticity.

Untangling the genetics of plasticity
• The common buckeye butterfly, Junonia coenia, exhibits plastic 

coloration; it has two color morphs, light tan and dark red, that 
depend on day length and temperature. 

• By selecting for more and less color plasticity (similarly to 
Waddington’s alternate selection regime) van der Burg et al. 
generated butterfly lines that were used to map the genetic variants 
that underlie differential coloration. 



Seasonally programmed phenotypes in Insects
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Developmental plasticity allows genomes to encode multiple distinct phenotypes that can be
differentially manifested in response to environmental cues. Alternative plastic phenotypes can be
selected through a process called genetic assimilation, although the mechanisms are still poorly

• Genome-wide analysis and RNA sequencing identified the 
genes most likely to be associated with the differences in 
color plasticity. 

• Inactivation of genes with CRISPR–Cas9 identified three 
genes (herfst, cortex, and trehalase) that affected the red 
phenotype, and other techniques identified cis-regulatory, 
noncoding genomic variants that were correlated with 
coloration. 

• From these results, the authors were able to model how 
genetically encoded plasticity and assimilation of the plastic 
trait likely evolved.



Seasonally programmed phenotypes in Insects
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Developmental plasticity allows genomes to encode multiple distinct phenotypes that can be
differentially manifested in response to environmental cues. Alternative plastic phenotypes can be
selected through a process called genetic assimilation, although the mechanisms are still poorly

• Genome-wide analysis and RNA sequencing identified the 
genes most likely to be associated with the differences in 
color plasticity. 

• Inactivation of genes with CRISPR–Cas9 identified three 
genes (herfst, cortex, and trehalase) that affected the red 
phenotype, and other techniques identified cis-regulatory, 
noncoding genomic variants that were correlated with 
coloration. 

• From these results, the authors were able to model how 
genetically encoded plasticity and assimilation of the plastic 
trait likely evolved.

Theoretical model where assimilation occurs by the 
appearance of a genetic cue that replaces the environmental 
cue to induce a phenotype.  In J. coenia, differential expression 
of three genes across wing development, independent of 
endocrine signaling, can underlie the genetic cue  through 
which assimilation of wing color evolves.



Seasonally programmed phenotypes in Insects
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Developmental plasticity allows genomes to encode multiple distinct phenotypes that can be
differentially manifested in response to environmental cues. Alternative plastic phenotypes can be
selected through a process called genetic assimilation, although the mechanisms are still poorly

More Next Week!



Impact of Pesticides on Insect Phenotypes

E. Heard
More Next Week!

Pervasive sublethal effects of agrochemicals as contributing factors to insect decline

https://doi.org/10.1101/2024.01.12.575373 doi: bioRxiv preprint



Impact of Pesticides on Insect Phenotypes

E. Heard
More Next Week!

Long-term exposure to pesticide mix reveals changes in life-history traits

Sublethal effects of pesticides impact the behaviour of mosquitoes and butterflies

Pervasive sublethal effects of agrochemicals as contributing factors to insect decline

https://doi.org/10.1101/2024.01.12.575373 doi: bioRxiv preprint



Phenotypic plasticity within a lifetime 

Environmentally programmed phenotypes

Environmentally induced cross-generational parental phenotypes

Environmentally induced trans-generational phenotypes 

Environmentally induced trans-generational bet-hedging / phenotypic plasticity

Environmentally plastic responses that pave the way for permanent adaptations

Impact of rapid and dramatic changes in environment on phenotypes: stress, survival, 
adaptation or extinction

How does the environment influence phenotypes?

E. Heard



Priming  against
stress (herbivores, 

pathogens, cold, heat, 
etc.)  

Trans-generational
Stress

memory
???

E. Heard

COURS 3 et 4

Environmentally induced inter and trans-generational 
phenotypes in mammals and plants 



Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments: Bet Hedging

E. Heard

(A) Failure to adapt to the stressor leads to a decline in the 
population which, if it persists or is taken to extremes of 
severity, can eventually lead to its extinction

(B) a (rare) de novo mutation arises in the population that 
provides resistance to the stressor. Mutation will gradually 
spread through the population depending on degree of 
advantage. Eventually, if the stressed condition persists, the 
mutation will become fixed (completely penetrate the 
population), However, if conditions revert back to standard, 
those individuals bearing the mutation may find
themselves at a disadvantage in an environment to which they 
are now maladaptive, compared to others that were never
subject to stressed conditions. A mutation response to stress 
may lead to adaptation, but also to an evolutionary dead-end.

(C) An epimutation conferring a resistance phenotype can 
arise. While this epigenetic adaptation might be less stable 
than a genetic one, its advantages are (i) if stressed conditions 
are long-lasting, the epimutation can serve as a stop-gap - a 
temporary solution ensuring short-term survival until a more 
robust mutation arises and eventually replaces it;  epimutation 
“buys time”(ii) if stressed conditions are transient, the 
epimutation allows for easy readaptation as it is more easily 
reversed than a DNA seq mutation and so does not 
represent an evolutionary dead-end. 

Epigenetic adaptation to a stressor thus provides 
a bet-hedging strategy in the face of a fluctuating 

environment. Taken from Sabaris et al, 2023
DOI: 10.1111/nyas.14992
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Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments

Climate change is already forcing lizards, insects and other species to ... 
https://theconversation.com/climate-change-is-already-forcing-lizards...

Heat-shock proteins help to protect organisms from external stresses. The

Chemical signals from predators, induce protective 
cranial structures « Helmets » (casques)

This phenotype can be transmitted to subsequent 
generation in the absence of predator signal.

Daphnia magna (D. magna) is a keystone species in 
aquatic ecosystems, and a standard model species in 
the fields of ecology and ecotoxicology.

Due to its inherent phenotypic plasticity, well-
known ecological background, and sensitivity to a 
range of aquatic biotic and/or abiotic 
factors, D. magna is used as important model 
organism for the understanding of interactions 
between it and its environment. (next slide)

Potential adaptive potential of environmentally 
induced epigenetic variation and inheritance in 
natural populations, was recently demonstrated in 
the crustacean Daphnia pulex. 

(Effertz et al., 2015; Le et al., 2013; Silvestre et al., 2012).

Adaptive potential of environmentally induced epigenetic variation and inheritance in natural populations was 
recently shown in the crustacean Daphnia pulex.

https://theconversation.com/climate-change-is-already-forcing-lizards
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environmental change ? 

adaptive, such variation may also generate a plethora of 

Multi-generational impacts of organic 
contaminated stream water on Daphnia 
magna: A combined proteomics, 
epigenetics and ecotoxicity approach

Chatterjee et al, 2019
https://doi.org/10.1016/j.envpol.2019.03.028

Multigenerational exposure effect in field 
stream water (fecal coliform contaminated) 
showed perturbations in physiology (increased 
size, hemoglobin etc.), reproduction, 
swimming behavior, and global DNA 
hypermethylation in D. magna, specifically in 
the first two generations (F0 and F1). 

The role of the DNA methylation changes 
when exposed to fecal coliform and any link 
with the induced physiological adaptation 
and/or reproductive changes are unknown. 

Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments

https://doi.org/10.1016/j.envpol.2019.03.028
https://doi.org/10.1016/j.envpol.2019.03.028
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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 et al., 2015; Le et al., 2013). 
Due to its inherent phenotypic plasticity, well-known ecological background, and sensitivity to a 
range of aquatic biotic and/or abiotic factors, D. magna is used as important model organism for 

Changes in the epigenome were found in response to three 
common environmental pollutants (cadmium, glyphosate, 
and 4-nonylphenol) in genetically homogeneous populations. 

Individuals were exposed for over 15 generations to the 
pollutants and then either continued for a similar period of 
time in polluted water or moved to clean water.

Exposure to all three pollutants alters global patterns of DNA 
methylation compared to individuals maintained throughout in 
clean water

Different fitness traits were compromised in the F3 progeny 
of treated animals after being returned to clean water, 
suggesting that the transmitted epigenetic information may 
correspond to phenotypic variation and have a role in short-
term adapative evolution

Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments
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Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments

• In the last decade, the apomictic parthenogenetic marbled 
crayfish, Procambarus virginalis, has been developed as a 
model to investigate the relationships between phenotypic 
plasticity and genetic and epigenetic diversity in detail. 

• This crayfish originated about 30 years ago by autotriploidy 
from a single slough crayfish Procambarus fallax. 

• As a result of human releases and active spreading, marbled 
crayfish has established numerous populations in very diverse 
habitats in 22 countries- tropics to cold temperate regions.

• Studies in the laboratory and field revealed considerable 
plasticity in coloration, spination, morphometric parameters, 
growth, food preference, population structure, trophic 
position, and niche width.

The laboratory specimens of marbled crayfish also had significantly different 
body proportions (relatively longer pleons and broader carapaces) when 
compared to equal-sized specimens from Lake Moosweiher. Interestingly, the 
adult offspring of specimen that was transferred from Lake Moosweiher to the 
laboratory and reproduced there 1 year later had total length/carapace length 
ratios similar to the wild population and their mother, but carapace 
length/carapace width ratios more similar to the laboratory population 
suggesting partial acclimatization to the new conditions.

The parthenogenetic all-female marbled crayfish Procambarus virginalisLyko, 2017 
(Figure 1A, ,B),B), was detected in 1995 in the German aquarium trade (Scholtz et 
al. 2003; Vogt 2020b). Morphological and genetic studies revealed that it is an 
autotriploid descendant of a single female of slough crayfish, Procambarus fallax 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/figure/F1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10443617/


The marbled crayfish is the only known 
decapod crustacean that reproduces 
through parthenogenesis (i.e., ability 
to self-clone): all individuals are female 
and have the ability to lay up to 700 
unfertilized eggs that develop into 
genetically identical offspring.

E. Heard

Epigenetic Inheritance can be important for Fast Adaptation 
to Fluctuating Environments

“Epigenetic ecotypes” in marbled crayfish could either result from the 
repeated de novo production of identical, environmentally induced 
epigenetic patterns and phenotypes in each generation or from the 
transgenerational inheritance and selection of adaptive, epigenetically 
determined phenotypes. At present, this question is still open.

- Epigenetic mechanisms can produce phenotypic variation from the same DNA sequence.
- Epigenetic variation helps to cope with short- to medium-term environmental challenges.
- Epigenetic variation can produce different epigenetic ecotypes in genetically uniform organisms.
- Epigenetic variation likely underpins the general-purpose genotype.
- Epigenetic variation is suitable to explain the invasion paradox.
- Epigenetic variation may be the starting point of the evolution of species diversity in asexuals.
- Is transgenerational epigenetic inheritance involved in the production of epigenetic ecotypes?
- Can epigenetic ecotypes evolve into classical genetically based ecotypes, & finally, into different species?



 
Role of non-genetic information in adaptive evolution?

E. Heard

Epigenetic signals triggered by environmental stress can persist over very 
long timeframes, contributing to phenotypic changes in relevant traits upon 
which selection could act. 

Epigenetic (or “extra-genetic”?) inheritance may play an important role in 
fast phenotypic adaptation to fluctuating environments, ensuring the 
survival of the organisms of a population under environmental stress in the 
short term while maintaining a “bet-hedging” strategy of reverting to the 
original state if the environment returns to standard conditions. 

The role of non-genetic information in adaptive evolution will be further 
explored in the coming lectures



Environmentally induced cross- and trans-generational phenotypes

E. Heard

• Stochastic phenotypic variation, occurring from stochastic variation in gene transcription and 
translation, especially during development, that are not related to environmental cues;

• Phenotypic plasticity operates within the timeframe of an organism’s entire life span, and 
involves the ability to alter phenotype through acclimatization (acclimation);

• Transgenerational epigenetic inheritance influences phenotype of a species over typically a 
few generations through changes in gene expression (but not sequence);

• Classic Mendelian inheritance acts over large number of generations–that is, evolutionary 
time–through permanent changes in gene sequence.

Burggren and  Mendez-Sanchez, Frontiers in Physiology 2023     DOI 10.3389/fphys.2023.1245875
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4 mars 
Cours 1: Introduction

11 mars 
Cours 2: Comment l'environnement influence-t-il les phénotypes ?

18 mars 
Cours 3: Exemples d’impacts environnementaux sur le règne animal

25 mars 
Cours 4: Exemples d’impacts environnementaux sur le règne végétal
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