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How organisms do the right thing: The attractor hypothesis
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Neo-Darwinian theory is highly successful at explaining the emergence of adaptive traits over
successive generations. However, there are reasons to doubt its efficacy in explaining the observed,
impressively detailed adaptive responses of organisms to day-to-day changes in their surroundings.
Also, the theory lacks a clear mechanism to account for both plasticity and canalization. In effect,
there is a growing sentiment that the neo-Darwinian paradigm is incomplete, that something more
than genetic structure, mutation, genetic drift, and the action of natural selection is required to
explain organismal behavior. In this paper we extend the view of organisms as complex
self-organizing entities by arguing that basic physical laws, coupled with the acquisitive nature of
organisms, makes adaptation all but tautological. That is, much adaptation is an unavoidable
emergent property of organisms’ complexity and, to some a significant degree, occurs quite
independently of genomic changes wrought by natural selection. For reasons that will become
obvious, we refer to this assertion as the attractor hypothesis. The arguments also clarify the concept
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of “adaptation.” Adaptation across generations, by natural selection, equates(t@mthe theoretic

maximization of fitnessthe success with which one

individual produces more individualhile

self-organizing based adaptation, within generations, equates to energetic efficiency and the
matching of intake and biosynthesis to need. Finally, we discuss implications of the attractor

hypothesis for a wide variety of genetical and

architecture, directed mutation, genetic imprinting,

physiological phenomena, including genetic
paramutation, hormesis, plasticity, optimality

theory, genotype-phenotype linkage and puncuated equilibrium, and present suggestions for tests of
the hypothesis. ©1998 American Institute of Physids$1054-15008)00802-7

For years, evolutionists and others have raised concerns
that natural selection could not possibly account for the
degree of adaptive fine-tuning that is routinely observed
in nature. These concerns have led to hot debates and no
small degree of rancor between biologists whose work
presumes “optimal” behavior, and those who insist no
mechanism exists whereby such optimality might evolve.
This paper points out that organisms, as complex struc-
tures, tend to self-organize in adaptive ways quite inde-
pendent of the underlying genome. The hypothesis sug-
gested in this work, then, goes a considerable way
towards resolving concerns over the sufficiency of natural
selection.

I. INTRODUCTION

Faced with day-to-day changes in their environment, or-

the basis for the predictive discipline of sociobiology and, in
the biochemical arena, has led Zubag speak of the “al-
most miraculous” adjustment of reaction rates “over broad
ranges so that energy and intermediates will always be avail-
able to meet a given need.” Though there is some disagree-
ment as to the precision with which organisms adjust, there
is no disputing the fact that they respond appropriately to
environmental changes or insults over a wide variety of
scales. How do they do it?

Traditionally, biologists attribute such responses to the
workings of natural selection, an attribution solidly based in
theory and supported by thousands of experiments demon-
strating the power of natural selection to discriminate among
phenotypes. We have no quarrel with this view as it relates
to adjustments across generations, but we question whether it
can fully account for responses to stimuli within a single
generation.

Consider a male redwing blackbird faced with the choice

ganisms have the remarkable ability to adjust their physiolof accepting or rejecting an encountered food item. An ap-

ogy and behavior appropriatelyA faith in the appropriate-

propriate response requires consideration of the item'’s iden-

ness of such responses underlies much of biology, providetity and nutrient value, the energetic cost of pursuing it, the
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abundance and pursuit costs of other potential food itemssm’s concentrations of enzymes, its blood flow rate, its fre-
short-term past ingestion history, the possible presence argliency of encounters with various species, its intensity of
proximity of aerial and ground predators, and the presencearticipation in various behavioral activities, etc. While all
and proximity of male competitors. The sociobiological lit- parts of such a system are interconnected, it is nevertheless
erature is full of examples suggesting appropriate behavior ipossible to break out subsysteifiepresented by subsets of
such cases. But is it reasonable to believe that intergenerghe phase spagethat are only loosely coupled to one
tion genetic changes alone can code for an ability to balancenothert” Thus blood flow is only indirectly related to the
so many competing considerations? Or do we conclude thatynamic of speaking; the process of alcohol dehydrogenase
perhaps the genes need a little hélizo, we must presume  regulation is(we hope largely unrelated to that of automo-
that genes code less for specific responses than for plasticitgile driving. Walking and gum chewing are mostly uncon-
But this begs the question: by what mechanism is plasticityyected.

utilized to do the “right thing?” This concern was voiced by Consider a minimal subsystem, that is, one that is no
Waddingtort as far back as the 1950s 1950. Waddingtonionger reasonably subdivisible, e.g., the glycolytic cycle.
also expressed doubts that specifically directed genetic insych a system, despite its least complex status, comprises a
structions were compatable with the fact that a particulalhuge number of constituent parisubstrates, enzymes, étc.
genotype might correspond to several phenotypes or thaf js characterized also by a vast number of feedback loops
“phenotypically almost identicadi_ndividuals) could contain  g3nq an input of energy, some of which is utilized to do work,
wildly different genotypes.” Finally, he noted that no the rest of which is dissipated. The dynamic of any such
adaptive-genetic mechanism had been proposed to accouflipsystem, providing its energy supply is not cut off, can be
simultaneously both for plasticity and the rigidity of yegcrined as a trajectory in its corresponding phase space, a
canal|zat.|onr’. These concerns remain with us togfafy. path that moves about until it encounters a region of that
~In this paper we argue that the nature of living organ-q,ce \where feedback processes capture it. Once it enters
isms, as complex, acquisitive systems, leads inevitably tQ .1 4 “domain of attraction” it remains ther@inless
appropriate organismal responses to the external world quitg,_1an out by external fordesnd henceforth follows a path

independently of genetic changes arising from natural seleGtarred to as an “attractor.” The process can be viewed, by
tion. For reasons that will become clear, we refer to this

' the “attractor hvbothesis.” A ri definiti analogy, as the capture of a tiny particle caught up in a
ass“er 'on as (?, altractor hypothesis.” A rigorous detini Ionwhirlpool. Attractors in complex systems generally are cy-
of “appropriate” adjustment emerges from our arguments

‘clic (like a whirlpool), often exhibiting extraordinarily com-

We follow with a discussion of consequences for neo'plex cycles, and occasionally chaotic behavfoFhis move-

Darwinian theory, physiology and behavior, macroevolutlon_,ment into attractors, known as ‘“self-organization,” and its

anq other areas of interest. _FmaIIy, we suggest ways Lonsideration in biological development and adjustment to
which the theory presented might be tested. environmental changes is hardly néd2° Indeed,

Goodwin™ (see also Goodwifl) went so far as to note that

IIl. GENOTYPE AND PHENOTYPE “... development of a theory of organisms as self-
organizing, transforming fields could overcome some

There exists a deeply ingrained belief that the ultimate of the inadequacies of neo-Darwinian atomism.”

source of biological information, the “coding system,” lies
solely in the genome. But consider that quantitative geneti®ut to our knowledge, the role of self-organization as an
analysis, by virtue of being a stepwise procedure lookinggdaptive mechanism within generatiofversus among gen-
first at genetic influence, is bound to define genome as therations, see Kauffma® has not been fully explored.
primary determinant of phenotype. Generally, in fact, the A process entering an attractor that neither demands nor
genotype-phenotype linkage is not even particularly tight. AUses energy reaches stagieath). But if an organism lives,
given genotype might correspond not only to a variety ofits dynamic must, by definition, have reached some nonstatic
response modes, but also to dramatically distinct anatomicattractor.
morphs (phenocopies Also, the genetical architectur¢he Complex systemgsuch as organismgan display many
additive, dominance, epistatic, environmental, and geneattractors, and as complexity rises, the number of alternative
environment components of a phenotyman change dra- attractors generally increasé¢see Goodwiff). The glyco-
matically with the environment in which an organism is lytic cycle, for example, exhibits several attractors. And by
placed® Finally, genetic expression often changes with im-the time the myriad loosely connected subprocesses in a
mediate past histore.g., genetic imprinting, where a gene’s whole organism are jointly considered, the number of alter-
influence depends on its maternal or paternal histdflor  native attractors must be enormous. Note that because alter-
paramutation, in which a gene’s influence follows from itsnate attractors are, by definition, self-sustaining, they de-
history of homozygote or heterozygote associdfidh. Phe-  scribe alternate homeostatic modes realizable by an
notypes are determined not only by genes, but by the intererganism. All living organisms, given time for transient be-
actions of genome, cytoplasm, environment, and historyhavior, inevitably fall into one of a great many attractors/
none of which alone determines the outcolfi¢® Let us  homeostatic modes.
look more closely at these interactions. Examples of alternate attractors abound, although their
The dynamic of an organism can be viewed as a trajecexpression usually becomes known only when organisms
tory in a phase space in which axes defigay) the organ-  switch among them in response to environmental chafiges.
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Ill. ADAPTATION in response to a local need, but not in another. Processes
leading to membrane folding follow the same principle.
Doing the “right thing” can only mean that the attractor There is another component to the definition of “appro-
realized by an organism is more “appropriate” than otherpriate” response. In a highly complex biochemical system,
available attractors. What do we mean by appropriate, and byhere may be several pathways by which a utilized end prod-
what mechanism might an organism fall into the most approuct (or alternative endprodugtgan be synthesized. In such
priate attractor? Note first that biological systems are distincases, the emerging dominant pathway must be that which,
guished from the complex systems studied by chemists anigh the presence of the others, requires the least activation
physicists in an important way. The latter are forced systemsznergy (a game-theoretic optimumAnd if feedback shuts
maintained by an externally imposed input of energy and/othis dominant pathway down short of supplying adequate
nutrients. Biological systems are not forced; the environmengnd product demand, the second least energy-demanding
does not shove food into the mouths of its denizens. Rathgsathway should take over. Energy efficiency is maximized.
organisms are acquisitive systems, garnering resources to There are caveats. First, there may exist classes of re-
satisfy their own needs. Passive diffusion may, for some nusponse within which, but not among which the above argu-
trients in some circumstances fulfill input and catabétin-  ment applies. For example, male bullfrogs choose a strategy
ergy) needs. But it is difficult to see how organisms utilizing of dominance or of subterfuge in order to m&tef the
this means only could compete successfully with others exformer leads to greater reproductive success for a given frog,
hibiting effectively autocatalytic input and catabolic mecha-that frog (presumably adopts it, even thought itmay) be
nisms(see also the discussion on autocatalysis in Seo. VIl more energetically expensive. The choice has been biased by
Autoenhancement of feeding responses is not somethingatural selection. Within the chosen response class, however,
many workers have looked for, but Takeda and Fakéund  we can expect the frog to follow a least effort policy. Sec-
evidence that the intake of certain dietary components proend, negative feedback among alternative pathways may
motes continued feeding in fish. With respect to catabolismknock out a globally optimum alternative before it can
note that substrates often promote their own breakd@wm, emerge, leading to the evolution of a local optimum, a sub-
through the derepression of kinases in the case of glédose optimal response. We suspect the emergence of local optima
Such responses can be expected to be most effective whet be rare for two reasons, however. First, sites at adjacent
acting powerfully at low nutrient-precursor concentrations,points on a cell membrane, in juxtaposed cells, or in slightly
less powerfully as concentrations rise. It is not surprisingdisplaced positions in the intercellular matrix can exhibit dif-
therefore, that natural selection has favored allosteric regulgerent dynamics, i.e., follow different attractors. By virtue of
tion of reactions by substraté. their proximity (e.g., via diffusion of compoundglssuch “re-
Strong positive feedback promotes acquisition and caaction sites” exert a pull on each other, a pull that encour-
tabolism, while prevention of runaway acceleration of pro-ages convergence to one attractor or the otbee Richtet).
cesses requires negative feedback by-products and, particAnd basic physics tells us that in coupled dynamic systems,
larly, end products. Thus we see the near ubiquity of producénergy flows from the most to the least energy demanding
and particularly end product inhibition in biochemical subsystem. Note further that phase locking of reaction sites
pathways>?*~*In fact, end product inhibition generally acts eliminates the energy cost of interactive drag, thus further
on only one, or primarily on one enzyme, usually the firstenhancing energy efficieny.Second, even the most ener-
expressed in a specific pathway to that end prodiétthus  getically efficient attractor dissipates heat, which leads to
promoting specificity of control. In addition, end product in- stochastic variation in diffusion and reaction rates. In effect,
hibition is generally allosteri¢higher ordex.?* It is the jux-  organismal processes are continually bombarded by small
taposition of positive(acquisitive and negative feedback disturbances which manifest themselves as deviations from
control that defines attractors and thus leads to the formatiogeterministic attractors in phase space. If these disruptions
of homeostasis in biological organisms. Indeed when precurare very small, their impact on an organism’s overall dynam-
sors are produced at a rate exceeding demand by the attrdcs may be negligible. As they increase in magnitude, how-
tor, further uptake is curtailed, leading to a shut down inever, the number of disrupted sites rises, and as this number
synthesis. This follows, by definition, from the fact that at- grows, the number of pathways by which further spread oc-
tractors are self-sustaining. Thus Zubay1993? “miracu-  curs grows also; the disruption may become autocatalytic. It
lous” balance of intakéor production to demand is perhaps may, in fact, become massive and, thus, fatal. But at inter-
not so miraculous after all; a living system simply cannot domediate intensities, energy dissipation should remain mildly
otherwise. disruptive, enhancing the exploratory process. The result is a
The balance of intake and production to demand applieginesis (akin to the simulated annealing process by which
not only to dynamics, but to spatial structure. In those partstatisticians find best fitdn which the system “seeks out”
of a cell (or a body where an end product is utilized and the most energetically efficient attrag®r Again, biological
therefore does not accumulate, the consequent lack of negaystems, without the need for genomic change, by virtue
tive feedback allows continued production of the substrateserely of living, do “the right thing.”
and intermediate products, including enzymes, along its bio- By energy efficiency, we do not necessarily mean ho-
synthetic pathway. Thus continued production of the endneostasis at least cost. Rather, the arguments above indicate
product is promoted in those sites where it is utilized. Mu-choice of the most energy efficient homeostatic mode within
cus, for example, might be produced or excreted in one spa class of modes dictated by past natural selection. In this
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context Sibly and Caloff (see also PresndY wrote that corresponding changes in thermal conductivity in the organ-

evolution has apparently proceeded towards metabolilS™: Or unless the induced stress is a temperature) @rupa
pathways that maximize the amount of ATP produced/iS€ in 0xygen consumption. This is only the immediate re-

per substrate used but not necessarily to the minimiéction, however. Following this transient phase, which may

zation of heat production per ATP produced. be very short lived, phase locking into a new attractor is
likely to drop metabolism to a new level. Time lags in this

We emphasize also that settling into stable attractors i%djustment may produce oscillatory respondes a review,
not, in itself, energetically adaptive. It is merely the allevia- goo Zotif4).

tion of noise. But it generally results in efficiency, and in this

sense can be thought of as adaptive. _an entire suite of possible alternatives. Inefficient or abnor-
There is a glaring exception to the above energetics ar, 51 pehavior, while less than ideal, may nevertheless repre-
gument. Where autocatalysis occurs, mostly in the earlyen: the least of alternative evils. In addition, in assessing
steps of catabolism, the “winning” pathway, all else being 555 onriateness of response, we must be careful to look at
equal, will be that with the strongest positive feedbithn the whole organism. It is entirely possible that, by virtue of
such cases, the emergent reaction chain will not necessarily,shakable correlations, an adaptive response unavoidably

be the most energetically efficient. But the outcome, neverg, ries with it inefficient constituent componetitee Gould
theless, is not necessarily maladaptive; for a given nutrient Lewontin.

input from the outside world, it assures the most rapid supply  the term “adapt” has evolutionary overtones. Never-

of energy for anabolism. For example, organisms brealqjass. for lack of a better word, we shall henceforth use it,

down glucose more efficiently than dextrose; both reaCtionﬁenerically, to mean “appropriately” respond. Adaptation,
are controlled by feedback from the ATP they produce. By, s sense, therefore, occurs repeatedly in response to en-

virtue of positive feedback, the glucose pathway dominateg;ronmental changes over short periods of time within a gen-

when both sugars are available, but substrate scarcity forcegtion. We can now restate the “attractor hypothesis” in a
a slowdown in glucose metabolism, permitting the autocatag|ighy different way. Adaptation can occur via movement
lytic emergence of the dextrose pathway. among attractors, as an inevitable consequence of organisms’
complexity and acquisitive nature, quite independently of ge-
IV. RESPONSE TO CHANGE nomic change. As opposed to adaptation in the evolutionary

Attractors are extremely sensitive to external conditionsSENSe; it refers specifically to the balancing of intake and

Thus, at critical points along an environmental gradient, atProduction to demand, and to the energy efficiency with
tractors may shift in phase space or even appear or disappefhich such balancing occurs.
So, with small environmental changes, an organism might
shift its responses continuously. But with greater changes, Qy
at critical points along an environmental gradient, where the
occupied attractor disappears or another, more energy effi- The term “stress” has been variously defined, but a
cient one appears, the organism is likely to jump abruptly tacommon thread relates to energetic efficiency. We will stay
a new response level. We expect, therefore, that a number afithin this general interpretation, and refine it in an attempt
(if not mos) physiological processes should be characterizedt rigor. In keeping with the physics analogy, a stréss
by more or less discrete alternative states within each o$tressoris something that induces strain. Hence we define
which there is some continual variation. Thus, Bscoli  stress as an environmental change that brings about a loss in
grown on a combination of glucose and lactose run low orenergetic efficiency. The loss itself is “strain.”
the more efficiently used glucose, a switch to lactose me- As noted above, intermediate levels of stress, enough to
tabolism occurs involving the expression of lac operon geneplt some trajectories from their domains of attraction, but
formerly repressefl Similar alternative states are widely re- not enough to produce disruptive cascades, should enhance
ported in the form of physiological “set points.” Basal me- the kinetic “search” of the phase space. A little stress may
tabolism, for example, follows this pattern, the occupied at-actually lead to more rapid and more complete adaptation.
tractor (set poinj defined by exercise and dietary history. Supporting this contention is a sizeable literature. The en-
Body temperature, the set point changing in taxon-hanced response, known as hormesis, is well documented for
characteristic manner with disease, is another exarfggle a wide array of chemicalfor a review see Ref. 361t is
Schmidt-Nielsert, Table 5-16 in Wither¥). Growth un-  also well studiediis-avis radiation(for plants, see Sheppard
doubtedly promotes and responds to temporal changes in dand coauthors! for animals see Congdon, Delpla, Macklis,
velopment. As such, it, too, might be expected, and indeednd Newcomh® Were the effects of a stressor to be fol-
does(at least in humansoccur in bursts separated by rela- lowed over time, the mechanism suggested here would lead
tively quiescent period® Because of time delays around one to expect first a disturbantan excitatory responsand
such a jump, moreover, such saltatory adaptations shoulidcreased metabolism, followdih the event of survivalby
exhibit hysteresis. Again, the literature is full of examplés. an abatement. Such patterns are reviewed by icsttoxic
Change, by differentially knocking trajectories from doses of salicylates, alcohol, thiopental, many heavy metals,
their domains of attraction across the body, induces drag anaind barbiturates in general.
energy dissipation. Thus an immediate reaction to change Explanations given for hormetic responses in animals
should be a slight rise in body temperatdunless there are usually revolve around stimulation of the immune system.

In addressing response to change, it is important to view

. STRESS AND HORMESIS
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This is not inconsistent with the mechanism proposed abovehe organism toward a new attractor in a third subspace.
indeed the immune cascade may be the quintessential ekinally, over generations, still another subspace attraédor
ample of an adaptive search for the autocatalytic path proncreased chest girthis favored by natural selection. Slowly
ducing the fastest alleviation of ne¢da vanishing disrup- reached attractors we refer to as “deep.” As noted, all these
tion by an antigen Clearly, the stimulation of the immune subspaces define the domains of processes at least loosely
response fails to explain hormesis in plants, while our explainterconnected to each other. Thus, acquiring the first, super-

nation is sufficiently general to do so. ficial attractor somewhat alleviates pressure for moving to-
ward the second, and so on. As a result, with a single or

VI. HIERARCHICAL AND PARALLEL ORGANIZATION infrequent exposures to an environmental change, only the
) first, superficial adaptation might occur...or perhaps the first
Susan Oyamid writes and second, but not deeper adaptations. Similarly, as the

Control of development and of behavior may be saiddeeper processes reach more efficient attractors, there is less
to emerge in three senses. It emerges in interactiorimpetus for rapid response. Thus physical conditioning less-
defined by the mutual selectivity of interactants. Sec-ens the heart rate response of exercise, and repeated stimuli
ond, it emerges through hierarchical levels in thelead to habituation.

sense that entities or processes at one level interact to

give rise to the entities or processes at the next, while

upper-level processes can in turn be reflected in

lower-level ones. Third, control emerges throughV”‘ THE GENE-ATTRACTOR INTERFACE

time, sometimes being transferred from one process to

So far we have largely ignored the role of genes, point-
another.

ing out that much adaptation can occur without genetical
This sort of organization was recognized by Kacser inselection. What is the role of genes in this scheme? First,
19574% and foreshadowed the interaction of time scalesnote that adaptation by attractor hopping must be considered
talked about by Goodwin in 196%.1t can be broken down in the context of the genome. Such adaptation depends on
via the communication modes by which feedback acts taxisting biochemistry, anatomy, etc., all of which reflect a
define attractors and by the rates at which attractors arbistory involving genetig¢and othey change. Also, genetical
reached. For example, we have talked about feedback withiselection cannot be thought of as acting only on the genome,
or between adjacent reaction sites. The same arguments, withr the genome, too, is part of the system of feedback loops.
some modifications, apply across much larger distances b§ene products feed back to control transcription, environ-
virtue of information carried in the circulatory and lymphatic mental changes can alter gene expreséionexample, gene
systems. Communication also occurs via the mechanical irexpression, as indicated by allozyme analysis, varies with
terdependence of body parts, via the nervous system, and viaproductive status and season in véfgsand behavior can
interactions among individuals. Finally, communication oc-alter environmenfor, via movements among habitats, the
curs among species and between species and the physiedperienced environmentAnd the role of genome as part of
environment. a much more complex whole suggests something more: The
To exemplify attractors with differing time rates, and impact of random tweaking of any complex system is likely
also the interaction among hierarchical levels of attractorsto be highly buffered and, when expressed, manifest itself in
consider a human'’s response to lowered oxygen availabilityinexpected ways. Thus the effect of many genetic changes
(a trip to higher altitude, for exampleDefine several sub- will be unpredictabléoffering potential problems for genetic
(phasgspaces, one of which describes the domains foengineers and extraordinarily small(see, for example,
breathing, heart rates, and activity level. The positions oKimura®).
attractors in this subspace depend on environmental milieu Second, natural selection is qualitatively different from
as determined not only by air pressure outside the body buhe adaptive processes described here in that its consequence
also blood volume, hemoglobin count, active status ofis not necessarily increased energetic efficiency, but in-
hemogobin-affecting genes and chest gi@@mong others  creased Darwinian fitheggven though the two seem likely
The most rapid response to increased altitude is a kinetito be highly correlated, in geneyaln short, natural selection
movement within this phase space toward an attractor dedoes not act to push systems toward particular attractors, but
scribing increased breathing and heart rates and decreasemvard setsof attractors, within which the mechanisms dis-
activity. We refer to such rapid response attractors as “sueussed here operate. Once this has occurred, it may act to
perficial.” A second sufphasgspace describes the domains still further narrow the options. Thus, the emergence of a
of blood volume and hemoglobin levels. The position of at-specific, adaptive physiological process or a behavior pattern
tractors in this subspace are influenced by breathing anchay actually precede its subsequent canalization by natural
heart rate, air pressure, gene status, and chest girth. As reelection(see Waddingtot for a discussion of genetic as-
sponse occurs in subspace 1, and continuing after an apprsimilation; see also Wecisfo).
priate (energetically adaptiyeattractor is reached in that Natural selection can be expected to have altered an or-
space, movement occurs also toward a new attractor in thganism’s biochemistry toward a dynamic that discourages or
second space, an attractor characterized by increased bloetiminates attractors inimicable to fitness or that enhances
volume and hematocrit. Similarly, at a still slower pace, al-adaptation via attractor hopping. Thus natural selection can
terations in gene expression for hemoglobin type are movingpe expected to have biased attractor choice, under breeding
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season conditions, towards attractors involving reproductive  Because a change in genotype does not necessarily pro-
behavior. duce new, more efficient attractors nor destroy pre-existing
As with the case of bullfrogs cited earlier, though, within ones, genetic change need have no effect on phenotype.
the set of reproduction-involving attractors, we should stillSimilarly, as we have seen, a particular genotype may exhibit
expect kinesis toward the most energy-efficient behavior. Omultiple phenotypegadaptive responses, phenocopidhe
course, the genetically induced bias towards certain classdigk between genotype and phenotype may be loose, and in
of attractors depends on the existing biochemical dynami@ddition, depends on environment and history. It is, there-
which, in turn, depends both on genome and external condiore, hardly surprising that genetic architecture should vary
tions. As such, natural selection and the mechanism dewith environmental condition®.
scribed by the attractor hypothesis act inevitably in close  The above observation has possibly important implica-
concert. Under some conditions, though, the genetic bias tdions for the appearance and mechanisms of outbreeding de-
ward a particular attractor set may be breached. For exampleression. Attractors are formed by the interactions of mul-
facing extremely adverse conditions, an organism might pastiple gene loci, and the manner in which these interactions
up reproduction in a breeding season, thereby salvaging emake place are environment dependent. Thus the process of
ergy for survival. adaptive attractor choice makes the gene interaction appear
Suppose that over the course of evolution a critical needynergistic/cooperative. In effect, the appearance of co-
arises that can be méit least at the timein only one rea- adapted genes is, at least in part, a function not only of natu-
sonably efficient way. That is, the biochemical arsonal isral selectionper se but of the attractor choice mechanism as
such that of the various homeostatic attractors, only onelescribed by the attractor hypothesis. To the extent disrup-
stands out clearly as the efficient alternative. In such a casion of coadapted gene complexes occurs, it must happen
we should expect natural selection to act towards the elimiwhen parental genotypes are so mutually disruptidepen-
nation of all but that one attractor. This would prevent thedent on environmental conditionthat appropriate attractors
system, even momentarily, from falling into a “wrong” re- are no longer available. We should expect, then, not a
sponse, and would result in a direct genetic determination ofradual rise in outbreeding depression with increasing mo-
the associated trait. It is in such cases, where there exist necular (genetig¢ distance, but a sudden change. And as op-
backup pathways, that deleterious mutations will haveposed to the long-term recovery process suggested by clas-
clearly defined effectge.g., phenylketonuria or Tay-Sachs sical natural selection theof§,recovery over time should
syndromeg, and that knock-out gene manipulations will be occur relatively abruptly.
successfuf®
It is appropriate at this juncture to reintroduce the mattedX. DIRECTED MUTATION AND THE INHERITANCE
of autocatalytic reactions. The winning process in such casé@F ACQUIRED CHARACTERS
is not necessarily the most energy efficient, but is the one  peep |evel attractors may be sufficiently slow to persist
that accomplishes a function most rapidly. We propose thal.;5ss generations. We have indicated that a little noiise
where fast reaction is selectively advantagedus, at the  y,hance can facilitate the search for an efficient attractor.
superficial Ievg)l, natural selection will have fay(_)red th_e rse Note now that genes and gene-products are part of the feed-
of autocatalysis; at deeper levels, where efficiency is parggac oop. Thus stress-induced phase-space exploration can
mount, it will have discouraged autocatalysis. be expected to entail the induction and repression of genes.
Therefore by the random nature of its effects on trajectories,
VIIl. GENETIC ARCHITECTURE strgss s.hould raise t.he varif':mce in gene expression over re-
action sites, thereby increasing the variety of gene expression
Suppose two alternate forms of a gene, A and a, influin the organism as a whole. A subsequent drop in gene ex-
ence their bearer in contributing to differeffterhaps over- pression should accompany the settling of the system into
lapping sets of attractors. Also suppose that, for a particulanew attractors that alleviate the stress, or upon cessation of
environment, one séassociated with Apossesses more en- the stress. These stress reactions have, in fact, been
ergetically efficient alternatives. Then any organism posses®bserved?
ing A, regardless of the form of its diploid pair, should mani- A cascade in genetic expression is useful to the organism
fest those most efficient attractors. Only aa individuals willin at least two ways. First, it provides new attractors from
fail to do so. Dominance is a natural consequence of thevhich the organism can choose. Shoposhritkstiowed that
attractor hypothesis, and should vary from weak to complet¢he explosive increase in phenotypic variability in aphids fol-
depending on the degree of attractor overlap and the degrdewing transplantation to unsuitable plant hosts was followed
to which one attractor set exceeds the othisravis effi- by canalization of adaptive new phenotypes at the expense of
ciency. Heterogygosityper se then, should not convey se- old ones, which gradually disappeared. Second, by disrupt-
lective advantage except insomuch as it provides alternatiag chemical structures and repair mechanisms, stress also
attractor choices in a spatially or temporally varying environ-may bring about an increase in ttrandom mutation rate®
ment. To the degree heterosis is expressed, we should expetahf® suggests that adaptive mutations permit the system to
it to reflect superior energetic efficiendwhich it does, at calm down enough that cells can replicate and divide, while
least for the loci explored by Gartest al*’). Note, finally,  deleterious mutations will not. In such a manner, the “good”
that the attractor theory offers an explanation for why domi-mutations are selected. Starvigg coli cells induce forma-
nance may change with genetic background. tion of about 30 proteins, some novel, in several successive
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waves, some of which promote survival during defined somewhat differently. The former refers to maximiz-
starvatior?®®! Davis*® suggests that starvation promotesing Darwinian fitness, the latter to efficient balancing of in-
damage to genes and interferes with repair so long as theut and production to demaritdoth in a game-theoretic con-
starvation stress persists. When a mutation comes along thixt).
alleviates stress in offspring, however, it is the one passed The evolution of plasticity becomes a nonproblem in
on, and the process of damage and interference absges light of the attractor hypothesis. Adaptive plasticity is an
also Holliday and Rosenbergér In effect, there exists a unavoidable consequence of biological complexity.
mechanism whereby stress increases the mutation rate and Waddingtori argued that the neo-Darwinian paradigm
then screens mutations for their beneficial effects. Thecould not account simultaneously both for plasticity and ca-
screening amounts to no more than classic natural selectiamalization. The attractor hypothesis provides a solution to
in the case of single-celled organisriavestigated by the Waddington's dilemma. Processes inhabiting attractors, as
above authops but in metazoan germ cells, it provides a noted above, resist change and, when faced with sufficient
prereproductive selection process, leading to an apparentfyressure, jump attractors. Those on deep attractors react only
biased rise in beneficial mutations. slowly, those on superficial attractors more readily. Thus ca-
One genetic effect of disturbance is the jumping of trans-nalization can be explained as the resistance to jumping deep
posons(see, e.g., Campbelf,who notes that the transposon attractors, and plasticity the ability to hop among superficial
for erythromycin resistance in Streptococcus TN917 jumpsnes. Phenocopies are represented by the deepest attractors.
only when a jump is need&dWe know also that cells can Ho and Saunders,though providing no mechanism, say
switch genetic states using a variety of mechanisms such asuch the same thing. An organism consists of many inter-
methylation and demethylation. And because gene repressidacking hierarchies of control; it can be described as a con-
and derepression are deeper level processes than many otfiguration of states. At critical threshold levels of inducers,
biochemical reactions, they can be expected to lag othahe whole system can jump into another configuration.
adaptive responses. Thus it becomes feasible for stress- Finally, if indeed, the adaptive process involves a tem-
induced, adaptive changes in gene expression to be inheritegloral hierarchy of within and among-generation processes,
We know, for example, that transpositional changes can bicluding the inheritance of some acquired characters and the
inherited. We know also that the methylatégene turned differential passage of genes as determined by attractors at
off) and demethylatedgene turned onstatus of genes can the individual, social, population, community, and ecosystem
be transmitted across generatiGhsGrafen® in a letter to  levels, variation, both behavioral and morphological, can be
the editor ofNature notes this fact, and it has been observedexpected often to be discrefsee, e.g., Alber&). Evolution
repeatedly in experiments with bactetfa protozoa&’ and  should be expected to occur in jumps of varied duration,
plants®® see also the Drosophila bithorax experiments ofsmall jumps within larger ones within still larger on&3ee
Ho,>® and Jablonka and LanfBPerhaps this is the means by Per Baket al8 Ayala, and Goulff). In short, the pace of
which genetic imprinting and paramutation occur. evolution should be fractd® And in the same sense that
adaptive sufphasé spaces can be, to some degree, decou-

pled, macro- and microevolution also are, to some degree,
X. IMPLICATIONS FOR EVOLUTIONARY THEORY decoupled®

In the Introduction we noted Waddingtof%concerns
as to the efficacy of natural_selectlon in flne-tunlng_organ-XL POSSIBLE TESTS OF THE HYPOTHESIS
isms. We have addressed this concern in some detail, above.
For example, spontaneous kineses toward energy-efficient at- To test the attractor hypothesis, we must identify adap-
tractors negate the genetic trade-off costs of evolving adagive responses that follow from the arguments here but can-
tive response&! not be explained via the agency of natural selectymr, se

By virtue of nongenetic adaptation, the production of Unfortunately, natural selection can be expected to favor
increased diversity under stress, and the possible prescreagenes that work wel{promote fitnessin the context of the
ing of mutants, natural selection need not choose among ramrganism and environment in which they operate. Similarly,
domly generated phenotypes. The attractor hypothesis pravhatever nongenetic components interact with their genome
vides, instead, a ready set of preadapted alternaiffe@s to promote well being are passed on in conjunction with the
efficient balancing of supply and demand if not for fitness,genome. Therefore, over time, a close correlation develops
per sg. This virtually eliminates genetic load and enhancesamong the genes and all other components comprising an
the selection procegsee also Kauffmah). organism and its environment; genetic change carries with it

The clangorous battle between proponents of naturatorresponding changes in the whole organism. It is small
selection-based optimal adaptation and their oppoffeinés,  wonder that the genotype-phenotype linkage appears tight in
for a number of years, generated considerable tvégi both  many cases.
sides subtly settling into less noise-producing attra¢t@g Despite this linkage, several considerations permit tests
eliminating the need for gene frequency changes as thef the attractor hypothesis.
means of evolving fine-tuned adaptive responses, the attrac- (1) There are dynamical correlates of the hypothesis
tor hypothesis effectively reconciles these two camps...withicharacteristic cyclicities, saltatory shifts among different cy-
one caveat: adaptation by natural selection and adaptation ljicities, hysteretic responses, differential prominence of au-
attractor choice, while in practice probably very similar, aretocatalytic processes in slow versus rapid respontiest
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have no apparent rationale under natural selection theoryerm relief from sterile abscesses in their young pyoderma
Consider that alternative physiological states exhibit characpatient by local cooling to 33 °C. Associated with remission

teristic signatures in the form of oscillatory frequencies andof these lesions, the metabolic behavior of local neutrophils
patterns. Can physiological states be chan@eah we shift changed from chaotic to a normal cyclic pattern.

among attractopsby driving these signatures? The attractor ~ (3) Adaptation by attractor search is related to energy
hypothesis says yes, and the answer would seem outside te#iciency, adaptation by natural selection to life-time repro-

realm of prediction by natural selection. In this context, Ada-ductive output. Thus we can look for examples of homeo-
chi et al. and Kindelskii and Petfi were able to treat pyo- static response that satisfy one and not the other.

derma gangrenosum lesions of a young female patient by (4) Natural selection-based responses to strictly novel
local treatment with an electric field at resonant frequencystimuli will not necessarily be adaptive. Scharibarote

with normal neutrophilNAD(P)H) cycling. The otherwise adaptive phenotypic reactions only occur for variation

concurrent remission of the abscesses. Not so if the attractor hvpothesis i ¢ Perh Id
If an organism experiences continuing change in its en- ot so It he atlractor hypothesis IS correct. Ferhaps we cou

vironment, does it, as the hypothesis predicts, eventually diAPOk at the Darwinian fltn_ess and energetics of organismal
responses to novel stimulsuch as hypergravity

play a saltatory change in some aspect of its phenotype® ) .
Does the change exhibit hysteresis, and is the switch accom- (5) Under the attractor hypothesis, the tightness of the

panied by an decrease in energy dissipated per energy takgﬁnotype-phenotype I|nk' can be expectgd to loosen when
in” genetic change comes via induced mutations rather than se-

We araued that autocatalvsis can be expected to evolvlgction. Similarly, the penetrance of genes should drop when
9 y P netic background is altered. Do these predictions match

more often with respect to superficial than deep processes. %g .
. . . . Observations?
this so? For example, does food intake stimulate further in- . . .
A change in environment, or an enforced change in cy-

gestion(to a poin} and are dietary preferences, by contrast, . . ! ) ) :

. . . . toplasmic chemistryperhaps via drug deliveyycoming as it

conservative? Does fear feed on itself while learned avoid- 1d with di h in th hould

ance patterns resist change? Are rapid physiological re\(/-jv.Ou Wﬁ out correspohn Ing ¢ a}_ngl;(e n tDe ger;lome,bgl_ ouf
: . . . isr n -phen in . ritabili

sponses more likely to be self-inducing relative to slow re- srupt the genotype-phenotype age. Does heritability o

specific traits decline under stress? There is some indirect
sponses?

(2) Under the attractor hypothesis, hormesis arises Whedata on this latter question. Jinks al® found an increased
yp ’ gpistatic(and thus a decreased remaining genetic compo-

strgss jolts an organism from one attractor into a more gnerﬁem) for phenotypes in marginal as opposed to prime habi-
getically efficient attractor. This suggests that organism
“stuck” in inappropriate behaviors may be cured by apply-

ing limited stress. Animals, including humans, exhibit a wide

array Of. “bad gab't;'” that canl_be acquwed_ dorbllost _\év'th'fr; a will prevent organisms from settling into any but a very few
generation and so do not qualify as unavoidable side effec the deepest domains of attraction. Hence, though adapta-

of gengtically selecteq traits. These range from addictions Bon still may occur via attractor choice, that choice is se-
anorexia tp mappro_pnate motqr hab|ts_|n dance, other athleR'/erely limited, thereby resulting in a tighter genotype-
ics, and piano playlng_. I_t is _h|ghly unlikely that the former phenotype link(see Parsorid).
two contribute to Darwinian fithess, and the latter is probably
irrelevant to fltne_ss. In the contexts in Whl(?h. they develo_pe%l_ CONCLUSIONS
do these behaviors represent energy-efficient alternatives?
Would a little bit of stress hasten a correction of these hab-  As illustrated repeatedly, above, the attractor hypothesis
its? The attractor hypothesis would answer both questionprovides a framework within which a whole host of obser-
affirmatively. vations derive explanation. In general, it complements
On the other hand, too much stress can prevent bioknown mechanisms, including natural selection; in some
chemical and behavioral trajectories from settling inamy  cases, it comprises a more general reference for mechanisms
attractor, continually knocking them out of domains of at-already invoked and understodunmunological responses,
traction. Indeed, distortions of a trajectory in one (@litas¢  for example. Our purpose in presenting it is not to displace
space, by altering the milieu for others whose subsequerither hypotheses$with which it does not compete in any
distortions feed back on the former, might set up a dynamicase but to provide a somewhat new thought orientation that
of attractor change that is self-sustaining. In such cases, adray prove heuristic.
aptation requires a reduction in stress. In this regard, Blan- The processes described in this paper enhance adaptive
chardet al®® have demonstrated the clinical value of relax- fine-tuning, facilitate the evolutionary process, and expand
ation training as a treatment of irritable bowel syndrome, andhe context within which genetic dominance, coadapted gene
Deepaket al®® have successfully used meditation in the complexes, and alternate genetic architectures come about.
treatment of drug-resistant epilepsy patients. Lowering ofThey also provide possible explanations for such phenomena
temperature can be expected to alleviate some stress disrugs genetic imprinting, paramutation, “directed mutation,”
tion and so might be used, also, to treat conditions charadhe increased expression and mutation of genes in response
terized by an inability to settle into an energy-efficient attrac-to stress, and hormesis. Simply by virtue of being acquisitive
tor. In this regard Adachgt al.”® successfully induced short- self-organizing systems, organisms respond to changes in

The last two predictions apply only under light or mod-
erate stress. Under intense stress, it is likely that disruption
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