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During the last two decades, most thinking about
inheritance and evolution has beén desply in-
fluenced by what hus been learned about the
molecular nature of the gene. The structural
organization of the gene, the conditions for its
transmission, the way in which it Is transmitted,
and the way it varies, have shaped the modern
view of haredity and have been very infliential in
molding ideas about evolution. This influence
went beyond the strictly biological réalm and
affected ideas about the evolution of culture.
However, for a gene-like concept to be used in
explanations of nongenetic evolution, a more
general coneept was necessary. Sugh a concept,
the “replicator,” was suggested by Dawkins
(1976). The replicator was defined as “anything
in the upiverse of which copiss are made”
(Dawking 1982: 83). This definition seers, at first
sight, broad enough (o accemmodate different
Qﬁ@m of heredity and reproduction, since “copy-
ing” van be understood 1o include many types of
précesses, However, as Dawkins, Hull, and many
othérs made clear, the replicator entails 2 very
special kKind of copying, which presupposes that
only instructions or representations (which is
what replicators embody) rather than the imple-
mentations of representations, can be mean-
ingfully “copied” or inherited. Following the
distinetion between genotype and wwﬁmo%mm
which was suggested by Johannsen st the tumn
of the twentieth eentury and molded the theory
of the emerging discipline of genetios (Johannsen
1911}, Dawkins suggested a distinction between
wmmwﬁm,m@nm and vehicies. Fle defined the vehicle
s “any unit, discrete enough fo sgem worth nam-
mmmm which houses a collection of replicators and
which works as a unit for the preservation and
propagation of those replicators” (Dawkins
1982: 114}. The vehicle was called “interactor” by
Hull, to emphasize its active functional role as a
propagator of replicators (Hull 1980). Vehicles or
interactors are, of course, not only carrers of
repiicators, but they are also theirr products.
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Development is something that happens o vehi-

cies (and is controlled by seplicators) to ensure
the further propagation of replicators. While
rephicators are units of hieritable variation, vehi-
cles are targets of sslection, The generation of
new variant replicators is assumed to be inde-
pendent of the selective environmient (which acts
on vehicles), and of the developmental process
that vehicles undergo. The replicator is clearly
very similar to the gene, the unit of Johannsen’s
gemotype, and it carries much of the latter’s bag-
gage.

‘The view of inheritance embodied in the repli-
cator conecept affects the way in which evolution
i8 understood, and leads to a view of evolution
that reflects the modern neo-Darwinian version
of Darwin’s original selection theory. According
to Darwin’s theoty, In a world in which there are
interacting entities with the propertiss of mult-
plication, hefedity, and heritable varidtion that
affects the chances of Emr%rnmaom patural
selection will necessarily occur, and in the long
term, adaptive evolution will follow (Maynard
Smith 1986). In this general form, Darwinian
selection theory does not specify what' ihe entities
should be, how they multiply, how variations are
inherited, or how they are generated, It also does
not make & priori assumptions about the rela-
tionship between heredity and development, It is
the qowmmmﬁ% of Darwin’s selection theory that
gives i; its great explanatory power and its poten-
tial applicability to different domiaing of historical
change.

For Darwinian seleCtion theory to be Fruitfully
applied to 2 particular domain, its major con-
cepts have to be specified for that domain. The
replicator seems to fit particularly well the molec-
ular, neo-Darwinian version of Darwinism (or
genic neo-Darwinism), According to genic neo-
Dmﬁﬁmwuﬁu nutleic acids are the sole units of her-
itable variation, the trarsmission of these uaits is
independent of their expression, and the genera-
tion of genstic variations is not adaptivély guided
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by ihe selective environment or the developrmen-
tal history of the organism.

This replicator-centered, gene-dertved view of
heredity is, however, not only seversly limited,
but also severely misleading. There are multiple
inheritance systems, with several modes of trans-
mission for each system, that have different prop-
erties and that infevact with each other. They
include the genetic inheritance system (GIS), cel-
lular or epigenetic inheritance systems (EISs), the
systems underlying the transmission of behavior
patterns in animal societies through social léarn-
ing (BISs), and the comiunication system em-
ploying symbotical languages (SISy {Jablonka,
Lamb, and Avital 1998). These systems all carry
information, which I shall define here as the
transmissible organization of an actual or potential
state of a system.

in wm&ﬁoﬂ, t¢ the mntrinsic properties of the
different inhetitance systems, the feedback loops
formed betwesn the organism’s- mawﬁﬁmm and its
mnamoﬂﬁwm and. social mmﬂmcmﬂgm often create
conditions for the reconstruction of ancestral
phenotypes in descendant generations. Devel
opmental and ecological legacies may be said to
be passed on between generatioms. Inheritance
sysiems with Rﬁrnﬁo?ww.w properties are very
unusyal, and nmnmm&\ do not represent or sum
up the many ways in which heritable variations
are transmitted across gemerations. I use “trans-
mission” in & general émur to denote all the
processes leading to the fegeneration of the same
type of ommmmmwmgo?mﬂwﬁam across generations.
This includes the direct transfer of resources, as
well as the activitics that lead to the reconstruc-
tion of ancestral phenotypes. In what follows I
shall discuss different Egmmmbnm systems and
compare them with respect to those properties
that seem to me most pertinent to the under-
standing of inheritance: the type of variation
transmitted; whether or not information is
encoded; the @.@@ of mechanism leading to the re-
generation of 4@5&55 in the next generation;
the relationship between development and the
generation of new heritable variations (table 9.1).
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b shail then discuss the transmission of parental
and group legacies through niche consteuction,
and argue that it is the whole developmental sys-
tem, with all its %ma%sw and inferacting inheri-
tance gystemns, that has to be considersd when we
think about the transmission of variations from
one generdtion o the hext (Oyama 1985: Griffiths
and Gray 1994). This mieans that the replica-
torfvehicle dichotomy has to be discarded, and
we must go back to a single (though complex)
minimal unit—a unit that is simultanecusly a
unit of development, mudtiplication, and herita-
ble variation—the réproducer (Griesemer 2000).
I start with the most fundametital and best
understood inheritance system in living organ-
isms, the genetic inheritance system, which is
wmmaa on DA replication.

The Genetic Inheritance System Aﬁmmw .

The information in the genetic inheritance system
is organized in the sequence of nucleotides in
nucleic acids, which in most extant organ-
isms is DINAL The gene is a template made up of
nucleotides whose sequential organization can
be transformed through 2 complex process of
decoding into functional RNA and proteins.
Gengtic information is thus encoded. Encoding
means that one system of transmissible ¢lements
(signs) represents not just itself, but also another
syster of elethents that combine to form the
actual, functional, messages. In the GIS, nu-
cleotide triplets in a structural gene-are elements
of the DNA system, and they represent amino
acids in a protein, which is the functional “mes-
sage.” In natural latguage, uiterances represent
actual objects and events in the world, as well as
other words and meaning-relations.

Information js also carried in DNA regions
that can control the decoding of other DNA
mﬁanmaﬁ ‘The noncoding but regulatory regions
in DNA cannot be said to encode information in
the saime sensé as the coding regions. However,
particular sequences (of varying length) are
spread throughout the genome and perform
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sequence-typical regulatory functions, so general
types of functions ean be inferred from sequence
organization. Such N.rmﬁmﬁﬁ seguences thus
form a kind of higher order “code.”

The organization of information in DNA is
modular (or digital), that is, it is decomposable
into separate discrete units drawn from 4 stan-
dard set, {the undts in DNA are the nucieotides A,
C, T, G}, and the information isalterable digit by
digit. Following Szathmcy (1995}, a replication
process that proceeds digit by digit will be called
modilar veplcation. The genctic systern is the
prime example for a system that is medularly
replicated. The enzymatic machinery that repli-
cates the DINA, or that edits and repairs it, is
largely indifferent to its sequence organization.
This means that a sequence that has bensficial
effects when decoded will be replicated and
repaired with the same fdelity as one with dele-
terious effects, or a sequence that is completely
nonfunctional. Furthermore, the transmissibility
of the template remains upaltered following is
replication. Usually transmission is vertical, from
parents 1o offspring, but occasionally # can be
horizontal, so genstic information can be trans-
mitted between nonrelated individuals, including
individuals belonging to different species.

The modular nature of the replication and
alteration of information. allows for the inheri-
tarice of many combinations of modules—a
DNA molecule with t¢n lingarly linked nucle-
otides has more thas & million: possible variant
sequences, This means that the evolutionary po-
tential of a medularly alterable and transmitted
unit, such as 4 gene that consists of hundreds of
nuckeoiides, is very large. The number of possible
SECUenCes amamww exceeds the number of individ-
uzls in any realistic system. Such 2 system can be

said to have unlimited heredity (Szathméary and

Maynard Smith 1993 Maynard Smith and
Szathméry 1995).

Uniil recently, the generation of variations in
DA has been assumed to be random with
respect to the gelecting environment. ﬂm‘ﬂmﬂomm
were assummed to be exclusively the consegience
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of the meiotic reshufling of genes (in sexially
reproducing organisems), and of several classes of
errors in DNA maintenance. Brrors can be due to
physice-chemical damege to the DNA, they can
ccenr during DMNA replication and tepair, and
they can m.m%m from the activity of genomic par-
asties: genetic elements that multiply excessively
and move from site to site in the genome. Errors
that are not removed or repaired accurately by
the DNA maintenance machinery were assumed
to be the yliimate raw material for evolution by
natural selection. mwwwacmm there is 1o doubt that
a lot of varistion in DINA i3 indesd randow in
this sense, the view that aff vadation is random
has beén challenged.

The challenge has come from several direc-
tions. It has been shown that different nucleotide
sequences differ in the Hkelihood that they will be
damaged, invaded by genomit parasites or repli-
cated inaccurately. The rate and type of new vari-
ation may thus depend on how the pucleotides in
the sequence are organized; and this organization
may be adaptive. For example, Moxon and his
ommmmmﬁmm w.mqa m.w.oé.ﬂ WWNM. in H.W.w wmwwommm
anti mmﬁ@@ arg ,.%Fw rautable waﬂmcmm ».wm short
iandem repeats in them make them pronre Lo
mtation by recombination and strand slippage,
The high mufation rate in these genes is advanta-
geous, because it enables this pathogenic organ-
st to evade the immitne @ﬁmﬁ of the Host
{Biokon et al, 1954). The sites in which mutations
preferentially occur are the result of adaptive
evolution. Moreover, mutation rate can increase
mmm@mmﬁ@ not ondy at sites but also in ¢onditions
in which a higher mutation rate is selectively
beneficial, .ﬁmmﬁ {1957) hizs shown that amino
acid starvation in E. coli inoreases the transetip-
tion of genes that help the cells siwvive longer,

and concurrently increases the muistion rate in
these genes. This condition-dependent iricrease in
mutation rate is adaptive since such targeted
muiation in the relevant genes may “reseus” the
cell without greatly i mmnmmnwmmm the load of muta-
tion. Ii seems that thicugh natural selection the
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mechanisms that allow sgleetive control of gene
expression have been coupled with mm@ammmmmmmm
thai determine the fidelity of cupying, so that th
inducible system that turne genss on and of &m@
turns the production of mutations on and off,

Such “targeted” mutations cannct be said
to be random in the classical sénse, since adap-
tively advantagecus mutations are preferentially
{(though not exelusively} induced under the ap-
propriate conditions and i the relevant domains.
Randompess has not been eliminated, but it has
been restricted and channeled. However, the mu-
tations are not goal-dirested in any telenlogical
sensé, and their targeted production is the conse-
quence of natural selection that bad acted on ran-
dom varizgtions. Variation has been targeted by
selection to be preferentially genorated in a subset
of sites, under particular conditions. Tt is difficuls
to know how to define such wariations. The term
patterned variation, which bas been suggested by
the economist Ekkehart Schlicht with f&spect o
cultural evolution, is the one T chouse to use in
this paper (Schlicht 1997). It is better than previ-
ously suggested terms such as directed, adaptive,
induced, and guided variation because it does not
carry the teleological cormotation of premedi-
wated desien, yet dois carry the connotation of
some degree of preexisting Aﬂcoﬁﬂma {by past
natiral selection). Once 3 system for génerating
patternied variation has evolved, it channgls ‘and
guides evolution.

From =o evoluticnary point of view the exis-
tence of a cellular system for the production of
patteraed variations makes good sense. It would
be remarkable if a cellular systenn for targeting
the generation of variations had not evalved dur-
ing the four billion years since Hife appeared on
earth, It Is quife easy lo sce how the enzyma-
de genetic engineering kit that all celis use to
EEAITANSE, mm,ﬁwmww and delele. pioges of their
DMNA could have been modified by election to
allow the genome to respond to different reaceur-
fing types of snvironmiental stress {Shapire 1997).

The ability t¢ generate patterned variations
forges dirsct links between heradity, develop-

ment, and evolution. The generation of patterned
variation 5 part of the developmental provess no
Jess than changes in transcriptional activation of
genes, although the effect of changes in DNA
may often last fonger than changes i TR~
criptional activity. The process of generating
patterned varistion is part of both develop-
ment and evolution. Although there is a certain
(short-termy) degree of autenomy of heredity
and development if mutations are random, if
they are patierned, heredity loses this partial
independence.

The Epigenctic inheritance Sysiems (EISs)

Epigenetic inheritance gysiems are the sysiems
underlying cellular heredity. It is well known that
once ceils become determined during develop-
ment, they often maintain their functional and
struciural characteristics through many cell divi-
siofs, even though the stmuli that Grst induced
their determined state early in development were
transient, and are no longer present. Kidney ceils
"and fbroblasts withis the same organism have
identical DINA base-sequences, yet each gl type
“breeds true”: Kidney cells transmit their fune-
tional state to daughter kidney cells, while skin
fibroblast cells transmit their very %m,mnmmw cel
lular phenotype to their descendants. The me-
chanistns that are responsible for this ceflular
inheritance have been termed spigenétic in-
heritance systems. The transnission of heritable
epigenetic variations is possible not only within
individuals, but alse bétween generations of in-
dividuals, so EISs can have direct evolutionary
imporiance.

Thres types of epigenetic inheritance sysiems
(EISs) have been deseribed (Jablonka and Lamb
1595). The frst type of EIS is the steady-state
system, which is based on the activity of self-
sustaining feedback moowm It was first deseribed
theoretically by Wright ﬁﬁ.mw ‘and has been
found id many bis} emﬁmm systems. In its simplest
form, a gene produces a product 53 2 result of
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A steady-state system showing the perpetuation of an induced active state through cell division. (a) After induction,
gene A i turned on and its product, &, positively regulates its own activity. The regulator « need not be a direct pro-
teim-product of gens A, but can be the metabolic product of the direct {protein) product, a small metabolite with reg-
ulatory function. The box shows the self-regiation of the genetic cirouit. {b) The regulatory product 4 diffuses into
the environment, enters in{¢ inactive cells, turns on gena A, and henes leads to the self-sustaining activity of the cir-
cuif in thése cells.

induction by an external developmental or envi- cally identical cells in the very same envirenment

ronmental stimulus, and this product then stimu-
lates further activity of the gene {through positive
seif-regulation) even when the original external
inducing stimulus has disappeared (fgure 9.1),
Ounce switched on, the celi lineage continues to
produce the gene-product uniess its councentra-
tion falls below some critical threshold valve.
Two genetically identical cells can therefore be in
two alternative states (“on” and “of™), and both
states can be self-perpetusting, even when the
inducing environinent changes. Thus two geneti-

may be heritably different because of the prior,
different, developmental history of their ancestor
cells. As long as the concentration of the prod-
uets of the self-sustaining cycle does not fall
below a critical threshold, the active, “on,” state
is maintzained following celi division: once the
concentration falls below the threshold, the cycle
is in the “off ” state, which is also maintained. The
states of activity and inactivity are reproduced in .
daughter cells as an automatic conseguence of
cell division, and transmission is an integral part
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of groweh and multiplication. The generation of
the activity state 15 part of development, vet the
developmental states can be (ithfully transmitted
within the csll lineage for many geoerations.

The information reproducsd in this type of
system is nonmodular or holistic {(hére T follow
the distinctions, butl not the terminolozy, of
Szathméry 1995} Although the cycle can be
divided into discrete modules (modular gene A,
modular product o modular repulstory domain),
the fimcsional state cannot be transmitted module
by module. it can enly be transmitted when the
processes of interactions among components are
regenerated in the daughier cells, Changes in any
one component nsually prevent the transmission
of the whole cycle. It is only the state of activity
of the whole cycle that can vary, However, cellu-
lar states may. also be transmitted horizontally,
between Hpeages. If the positively regulating
preduct is not only transferred to daughters cells
as an invitable part of cell division, but also dif-
Fuses to the cell’s environment, it may “infect”
neighbering eells from another linesge and in-
duce its own activity state in them. Rather than
inheriting the phenotype mﬁoﬁum descent, the
nondescendant cells are Interacting with the envi-
ronment that the “infecting™ cells have modi-
fied and becorme phenotypically identical to them
through this mteraction (figure 9.1b).

Often each individual self-sustaining eycle can
have only two states {(“on” or “off ™), and the sys-
tem can move orly befween two stales, so noth-
ing evolutionarily very interestisig can occur at
this level, The numaber of variant, functional, and
heritable states that every single cycle can show
8 very small, much smaller than the number
of individuals the population can include. The
systema therefore can be said o show fimited
heredity, However, within a cell there are often
several independent cycles. More than a million
vagiant cell states are possible if 4 cell has
twenty different cycles! New developmental con-
ditions can induce changes in the activity states of
several cycles in cells, prodiccing many variant
states, which can then be subject to selection.
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Thuos, ai the fevel of the cell, the mberitance of
functional states may be practically unlimited,
and cumnulalive evolutionary change may occur.
in this case, of course, many of the variations are
clearty induced by the environment (although
randony environrenial fAuctuaiions may also
gensrate some varianis). The environment both
induces a set of different adaptive variant states
and fine-tunes the adaptation by selecting the
most appropriate ones. In this inheritance system
both the reproduction of the activity states in
deughter cells and the generation of variafions
are part of the cell's development, and it is the
phenotype (a dynamic activity state, 2 process)
that is réprodiced.

The second EIS is that of structural inheri-
tanes, where existing cell structures are nsed 1o
guide, or template, the formation of new simi-
tar structures, Variant compleses or architectures
made up of {he same componsnts ean be stably
inherited, Inheritance is through some kind of
three-dimensional templating, with existing
siructural patterns facilitating the construction of
similar “daughter” patterns, For example, in cili-
ates, genétically identical cells can have different
patterns of cifiz on thelr cell surfaces, and these
different patterns are inhérited. Prions seem to
be apcther example of such stiuctursl inher-
tance {Grimes and Aufderheids 1991, Tuite and
Lindquist 1956). In this structural inheritance
system thers are clear modulss (e modular
components of the complex), but transmission is
holistic: The complex is not trangmaitted module
by module, nor are the modules alteraBle wnit by
unit. The strictoral information may be trans-
mitted by the fragmentation of the original com-
plex, followed by growth, as in a crystal, or by
other means where the interacting units within
the complex form the conditions for seif-
organization of free floating units, There is no
general, auténomous system of transmission in-
dependent of the structural properties of the par-
ticular complex. The reliability of transmission
will be specific to each structural complex and
depend on its unigue properties, Variations in the
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orgamization of the units into self-perpetuating
comiplex-variants can be affected by envirgnmen-
tal conditions, so variations are often patterned
{figure 2.2). As with the steady-state BIS, struc-
tures are bkely to be passed on wvertically, by
descent, However, horizental fransumission is also
possible, 2s testify some prion dissases where the
pathogenic prions are transmitted to nonrelatives
and even to individuals of other species. The
number of heritable states of each coraplex may
be very limited, but o 2 cefl with wes of com-
plexes, thefe are practically vniimited heritable

atchiteCtural states. “Copying” of corplexes is
pact of development and multiplication; there is
no specialized machinery that can copy different
architectures. Variation, when patterned, is both
devélopmental and eveluntionary.

In the third EiS, the chrdmatin-marking EIS,
states of chromatin that m%w\,n gene expression
are clonally inherited. Geneti cally identical cells
can have variant and hefitable chromatin marks.
Marks are protein of RMA complexes associated
with DMNA, or small chemical grovps, such as
methyl groups, that bind to gertdin nucleotides.
The type, the density, and the pattern of marks
on & chromosome region affect its potential tran-
scriptional state, and changes in marks can be
induced by the change in the environment, When
the marks are protein. ooﬁﬁwﬁﬁ, their reproduc-
tion In daughtsr ceils is probably similar to the
wﬁwmoaﬂﬁsam of other three-disnenstonal com-
plexes, although the DINA sequénce to which
protein marks bind may constrain vagiation and
erihance the Adelity of reproduitivn. However,
the aw&;ﬁm&ﬂ%@om owémw.wmm gmwﬁma EIS, the
Bﬁwﬁgwomémnﬁma EIS, is somewhat unusial
in its modular organization and mode of trans-
mission. Nucleotides in many organisms can be
in a methylated or nonmethylated state, and the
alternative states can be clonally inherited. The
most commonly methylaled nucleotide is cyto-
sine, and in most eukaryotes it is the cytosine in
CpG doublets or CpNpG triplets that can be in
an either methylated or nonmethylated state. The
methylated state of the nucleotide has no effect
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on the coding properties of the triplet in which
it participates, but can affect transeriptional acti-
vation i the chromosomal reglon in which it
occurs, With this EIS there is 2 dedicated,
function-independent, copying rmachinery (the
enzyme methyl-transferase) that can copy pat-
terns of methylation irrespective of their past or
present function. Information is organized in a
modilar way (2 nucleotide can be i two states—
methylated or nonmethylated), so that methyla-
tion sites are alterable unit by unit, and transmis-
sion proceeds module by module (fgure 9.3).
However, the reproduction of methylation pat-
terns 5 hiot always modular and does not abways
depend on the special enzymatic machinery.
Methylation patterns can be transmitted sexualiy
between organisms through spertes and eggs. As
the germiline becomes determined, theré are wide-
spread and sometimes radical changes in chros
mosome marks, including patierns of eytosing
methylation on owﬁgamoﬁﬁm However, paren-
tal patterns of methylation can sill be regener
ated in the offspring becaiise soms traces of the
past are retained, as partial (protein or methyla-
tiont) macks, and thésé partial traces or “foot-
prints” are reconstituted into full imarks during
the mawqwommmmmwm &f the offspring. There seems
to be a cycle of changes in %3&9@%& marks
during genmline formation and during early
embryonic developrent that leads to the recon-
stitation of parental methylation marks (foure
945 w@nmmma changes in methyiation marks, like
changes in other types of heritdble chiomosome
marks, can be induced by the environment and
the variation can be inherted, some of the varia-
tion is patterned. Heredity in this system is un-
limited when we consider the wholg genome or
several Jarge chromosomal domaias, but limited
when a short DINA sequence is considersd.
Unliks the mwm with all EISs the generation of
new variation is typically patterned (although it
can algo wmoaﬁmwmﬁ@ accidental), and canpot be
divorced from the physiological development of
the cell as it interacts with the environment. In
moest cases, the ransmission of information is
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Figure 9.3 .
The inheritance of alternative patterns, {a} and {b), of DINA methylation. The black dois represent methyl groups.
The dotted boxes show hemimethylated sites foliowing the replication of DNA, These sites. ars preferential targets
for 2 methylating enzyme, which methylates the opposite nonmethylated site in the DNA duplex, Different methy-

iation patterns can therefors be perpetusted throush cell division,

holistic, The processes that aliow the faithful
transmission of variami fumctional or struc-
tural gtates in the cell lineage do not utilize a dedi-
cated, specialized, function-independent copying
machinery (with the exception of the methylation
EIS in somatic cells), Instead, these processes are
by-products of general growth and multiplication
processes. The fidelity of reproduction depends
cn the specifics of the ¢ycle, or the three-
dimensional structure of the complex. At the cel-
hlar Jevel heredity is uniimited, although it may
be very limited at the level of the functional,

transmitted unit tself., Of courss, when we a
looking at the functioning of the cell, the differen
inheritance systems interact and cannot be treat-
ed as antenomous: For example, products of 2
steady state EIS can affect heritable chromatin
marks and 30 structures, and vice versa.

If we move from the level of the cell to the level
of the multiceliular organism, there is ampie evi
dence showing that the cells that begin new
organisms, the egg and the sperm, can carry eph
genetic information, and that variations in epige:
netic information are often inherited (Jabionka
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A nogmal cycle of chapges in chromatin marks {e.g.,
methylation marks} during gametogenesis and early
embryogenesis, As germ cells proceed through gameto-
gengsis, the chromatin marks on DNA ssguence A
change (romm3 fo m). In the gygote, the mmark on A
is changed to m2, and during early embryogenesis to
m5. Whea segregation of soma and germ line oconrs,
some cells with m3 marks become germiing colls and
again acqure mark m3. How aa induced change in
marks may alter the eycle is not shown Heve {for 2 figure
and discussion of self-perpetuating cycles of changed
marks, see Jablonks and Lamb 1995 | 54-156)

angt Lamb 1995, 1998). There is also another fvpe
of phenotypic information transfer between gens
erations, which is more difficult t9 categorize be-
cause it does not eccur at the cellular level, but
at the level of the whele organism. The mater-
nal environment in which- the mameslian fetus
develops sometimes has effects that can be carried
over o Jater generations, Forexample, if female
Mongolian gerbil embryos develop in a uierine
envirpnment in whith most of the embrvoes ame
male, and they are therefore exposed to high level
of testosterone, they mature late; are more tersi
torial than other females and, in tuen, produce
litters with a greater proportion of males than
the normal 1:1 sex ratio. The resull is that
their daughters, who usually also develop in a
testosterome-rich uterine environment, also ma-
ture late, and produce mainly male offspring
(Clark, Karpiuk, and Galel 1593 Clark and
Galel 1995). The developmental legacy of the
mother is transferred 1o her daughters, so there is
& nongenetic transmission and repetition of this

e

distinctive reproductive pattern, Without any
penethe differences, two maternal lincages may
differ, consistently, over many generations, in the
sex vatio of the offspring they produce,

Another example of phenotypic tragsmission
at the organismal level is the tramsmission of
microorganisms beiwesn penerstions through
feces. YWoung of rany species of mammals con-
sistently eat their own and other individuals’
feces, a habit Krown as coprophagy. Most of the
mammals that practice coprovhagy are herbi-
veores, who consurme celiulose-rich plant material
and have a dense symbiotic bacterial and proto-
zoan gut flora that helps them to break down and
digest cellufose. The young of many herbivorous
species eat their mother’s feces, and in this way
they directly incculate their own guts with the
materadl fora of useful microgreanisms, Differ-
ences between the gut florgs of different mothers,
will be trapsfsrred to their offiSpring, and may be
perpetuated for many generations. In many
cases, these parental lezicies afect bshavior.

The Regeneration of Behavior: The Beéhavioral
Ioheritonee Bystems {BISs)

Behavior that can be transmitted has been cate-
gorized I many different ways., With soecial
learning alone, more than thirty terms and dis-
tinctions bave been suggested. For the purpose
of this essay, which conceatrates on the typs and
transmission of information, I will distinguish
three general types of transfer of behavioral
information.

The first is very simdlar to the whole-organism
tramsgenerational reproduction of phenotypes
discussed in the last section, But focuses on the
reproduction of behavior. In this system the pro-
cesses that lead fo similarity between the behav-
iours depend on the transfer of behavior-affecting
substances between interacting individuals, 1
therefore call this type of transfer the inducing-
substance transfer. Unbke the other two BISs,
transmeission is not dependent on learning,
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The tansmission of food preferences via the
transfer of subsrances through the placents and
the milk in mammals 1 a2 good guample of this
type of BIS Maminal fetuses are able o smell
sgmivolatile Bouids transferved to them across
the mother's placents, and later show preference
or avession {or food items carrving these smells
{(Smotheran 1982; Hepper 1988), Transmission of
substances through milk has similay effects, The
resulis of cross-fostering and other simple exper-
imenis with mige have shown that the fpod the
mother prefers, and therefore frequently eats,
bigses the food preferences of the young so thal
those who feed on her milk tend to have the same
preferences. Such results are typical for many
marmals, including other rodenis and ruminanis
{Galel and Sherry 1973; Provenza and Balf 1987).

There are vther channels through which
inducing-substances that bias behavioral prefer-
ences can be transferred (Avital and Jablonka
2000). information transferred in inducing sub-
stances is net encoded, and fis fransmission i3
holistic. Usually (but certainly not abways), trans-
mmission i§ vertical, The variation geperated is come
monly patterned (induced), and heredity is limited,
although the number of variant preferences and
the behaviors they influence may be quite large.

The second type of transfer of behavioral in-
formation ocouds through nonimitative social
ledraing. This has regeived 5 ereat deal of atten-
tion from experimental psychologists who differ-
entiate bétween several diffstent types of social
learning that do not invelve Imitafion andfor
direct instruction (Zentall and Galef 1988, Heyes
1994}, I call this type of social learning nonfmiie-
tive social learning, In the cases covered by this
category of social learning, the naive, observing
individual {or “observer”} learns about the envi-
ronmental drcumstances (including the objects,
stimuli, and events) that eliéit 2 particular behav-
ior in the experienced individual. Two examples
will help to Husteate the nature of such social
mediation, When young monkeys become fearful
of snakes afier observing the panic-stricken re-
action of adults io snakes, they too will avoid
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Figure 8,3
A blue tit opening a milk botte by fearing the foil cap
{from Hinde 1982}

saakes, However, what they learn is not the
motor Bight behavior paiterns of the experienced
adults, but rather that snakes have fo be avoeided.
The second example i the euitural spread of the
biue tit's and the great 8% habit of opening milk
bottle tops, 2 famonus case of “cultural” transmis-
sivg of behavior {Fisher and Hinde 1949). Tits
teaznt by observation the habit of removing the
cap and .mmmmw.m at the cream at the top of the bot-
tles (Rgure 8.5} This ks probably anether case of
nog-imitative social learning. The spread of the
behavior from experienced to nalve tits can be
explained as the result of palve tits having thelr
attention drawn to the milk botitle as a source of
food, commonly through the behavior of an
experienced individual {(Sherry and Galef 1984},
The method by which the top was removed was
aot imitated—each mdividual it focused ils
attention on the milk bottle as » potential source
of food and, after it own irial-and-error learning,
finally learned how to remove the top in its own
style. Such social rediation leads, in most cases,
to stmilarity betwesn the behaviots of the
“observer” and the “meodél.” The model guides
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or enhances the attention of the gbserver to the
environmental stimulus (such as a mitk bottle. or
a dangerous predator), which elicits a similar
emoticnzl and behavioural response o its own.

In this type of bebavioral inberitance, informa-
tion is not encoded. Variation is genseafed by the
inventor of the new behavior through asocial
learning. It is therefore patieraed rather than
acoidental. Tt is holistically transmiited Mmﬂommw
social w@mﬂmmmm" and can be transfereed both vertl-
cally and horizontally. Heredity 1s rathier Hirnited,
since the number of variants the behavior pattern
can assuime may be resteicted. However, at the
fevel of the overadl lifestyle, heredity may bé nrac-
tically unlimited, since different variant patterns
of behavior may corbing to frra many tyges of
lifestyis,

The third type of BIS is learning by imitation
andfor instruction. { consider it to be another
type of BIS because of its modular way of trans-
mission. As Heyes (1993) has argued, there is no
compeliing evidence tp suggest mm& mwmmmcm is
inherently more cognitively mmmﬁmmﬁm than sev-
eral other types of social M.nm.mﬁmm‘ However, the
modulat way of transmitting and aliering behav-
tor during imilation or instruction—the parsing
of beltavioral acte-~sets it apart from other types
of social learning. During imitation, the naive
individual reproduces not only similar responses
to the environment, but also the model’s actual
acts. Vocal imitation is very common among
many species of bird, whereas motor imitation
has beéen validated bevond Emmowmﬁm doubt in
only & few species. Humans, nwmﬁﬁmﬁmmm dok
phing, budgerigars, rats, and a few other birds
and mammals have been mwo%m {o be able to imi-
tate motor acks. However, because @mﬂcn@ few
experimenis have been desiened to &mmmm&mn
between imitative and nonimitative learning of
motor acts, the extent of motor imitation may be
underestimated, Intentiorial %mgmﬂom seems o
be very rare in the animal world, but agam, this
issue has not yet beén m@mﬁwammﬁmw mmﬂaﬁm

The information acquired during imitation
and nonsymbolical insiruction is, as with other

Eil

types of social learning, patterned and noneo-
coded, and is transmitted both vertically and ho-
rizontaily. Heredity is often lmited although,
theory, if a behavioral act is made of many indi-
vidually alterable and transmissible modules (for
example, if the song of a songbird is made of
many types of phrases), heredity may be unlim-
ited, However, a huge number of combinations
leads to a hugs amount of nonstnse-messages—
to functionally useless or even positively harmiul
information, Only if thers is some patterning or
ordering of the combinatorial process can the
search for functional sequences in the infinite
space of possibilities .,mw.ﬁ functionaily meaning-
ful results (Schlioht 1598), Tt is only when there is
a reasonable probability that variant behavioral
modules combine to form different vet fiunctional
sequenpes of behavigr that the modular transmis-
sion of sequences Gpens up traly wide evolution-
ary possibilities. Rule-bound organization and
transfer of information is cleardy necessary, We
ses this kind of rule-beund organization in sys-
terms of symbolic communication.

Symbelical Systevas of Inheritance (SIS

As T, W, Degcon stresses in his 1997 book on the
evolution of language, symbols are not sinpie.
The American philosopher Charles Peirce dis-
tingaiched between three ways in which 2 sign
(defined as information communicated between
sender and receivern) can refer to something. First,
a sign can refér to an object by résembling it, This
type of sign is called an icon, and an example is
a picture of a house, which refers to an actual
house, or the patiern on a mimetic buterfly’s
wings, which resembles {and can be said to refer
to) the patiern on a model’s wings, Second, a dgn
can be an imdex and refer to an object by associ-
ation, through being linked to the object in space
or time. For example, the size and brightress of a
male peacock’s tall is an ihdex of tis health and
vigor. Finally, a sign can refer to an object by
convention, of according o a reference-rule that
enables it to zefer to other sigos in the system.



S

Such signs are symbols., Symbels must ropfesent
objents, operations, and relations among signs (as
m oatural language and, in the purest way, in
mathematical notations). The category to which
a sign belongs depends on the interpretive sysiein
of which it ¥ part, rather than on the isolated
sign; 2 portrait, for example, though koule, 15
also a part of a symbolical system, and should
therefore be interprefed as a symbel Natural
human languags is another example of a symbol-
ical systern, In the sentence { am writing just now,
most words refer to other words rather than to
objects in the world,

From the point of view adopted in this chap-
ter, symbolical systemis are transmitted by social
learning, which often fnvolves. imitation and a
greater o lesser degree of intentional instruction.
Symbols are transmitted both modularly and
hotistically. For example, in the case of natural
language, the nacrative, the sentence, the word,
the phoneme are all Mmmmeaﬁmm but it is quite
clear that a spoken varrative 15 {unless a story is
learned by heart) more holistically transinitted
than a single new word. Interpretation depends
on the rules of the system (for example; gram-
matical rules), so symbaolical systems are or
ganized by those rulss. Sometiraes, as in natural
lapguage of rhotheratics, -the organization is
easity formalized (rules of language-specific
grapymar, mathematical axioms), but it can be
more fuzzy (25 i dancing, music, aad the visual
and motor arts). Information is {by definition)
encoded and s almost mvariably transmitted
norizontally. Vertical trahsmission is common in
some sysienss, however, For example, early lan-
euage learning usually fovolves vertical parent/
offspring interactions. In othér cases, such as the
transmission of painting skills, it is almost always
nonvertical from master to student. Symbolical
svsterns have dnlimited heredity and huge evolu-
tionary potential. The rulss of symbolical systems
organize the systems and order them, s6 variation
is intierently constrained and patterned by these
internal rules. New verigilons arise a5 & result of
insight, trial-and-ervor-learning and accident.
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Table 9.1 summarizes the different proper
ties of the four types of inheritanct systems and
allows a comparison ameng thent. What is clear
is thal a system baged on encoded information,
modular transmission, and modular alteration of
the composing modules is a very spectal type of
inheritance systern. The fwo inherifance systems
that have these properiies and are closest to each
other in this respect are the GIS dnd the 8IS,
However, the SIS is évolutionartly derived from
the BISs, and it shares important characteristics
with them, 1t is nevertheless significant that both
the GIS and the SIS have urilimited heredity at
the fevel of the transmitted units themselves, and
not, as with other inherftance svstems, only at
a higher level of organization. Because of the abi-
lity to encode information, both the OIS and
SIS transtait 3 lot of vnexpressed information
Wonfunctiona! genes are transmitted, as also are
soﬁ%ﬁmﬁéﬁ& ilgas. This provides a huge re-
servoir of varlation, which may becoine useful in
new conditions. I believe that this ever-present
potential gives these systems a particularly im-
portant role in long-term evolation. However, no
inheritance system acis in igofation: inkeritance
systemns interact both directly and indirectly. For
example, the social animal, with its BISs, deter-
miines the selective regims in which genes are ulti-
mately selected.

Another point suggested by the table is that
by considering a higher lével of organization, -
ited inheritance systems may becoms unlimited.
Hence we see that BiSs dre limited inheritance
systems at the level of the unit of transmitted
information (oycle of activity, 3D complex, local
pattern of marks), but may be unlimited at the
level of the celi phenotype. A practicaily untim-
ited numbér of eell phenotypes can be gener-
ated. The samie is true of BISs—at the level of a
single behavior pattern there may be fow vark
ants, but the lifestyle as a whole can: display many
more variations, Although biological informa-
tion at the lower level is holistically organized, at
the higher level each state is treated 4 a module
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that cin combine with others and prodoce prac
tically unlmited vanation.
It seems that as a systen becomes more fane-
tirnatly cobgsive during evolution, evolviag
repalr and compensatory mechanisms, #s hered-
ity becomies increasingly mare limited. There is
less selectable variation, and the result may be
evolutionary stasis. Therg are two situations in
which escape from such stasis is possible. One
occurs when selection acts at higher level of
biological organization (at the level of many
combining units), that is, when a higher level
of individuality emerges (Jablonka 1994; Jab-
fonka and Lamb Ewmw The second ocours when
a svstem of encoding the information evolves.
Both situztions have ocourred during evolution-
ary history.

The Fransmission of Organism/Envitonment
Variations: Miche Constrociion and Miche
Regensiation

The tight-hand side of table 2.1 shows that

organisms often transfer variations in their o@wam.
netic characteristics or their behavior patterns in
an indirect way. By providing their descendanis
with the initial conditions thai allow the repeti-
tion of theit own developmental processés, sime
ilarity bétween generations is enhanced. Both
Waddington {1959) and Lewontin (1983) stressed
that iving orginisms are not passive enfitiss, but
ones that actively choose and construct their en-
vironsment, and hencs also the selective regime in
which they live and in which they ‘breed. The
oSt obvions wxmm%wam re the nests of birds and
the dams of beavers. Such artifacts are often also
passed on to the next generation,

Odling-Smee developed these ideas further,
wnmﬁmmmm the multigenerational transfer of many
types of variations in niches, He argued that
because %mozmw their activity and behavior
orgapisms construct the scological and social
niche that they occupy, this “niche construction”
may often erisure that the environmental condi-
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tiong in which they have lived will be regenerated
and recuporienced by their descendaats (Odhing-
Sroee 1988, 1995, Odling-8mee, Laland, and
Feldman 1996). For example, males of some
species of bowerbivds build small huts to attract
females, bDringing fruits, seeds, and fungi 1o de-
corate them. These decorations are often able
to grow, so by their behavior bowerbirds also
ensere the long term supply of the matenals
which they, and their descendants, will choose
as decorations (Diamend 1986, 1987, 198%)
Chaching seeds 1§ ancther éxample of 3 habit that
may be reinforced through the effect it has on the
loeal enviropment, By caching sceds, animals
provide themselves with a source of food for
harsh winters, but becanse some of the cached
seads germinate, caching also provides new
planty that will forsa seeds and create future
caching opoortunities (K8Hander “and Smith
1990; Szmith and Reichraan 1984}

Even more obvious examples of niche con-
struction ars the propagation .of dialects in bird
or whale groups, where the dialect of the previous
generation is the coudition for the acquisition of
this dialect by the younger generation. mmmwmmw?
learping to speak by human children is guar-
anteed by the child’s developing in a wummaﬁ.mmmm
lingoistic comomunity. Such écological or social
niche construction ensures that the ecological
and sovial milien is transmitfed, The conditions
eliciiing the ancestral behavior are reconsiructed,
and selection for the maintenance of the behavior
pattern that ts the construgted miche ocours.

The regeneration of ancestral niches and selec-
tive regimes can occur at different lovels of bio-
logical ofganization. At the cellular level, we saw
that when the regulatory product of a steady-
state cycle can diffuse into the environment it
changes it, thereby creating the conditions that
mduee a cycle of selfvperpetuating activity i
neighboring cells. This is a simple form of niche
construction. All types of niche constiuction de-
pend on the formation of self-sustaining feed-
back loops between the developing Grganism and
its niche.
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The diversity of inherifance sysieids that are able
to transmit variation at different levels of biolog-
ical and social organization shovld surely pravent
developmenta and evolutionary biologists from
mterpreting development and evolution in terms
of genetic vatiation alone. Yet, ot only are other
sources of beritable variation peglected 1n gene-
centered accounts, but also the whole dypamics
of inheritance, which 15 an agpect.of the develop-
mental progess, is ignored, This leads to a very
faulty account and undemstanding of develop-
meant aad of evolution, and completely misses the
complexity, possibilities, and Imitations of devel-
opmental and evolutionary processes.,

Moving from the gene to the more absirdct
replicator, and assuring that the replicator is the
unit of variation and evolution, is also not satis-
factory, The replicator/vehicle dichotomy, which
is fundamental o the concept of a replicator, is
rmearningless inall cases in which the transmission
of information or the generation of new heritable
informition depends on developroent. Yet, as
table 9.1 illustraies, this i3 the usual case. The
teplicator-vehicle distinction cannot therefore be
used to analy#e heredity, developinent, or evoiu-
tion, However ﬁmcmwm,owa the distinetion between
replicator apd vehivle may be for some evoly-
tignary theorizing, this distinetion simply doss
aot apply 1o redl organisms,

At the beginning of this chapter I suggested
that in ordet to have 3 uaifying concept of hered-
ity that enconipasses all the types of inheritance
system, we need a theorstica! framework that is
broader than that used by genic peo-Darwinism.
The developidental systemt approach suggested
by Oyama (1985} and Griffiths and Gray (1994)
provides sush a framework, as 1t focuses on the
developing and fteracting individual, with the
multiplicity of its inheritance systems and self-
perpetuating feedback loops, The reproduger
concept suggested by James Griesemer (2000)
provides the unit of analysis for such an ap-
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proach, for the reproducer is stmuliancously g
unit of development, of multiplication, and of
herttable varigtion, as wel] as a target of selection,

The focus on units of reproduction intreduces
back inte evolution the devéloping Individual ag
an active evolutionary agenf, This leads to the
consideration of the different types of develop-
mental processes that lead to the regenerafion
and reproduction of variant characters. It ine
evitably leads {0 concurrent atiention to selection
at different tevels of organization—the gene fevel,
the eell fevel, the organism level, and so on, and
to different types of heritable varation—the
genetic, the epigenstic, the behavioral, and ihe
gymbotical. It i this richer version of Dazwinian
theory that needs to be adopted.
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