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158 Eva Jablonka and Marion J, Lam

aspects of the niche in which development takes place are reconstructeq
in successive generations. It includes transmitting substances that aifecs
development through feces ingestion, through the placenta and milk of
mammals, and through the soma-dependent deposition of specific chem.-
icals in the eggs of oviparous animals and plants (Avital and Jablonks
2000). In addition, maternal morphological features can constrain off.
spring development and lead to heritable and self-perpetuating develop-
mental effects (Jablonka and Lamb 2067a, 2007¢), as do socially learneq
behaviors that do not require the transfer of materials (Avital and
Jablonka 2000). Ecological niche construction (Turner 2000; Odling.
Smee et al. 2003), which includes developmental interactions among
organisms that form coherent and persistent symbiotic communities
(Zilber-Rosenberg and Rosenberg 2008}, can also contribute to soma-
to-soma inheritance.

New somatic phenotypes that are inherited by the following genera.
tions can be initiated in more than one way. They may be induced in the
soma (figure 7.8a), but it is also possible for soma-to-soma transmission
to be initiated by a germ-line mutation or epimutation that has somatic
effects that are self-perpetuating after the mutation or epimutation has
segregated away (figure 7.8b), or via niche construction (figure 7.8c). The
frequency and diversity of soma-to-soma transmission can be seen from
the following summary of some of the methods through which pheno-
types are reconstructed in successive generations.

Maternal Morphological Coastraints

Self-perpetuating phenotypes can arise through the effects that maternal
morphology (for example, size) have on the development of offspring.
This is especially true for viviparous animals, but affects other organisms
too. In some insects and oviparous fish, for example, large mothers lay
large eggs that develop into large females that will again lay large eggs,
and this cycle continues for as long as the environment does not change
too drastically (Mousseau and Fox 1998). For humans and rats, there is
a positive correlation between environmentaily influenced maternal size
and offspring size: small mothers have small wombs, with reduced uterine
perfusion, and this leads to small offspring. The small daughters of small
females will tend to perpetuate the trend (Morton 2006; Gluckman et al.
2007). This means that in the same environment there could be two
genetically identical lineages that differ in size because of transient envi-
ronmental conditions that affected the nutritional state, and hence the
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Figure 7.8

Different ways of inducing fransmissible somatic changes: (2} an environmental stimulus
(heavy arrow) induces a somatic change from S, to S, in the F, generation, and the changed
phenotype is developmentally reconstructed in descendants; (b) 2 mutation {or epimuta-
tion) in generation ¥y has somatic effects changing $; to S5, and this phenotype is devel-
opmentally reconstructed in the F; and later generations even though the causative
mutation is not inherited; (¢) because of some new activity, the organism changes its envi-
ronment in a way that leads to a different organism-environment (niche) relationship and
new phenotype, which are then reconstructed in subsequent generations.
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 Transge

and the daughters that receive this type of care themselves become high
LG and ABN mothers. Conversely, the pups of mothers who give thejr
offspring less LG and ABN are more fearful and readily stressed, and,
when adult, the females treat their offspring in the same way they were
treated. Because the behavior is passed on, genetically identical rat lin.
eages in the same environment can display different behaviors, depend-
ing on the history of their female ancestors.

Meaney and his team found that changes in gene expression in the
hypothalamic-pituitary-adrenal system, which is known to underlie reac.
tions to stress, accompany the behavioral variations. When compared
with animals reared by less-caring mothers, offspring of high L.G-ABN
females have increased expression of the glucocorticoid receptor (GR)
gene in the hippocampus. This is correlated with changes in DNA meth-
ylation and histone acetylation in the gene’s promoter (Weaver et al.
2004). Once established, the state of the GR gene persists throughout
life, and is reconstructed in the next generation through maternal behay-
ior. The causal connection between the chromatin marks and the trans-
mitted behavior was established by pharmacologically altering the
epigenetic state of the gene in adults, using the methyl donor methionine
and inhibitors of histone deacetylation. These treatments reversed the
effects of previous maternal care (Weaver et al. 2003).

Maternal care studies in another mammal, the mouse, show how
soma-to-soma transmission of a new variant can be initiated by a germ-
line mutation (figure 7.8b). Curley and colleagues (2008) found that
mouse mothers having a certain mutant gene gave a low quality of care
to their offspring, causing them to be fearful and show decreased explor-
atory behavior. When these offspring reached adulthood, even though
they did not carry the mutant gene, they, too, gave their offspring a low
quality of care, with the result that the grandchildren of the original
mutant females were also fearful and showed decreased exploratory
behavior.

ot al. 1998), we are not aware of any evidence showing that this is the
“pasis of their vatious cultural traditions (Whiten et al. 2005). In contrast,
. puman culture is dominated by symbolic systems, which lead to complex,
- cumulative, cultural evolution, and to far-reaching, rapid changes in the
~ puman niche. The invention of the airplane, for example, which depended
" on symbolic systems, enabled humans to fly, which has had far-reaching
- consequences for their social and individual lives.

gvolutionary Implications

The evidence presented in the previous sections shows that the trans-
generational transmission of epigenetic variations through cellular inher-
itance and through routes that bypass the germ line is not a rarity.
Therefore, if we are to understand heredity and evolution, we need to
acknowledge these different types of information transfer between gen-
erations, and not focus exclusively on genetic transmission. Cellular
epigenetic inheritance occurs in all organisms, although the relative
importance of the various ElSs differs among groups. Soma-to-soma
transmission (in the sense that we are using it here) is specific to multi-
cellular organisms, and some types of transmission are Hmited to certain
taxa: obviously there is no neurally based behavioral inheritance in
plants, and symbol-mediated inheritance is found almost exclusively in
humans. Nevertheless, soft inheritance—the transmission of variations
acquired during development—not only exists, it is found in every type
of organism and seems to be common. It therefore has to be incorpo-
rated nto evolutionary thinking.

We have discussed many of the evolutionary implications of epigenetic
inberitance in previous publications (Jablonka and Lamb 2005, 2007a,
2007b,2007¢,2008; Jablonka and Raz 2009), so here we will indicate only
briefly how incorporating epigenetic inheritance affects various aspects
of evolution.

Adaptation

N.wamﬁﬁmmon can oceur through the selection of heritable epigenetic varia-
tions; genetic change is not necessary. This may be of particular impor-
tance when populations are small and have little genetic variability, such
as during periods of intense inbreeding following population fragmenta-
tion. The discovery of extensive epigenetic variation in natural popula-

tions strengthens the view that it can play an important role in evolution
{Roeedorf of al PO0RY and 1t de med FESmEE fe irmaaimnos Fev emene of ths

Transmission through Symbolic Systems
There is no doubt about the power of language and other symbolic
systems to transmit information over many generations, and it Is gener-
ally recognized that these systems have helped to shape human evolution
(Richerson and Boyd 2005). They also provide the best examples of the
type of soma-to-soma transmission shown in figure 7.8c. Although great
apes seem to have the rudiments of a symbolic system, a capacity that is
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could reduce the likelihood of mating between members of two popula.-
tions if they affected the preferred time or place at which courtship
occurs, or the song dialect used, for example. Transmissible differenceg
in food preferences or preferred habitats might also lead to partial pre.
zygotic reproductive isolation. :

significant role in shaping evolutionary change throughout almost the
- whole of the history of life. Whenever there was complete or partial
. genome merging, not only through hybridization but also as a result of
- symbiogenesis or horizontal gene transfer, then by silencing some of the
_introduced genes and heritably altering patterns of gene expression
. epigenetic control mechanisms allowed the new organism to survive. Qo“
~ therefore suggest that in response to genome disturbance through gene
..” acquisition and damage caused by ecological stresses, the activities of
: epigenetic control mechanisms produce large-scale epigenetic variations
. that are inherited and lead to macroevolutionary changes. These epigen-
o etic control mechanisms could underlie the systemic changes (genome

repatterning) that Goldschmidt (1940) believed drives macroevolution
_(Lamm and Jablonka 2008). Certainly, what is already known suggests
‘that a better understanding of macroevolution might come from looking
- at chromosomal changes and epigenetic systems rather than from study-
“ing differences in coding genes.

The Evolution of Development ;
Epigenetic inheritance has constrained the evolution of development.
There are several developmental phenomena—such as the difficulty of
reversing determined and differentiated cell states, the early segregation’
and quiescent state of the germ line found in many animal groups, and,
the massive changes in chromatin structure that occur during meiosis
and gamete production—that can be interpreted as indirect outcomes of
epigenetic inheritance. Ali could be the results of selection against trans:
mitting chance epimutations and the parents’ epigenetic “memories” to
the zygote, which needs to start its development from a totipotent epi
genetic state. In some cases, as in the evolution of genomic imprinting,
selection may have favored the enhancement of germ-line-transmitted
epigenetic memories (Jablonka and Lamb 1995, 2005).

“The Major Transitions
We have argued previously (Jablonka and Lamb 2006) that epigenetic
inheritance and epigenetic control mechanismus have played a key role
in all of the major evolutionary transitions identified by Maynard Smith
! and Szathmdry (1995). For example, as we indicated earlier in this
" chapter, structural templating mechanisms were m_aovm.&@ important
during the crucial periods of symbiogenesis when bacteria became inte-
- grated within the ancestors of the modern eukaryotic cell. The evolution
_ of long eukaryotic chromosomes also necessitated the recruitment and
" evolutionary elaboration of the chromatin-marking epigenetic systems:
. as DNA sequences were linked together or were added by mc@mmmmom.
Hﬂd was selection for organizing and packaging these long Bommoﬁmm
n ways that protected them, allowed them 1o be replicated, and made
 then available for transcription following replication. The later transition
....8 Bc.Enm:mwan is also impossible to understand without taking epi-
.. m.ommso inheritance into account, because for anything other than the
: mﬁﬁmm.m levels of organization, cell lineages have to remember their
- determined state. As we argued previously, the efficiency of cell memory,
the stability of the differentiated state, and various features of Qmﬁmmom,w
_ ment enumerated in the section “The Evolution of Development” were
‘all shaped in part by the effects of epigenetic inheritance, and the epi-

| genetic inheritance systems were, in turn, shaped by the evolution of
develanment fTallomba and T amb 1008 ALY

Macroevolutionary Change
Epigegetic control mechanisms may play a key role in many macto-
evolutionary changes, especially those that follow genetic exchanges
between species. Speciation through polyploidization and hybridization
which are of central importance in plant evolution, probably depends on
them (Jorgensen 2004; Rapp and Wendel 2005; Arnold 2006). Following
auto- and allopolyploidization, there is a burst of selectable epigenomi
variation, which provides ample opportunities for adaptive change. [
seems that, just as McClintock (1984) argued, genomic stress reshape
the genome.

Because tegulated gepome rearrangements are found during th
development of so many different eukaryotes, it has been suggested tha
the epigenetic control mechanisms that bring them about are very ancient .
(Zufall et al. 2005). The role of chromatin marking and RNA-basec.
epigenetic mechanisms in silencing foreign viral genes and experimen
tally introduced genes in eukaryotes, which is now well established, h
also suggested that these are ancient mechanisms, and it has been argued’
that their evolution was driven by their role in genome defense (Bucho
and Vaury 2006). Whether or not this is so, it increasingly looks as if the.
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: m Niche Inheritance

john Odling-Smee

The Modern Synthesis has been a highly successful theory of evolution
However, due to some of its underlying assumptions, it is also the source
of conceptual barriers that are currently making further progress in some
areas stubbornly difficult.

One .meEEo is the long-standing inability of the Modern Synthesis to
recognize niche construction as a co-causal process in evolution (see
below). The Modern Synthesis’s omission of niche construction not only
restricts our understanding of the dynamics of the evolutionary process
it also makes it difficult o integrate evolutionary biology with mmﬁwmmm
neighboring disciplines (Odling-Smee et al. 2003). For instance, it is stili
m.Q possible to integrate ecosystemn-level ecology with o<omzmosmﬁ<
w.mc_om« (Jones and Lawton 1995). It is not possible to fully relate evolu-
momm:.,u\ biology to developmental biclogy (“evo-devo™) correctly, nor to
wﬁmmﬁ some recent data (West-Eberhard 2003; Laland et al. Noowv Nor
in our own species, is it possible to integrate our potent human nm:cwmm
processes with human genetic evolution without introducing some unac-
ceptable distortions (Odling-Smee et al. 2003).

. This chapter seeks to demonstrate how the addition of niche construc-
tion to .m<o_mmoqu theory alleviates or removes many of these prob-
lems. Since we have discussed the relationship between evolutionary
theory, ecosystem ecology, and the human sciences before (Odling-Smee
et al. 2003), I will concentrate primarily on the EvoDevo relationship.

Niche Construction Theory

Half a century ago a developmental geneticist, C. H. Waddington (1959),
proposed the concept of an “exploitive system” in which animals choose

3y . . . .
. nd modify their environments, and by doing so, change some of the
Natural celemtimm rrecctiroae 1ot asm e $3m oo o o b e



