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Abstract-Evolution on rugged landscapes ceases when a local maximum is atta,ined. This poses the
problem of how evolution could approach or attain a global nuWmum, especially for large genomes for
which quasispecies are ineffective. nbow how incr<:;1Sing the dimensionality of the landscape, which OCCurs
every time there is a gene or higher order duplication (up to polyploidy), may solve this problem. Epistasis
or complementarity between the duplicated genes provides an all uphill pathway towards the global
maximum. The evolution of hemoglobin and other dimeric and tetrameric proteins provides a testable
case, since fitness is readily defiIied.
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INTRODUcnON

The New Synthesis has paid only lip service to the
". .-

role of increase 'In genome size as a mechanism of
evolution. This IS because the theory has concen-
trated on milxiiniiing fitness 'in a'given allele ~aCe
(Wright, 1931; 1932; Kauffman, L993;M;!.cken, 1~93;
Stadler, 1993). .Also, while We are adept at taking
prQjectJoJ1Sto get from IUgher to lower dimensiona!
spaces (penna & Patterson, 1986), our mathematics
offers little of richness or elegance, otber than perhaps
visual bulls (Meisters & Ulam, 1967; Beyer & Ulam,
1968) and computed tomography (Gordon et ai.,
1975), when we COncatenate subspaces. However, as

. . .

we learned with the invention of the airplane, and as
all deep thinking Ilatlanders believe (Abbott, 1952),
if they cannot perceive, there are i'hcredible new
opportunities to be gained by an increase in the
dimension of the space one is prepared to expIate.
Since proteins (Ohno, 1970;' Savage~u, 1986; Le~,
1986), genes (Ohta, 1987a, b, 1990), and genomes
(Sparrow & Nauman, 1976) do appear to increase by
doubling, it behooves us to tag along with them and
discover the consequences.

Besides, tbe more we delve into the mathematics of
adaptive landscapes, the more it becomes clear that
achieving global optimization via natural selection is
a tenuous proposition (cfJacob, 1977). The problem,

,",,"Sometopics included in this work have been discussed
during the Third InlemaliClnal Workshop on Op'en
Problenu a/Computational Molecular Biology, Telluride,
Colo., 11-25 July 1993.

as reviewed, albe.it in a positive light by Kauffman
(1993), is that ad~ptive or fitn~ landscapes are
rugged, even fractal landscapes (cfConrad & Ebelfng,
1992;Weinberger & Stadler, 1993).

..

The quaSispecies solution (Eigen, 1971:;Demetrius,
1983), to send hu~'1numbers of variant offspring out
over the rugged land$a,pes, ~ches a "limil at a
se.queDfClepgth.of a hundred to a thQusan~repeating
uni!:S" (Eigen & Winkler-Oswatitsch, 1992). It thus
generally (cfClarkeet al., 1993) works fine for viruses
(Domingo et ai., 1985~Steinhauer & Holland, 1987;
Epstein et ai., 1991; Eigen, 1993a, b), but not for
us "higher" organisms with big genpmes. Eigen &
Winkler-Oswatitsch (1992) are driven to conclude
"that the optimization of individual genes must have
taken place before their integration into a giant
molecule, the genome", perhaps unnecessarily.

In addition to the empirical evidence for genome
doubling of Sparrow & Nauman (1976,), we know
that, at least for p!ants, change in ploidy is common
in the creation of new species (Ray et al., 1983).
Lower vertebrates are also tolerant of ploidy changes
[reviewed in Duellman & Trueb (1986)] and their
speciation may sometimes involve ploidy change
(Lewis, 1980).

Gene doubling is the basis of the evolutionary
appearance of whole families of related genes and
pseudogenes (Albertset aI., 1994). Unfortunately, as
each individua! new gene may have a new functio.l1,
it is hard to ascribe a fitness to each (Franklin &
Lewontin, 1970) and estimate the overall improve-
ment in the fitness of the organism, as much as we
might believe that to occur.
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There is one category of genes, however, which
permits us to exiiJ;nine improvement in fitness upon
gene duplicatiQn. These are the dimeric and tetra.
mericproteins~ Hemoglobin is an elegant example. In
humans, it is a dimer of a dimer; consisting of alpha-
and beta-globins. The two monomers are similar
(Singer & Berg, 1991), which belies a common origin

from a gene duplication.
Why should hemoglobin have evolved this way'!

We can phrase tlUs question quantitatively, because
there are functioning monomeric hemoglobins in
lower organisms:

"Multiple genes and pseudogenes for the «-and ~-chains
occur"in all venebratC$, and these~are part of a multigene
superfamily that includes the coding sequences for invert-

ebrate globins, vertebrate myoglobin, and plant leghemo-
globin. All these proteins are functionally siinilaT in that
they contain heme and asSociate reverSib1y with oxygen. . . .

A single '81o,biti.'gene is assum~ to have existed in a remote
ancestor of contemporary species, An amplification of the
gen~Js-postulated more than 4QOmillion years ago because,
although the cyclostome fishes have a single globin chain"
the jawed fishes, the gnathostomes, enCode both iX- and
P-globinchains" (Singer &'oerg, 1991).

Quantific.atiqn is available via the rate constants
for the binding and release ot oxygen, the presumed
major functions of hemoglobin. Other cases, such
as alpha- and beta-tubulin (Raff et 01., 1987; Joshi
& Cleveland, 1990), do not yet permit such a clear
statement of function and variation over phyla,
let alone quantificatiqn.

Here then is our problem. "Primitive" hemoglobin
represents a lower adaptive peak than "advanced"
hemoglobin. How coUld evolution bave got'~n
front lhe lower peak to the bi~e~? It alqtost seems
ob~,pu:s, ~t least in retrospect, since we know this
happe.Qed!>y gene duplication. But let us look at the
problem (rom the point of view of rugged fitness
landscapes.

First we must note that tbe primitive and advanced
peaks are, in different spaces. We could get around
tlUs inconvenience by considering the fact that the
primitive hemoglobin's landscape is actually a sub-
space of the advanced hemoglobin's landscape. If we
look at it this way, the improvement represented by
advanced bemoglobin would, seem to have little or
nothing to do with the fact that it is a tetrameJ. We
could conceive of the- whole structure alternatively
being, built out of a single gene producing a long
protein with four functional parts" For instance,
we could imagine, to keep everything in (me space,
that the primitive hemoglobin gene happens to be
adjacent to three, times as much junk DNA (Ohno,
1972), which base by base is converted over evol-
utionary time to advanced hemoglobin. [Tbis could
even be construed to provide an "antiCipatory pur~
pose" or "preadaptation": Bock (1959); .Eldredge

(1989) for junk DNA.] Of course, a few point
mutations would also occur in the initial primitive
segment as well.

We now see the absurdity of believing that hemo-
globin could evolve tlUs way. With a fixed dimen-
sionaJ landsCape, we are forced to imagine that
hemoglobin evolution started with a functional, if
suboptimaJ molecule. Then step by 'step, every so
many generations on average, the molecufe accumu-
lated additions which neither enhanced the function-
ality much, if any, and also did not hinder what
functionality aJready existed. Moreover, it is hard to
See wl)y these incremental changes should be driven
by 'selection towards providing improved functional-
ity (better oxygen binding and release kinetics),
especially since this property may depend on allo-
steric properties only ascribable to even multiples of
the primitive protein. It is also hard tp Qelieve that
there is any'di~,tionality al()ng this pati!way over the
landscape. In fact, the valley between the two peaks
is at best quite flat [a "golf course": f{aufl'man (1993,

. .

p, 112)], with no gradients pointing towtirds the

advanced peak, or, even worse, deep crevi!:es en route,
ifall that extra IimgthQf,peptide got in the way of the
(primitive) fum;tiQna! portion. It is indeed a rough
landscape, but with littfe hope to offer the would be
mountaIn climber, who is, so to speak, always in a
fog, unable to see and direct herself towards the peak
she would like to climb.

INCREASING THE DIMENSIONALITY

I have had to use the conceptuaJ artifact of adding
junk DNA to the primitive gene, in order to visualize
the hemoglObin evolutionary process in one space.
While the C-value paradox is tantaJ@qg (Cavalier-
Smith, 1985), I would not really like to suggest that
tbe function of junk DNA is to prepare for advanced
evolution eons hence (cfMartin &,Gotdon, 1994). So
now let's try to appr<rach the problem from the PQ~nt
df view of actualinc~seinfitnessi.JandScape dimen-
siohality, rather Wml\s if all the dimensions were
present "from the begiiming''. a concept that smacks. .

too much of the homunculus (Gardner, 1972: Casti,
1990).

Let ils consider the most elementary model, in
wlUch fitness varies along a single axis ~PJ"CSenting'
the allele~ of a single genome (Fig. I). Evolution has
brought us to the point where the popuiation is
trapped on the lower of two peaks in the adaptive
landscape. How do we get to the bigher peak?

If we invoke an initial dimerizatiOn by gene dupli-
cation it would have the primary initial effect.of
producing more of the same protem. In general
[though there are pathologies possible, as eviClenced
by Down's syndrome and other trisomies: Dyban &
Baranov (1987)], we may presume that gene dupli-
cation represents only a minor genetic burdeIl; (if not
an immediate advantage) to the individuaJ in which
the mutation first appeared. At this point, then, we

.
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Escap'ins' rugged landscapes
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Fig. 1. Fitness is assumed to bea function of a more or less
continuously varia~le alleJe.The fitness hiiS a glob~1 maxi-
mum fitness of height J; and a secondary peak in fitness of
height./3 with a valley inbetwcen offitnesslz. The peaks and
valley are approximated \:Jyrectangles for further figures.

have two copies of the primitivcgcnc with perhaps no
particular advantage or disadvantage.

Tht; subsequenl divergence of the two monomers
by point mutations, so that they" beth perhaps bind
better to one another and provide greater qveraJJ
functionality; may have occurred in a correlated
manner. Such correlated point mutations wouJd re-
duce the search space and perhaps aid in gctting to
the global maximum in the double dimension space.
Thus, while epistasis is usually seen as providing a set
ofconfIictinK constmints that lead to a rough fitness
hindScape (Kauffman, 1993), in the case of' gene
doubling epistasis may actually smooth the way to
the global nutXimum. ThiiPcorrehitedevo1utibi1 Of

'lwo genes ~ght be thought of as." "intraspecifiC
coevol\\tioni'>, for lack ~of I,l.better name. A similar
phenomcnon ma~ occur inc'agencthat is p~oc!uced by
the complementary strand to a protein, perhaps
c.9ding its chaperone (Wohn ei al., 1994).

THE EPISTASIS LANDSCAPE

Let's try 'to generate a model, in the context or
adaptive landscapes, of how epistasis between the
primitive monomer and its"duplicate might smooth
the transition from a lower toa mgher peak. The first
tmng to note is that our representative one-dimen-
sional space in Fig. lis now a two.dimensional~ace
(Fig. 2). Two simple models for combining fitnesses
of two or more genes have been suggested, namely
addithie and multiplicative:

"Tbe p.opulatio.nrC8n be thought of as a tight or loose cluster
of individuals located at djjJerent points in the landscape.
Mutations move an individual, Or its offspring, to neighbor-
ing ppints ill. the sPace, representing neighboring genotypes,
,. . I nowmtroduce a simple formal model of rugged fitness

landscapes, called~he NK model. In this model, N refers to
the number of parts of a System-genes in a genotype. . ..
Each part makes a fitness-contribution which depends upon
that part and upon K other parts among the N. That i~ K
reflects how richly Cfoss-coupled the system is. In the
geneticist's tenn, K measures the richness of epistatic inter-
actions among the compo,nentsof the system. ... The
number of one-mutant neighbors,..which I will symbolize by
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'D' is the dimeruio/1alily Qf the genotype space and gives the
number of directions in which each geriotypc can change to
another neighbonng genotype by a minimal alteration. . . .
The most idealized genetic models assume that each locus
contribut~s to the overall fitness o(the genotype indepen-
dently of aU the other loci. Thererore, given the fitness
contribution of the allele ill each locns, the fitness of the
genotype is just the sum of the N independent fittiess
contnbutlons diiided by N, hence the average or those
contributions. ... The'theoretical problem is how to build
useful models of epistatic interactions. One device cOm-
monly uSed has been to assume that genetic loci which
interact can be represented by multipiylng their fitness
contributions (Franklin &l.ewontin, 1970; ~,wontin, 1974;
Ewens, 1979)" (Kauffman, 1993, pp. 34--41).

These two options correspond to the simple addi-
tive and multiplicative backprojection algorithms of
cQmputed tomography when we>:go from one to two

dimension~(Gordon & Herman, 1974; Gordon e't aI.,
1975). It should be noted that, these algorithms
bavea tendency. to reduce the contrast of ~~e re-
constructed image, in comparison to more accurate
computed tomography aJgorithms, whioh treat pixels
on an individual basis. Too very contrast reduction
could make the mgher ~'more. accessible. This is
another plausible mechanism for smoOtmng rugged
landscapes.

If the two copies of the primitive gene now drih
apart but aJso coevolve, we start tcikinga tmjcctory

over the twei' dimensional adaptive landscape! 'But
coc;volution canrne;:tn epjstatic intemcti9ns. Thus we
cannot know a priori whether \0, add or multiJ?J.y the
fitnessesh andjj. In general weq,ancaJl the oper~tor

"&''; so 'that thei fitness of the organism is Ii &J;.
While we could take a linear combination of' the
a'iidin6ri and J1iultiplicati'ifn;for siniplidty let us
pres.vme that we~uld have one 9r theotbcr, and
repr~111 th~ cases"by0 (additive: "&" =" + ") or
I (mUltiplicative:"&" = i. x"), respective)y.

backproJection--->

f.,

fl

Fig. ,,2. Upon gene doubling, the adaptive hindscape or
Fig. 1 is converted from one to two dimensions. This
is qualitatively represented by overlapping of thi: ba'ck.
projected strips representing the two adaptive peaks and the

valley inbetween.
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Fig. 3. A representative'epistasis landscape for Fig. 2.

It would be reasonable to assume that epistasis
itself can evolve. Thus let us define an "epistasis
landscape", whose scalar vaJue is the degree of epis"
tasis rather than the IitnessscaJar of the adaptive
landscape. In our case, the epistasis landscape is
simply a 3 x 3 binary matrix, if we assume that
epistasis either does or does not exist between two
al!eles of the two genes, and bY,!lSSumingthat we have
omy three alleles: the suboptimal peak, the optimaJ
peak, and the valley inbetween (Fig. 3): Rather than
create,a theory 'of 'the evolution of epistasis, let U$
simply note that in our simplified case We nave 29
epis.taSis landscapes possible. The 29 epistasis land-
scapes generate 29adaptive landscapes, in which each
square in Fig. 2 is either the sum or the product of
the litnesses, as shown in the example in Fig. 4.

As we can see in Fig. 5, there are six pathways
involving' one-mutant changes to get from the priuli~
tive (lower) to the advanced QUgher) "peak, without
backtracking. Two Of these p,athways completely
avoid the central valley. Thus for the double dimen-
sion case lo have an advantage over 'the single
dimension case of Fig. 1 (which has only one path~
way, through the one dimensional valley), at leaSt one
of the six pathways shQ,tild be easier tostraverse than
the pathway of the one dimensional case.

fs

f,

r, ft. fs
Fig. 4. The I!,daptive landscape corresponding to the epista-

sis landscape of Fig. 3.

Pathway #1 Pathway #2

Pathway #3 Pathway #4

Pathway #5 Pathway #6

Fig,,~-, Thj:: six pathways (V!ithout backtracking) for gettiug
from the low~ to the higher adaptive peak in our two

dimensional adaptive landscape.

If we allowed more than three alleles, there
would be many more pathways that avoid thecentraJ
valley, so that I am actually bandicapping the argu-
ment by restricting myself to three alleles. For the
combinatoricaJly inclined reader, I pose the (perhaps
already solved) problem of determining the number
of pathways for A alleles along each gene axis, and
what fraction of' those pathways avoid the centraJ
vaJley, This fraction would seem to appr()acli 1 as
A increases, Of COllrse, the One-ml1tant changes
relating the'all.eles of a singl~g~n~ cQuld no longer be
presumed to lie aJoqgJa singlcaxis, which thus has to
beexpanded to a space of awropriiite dimension. But
this maKes the number of pathways that avoid the
centra! vaJley c,ven larger.

Any pathway is going to inv()lve some descent
[rom the lower peak before the'higher peak can be
ascended. We thus need a model for the rate of
proceeding along a pathway with ups and downs.
Unfortunately, I have not been able to find this
in Kauffman (199~), since aU of his one-mutant
aJgq~thms can only go up:

"Simulations with this modified NK model werecarried out
under three 'move' procedures. In the first,"adaptive steps
occurred via the fittest one-mutant variant. This com-
sponds to II greedy gradient ascent and to the situation in
which the fittest variant sweepS the population. In the
second, one or the fitter one-mutant variants, if any existed,
was chosen at random at each iteration. In the third, a
random one-mutant variant was sampled and, if filter, the
adaptive process stepped to that variant" (Kauffman, 1993.
p.79).
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While "Higher ,temperature is analogous to a
higher mutation rate" (Kauffman, 1993, p. III),
it is not at all, clear whether one should use the,

.

Boltzmann or some other distributi()n, or whether the
kinetics should involve gnly the current. state and
the barrier or the current and final states (Gordon,
1968). We are presently lacking an acceptable
m()del (or the kirietics aJong a given pathway on an
adaptive landscape, when that pathway Involves
both ups and downs. Such a model is needed before
we can compare the relative rates ,a]ong diiferent
pathways.

At this point I rest my argument along these lines,
becauseit is ti:n'1eforconstructing a kinetic model and
th~n dping a cOmputation, We could ,preate a unit
cube whose axes arefj,12 and);. corresponding tQ,the
advanced peak, ihe valley, and the primitive p~"
respectively. Over that region for wmch fj > fj > h.,
we 'could label the point (fj ,12,1)) with the index of
the pathway of chojce. To determine tlUs :index we
mnst evaluate ~e ease of getting from the lower to. .

the higher peak over the 6 pathways (requiring a
kinetics model) and the 29epistasis landscapes, which
gives us 3072 cases per point, a reasonable number to
test by computer.

If we assume; some genetic drift oCcurs, we might
additionally model it \>y letting the two axes have
difl;c,:rent values for (Ji.k.h) 'and (fj,f2JD. in
which case each term shown in the. figures ~h()uld be
replaced by Ji &1;. It remains to trY this by compu-
tation to setfifsucluymmetry breaking is essential to
establishing a tWo,dimensionaJ pathway that avoids
the. centraJ valley..

THE MAX FUNCTION ON LANDSCAPES
OF .DUPLICATED GENEs

So far I have accepted the approach of the New
Synthesis. merely trying to generalize it in a minimaJ
way to the case of gene duplication. But it is worth

fs'

fs

Fig. 6. The "max" operator applied to the duplication of the
landscape of Fig. I.

'=329

fs

f, fz fs
Fig. 7. A gray scale representation of Fig. 6 showing how
the "max" operator skirts the valley between the peaks for

a duplicated':,gene.

heeding Goldschmidt's warning:

"1 do not want to create theimp~ssion that I underrate tl;tc
mathematical study o[selection problems, as foUnd in tile
brilliant work of FISher, Haldane,,volterra, wright.. . .1 am
fully aw~reof th~.imp0rtanc~ ?f ~ n9w-p0Pcular bl'aDch
ofevoluUonaryresearch. But IllS necessary tC,ln(p}ember,lIn
old remark of Johannsen in his criticism of GaItonian
biometry; namely, that biology must be studied with math-
ematics'but,tl.ot as 1I1,!1thematics,.

".'
I am of the opinij)n

,tIi'at this criticism 'applies also to the mathematiCal study
of evolution. This Study takes it 'tor granted that evol-
ution proceeds by slow' acCUmulation of micromutations
through selciction: ... IE; however, evolUtion "does not
proceed according to the neo-Darwinianscheme, its math-
ematicahstudy tuttis10tit to be bas.ed on wrong premise.s"
(G,old$chmidt;' 19;w).

. . .

Taking this hint, let's reevaluate the fitnC$S combi"
nation operator, "&". when a gene is duplicated,
each of the pair initially makes the same gene
product. As discussed above, wmle we can conceive

100/0.83 10110.40

111/0.70

010/0.43 011/0.53

000/0.47

Fig.B. An adaptivc landscape "of ~ee geties with random
values for each of the eight combilliitions of [3] . .. alleles
bearing on genes I, 2 and 3. The fitness values then assign
a fitness to each of the 23.= 8 possible genotypes as the mean
value oJ the fitneSs contributions of the three"genes". ."
(Kauffman, 1993, p.42, redrawn from Fig. 2.2c with per-
mission from Oxford Univcrsity Press, I~c.). The~arr.9ws
indicate that trapping occurs at the local peale at (J, I, I).
so that the global peak at (1. 0, 0) may not be accessible.
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81811.4'1

IIIII.n 111/1.11

Uft

III/I.IS I 111/1.41

111/1.55

81111.51

Fig. 9. The adaptive lilDdscape 6T Fig. 8" is expanded in
dimension Via duplication of all three genes. resulting ilia
cilbe of cubes. The numbers in outline.font 'are the "max;"
fitness valueS. The Ciashedline shows that thcre'is now a
path from thc lower peak to the global peak with uo valleys

inbetwcen.

<)[pathologicaJ exceptions, in general the fitness'ojthe
organism initially bearing the mutation does not
decrease nor increase. Therefore, both the additive
model (giVing an increased fitness) and the mUltiplica-
tive mode! (giving a decreased fitness) are wrQng for
gene duplication. A simpler, and more appropriate
()perator for "at" would be "max", i.e. "&'; = "max",
so that the organism's fitness iShmax fj, or, more
conveniently, max(h,fj~. In other words; at any given
moment, either gene will do, and wmchever has ~e
best gene product determin~ the fitn~. With the
maximum: ow:rato~, there simply is no vaJI~y ~tween
the lower peak and the mgher peak (Figs '6-9). Any
nonbacktracking path will get to the' mgher peak;
without loSs of ViabilitY or fitnesS~eD rOilte~ Gene
duplication thus smooths tile rugged landscape,
Diiking mgher maximaea.sily accessible.Instead of a
ct,lrs.e (Marimont & Sh~piro, 1979), at least in the
case of gene doubling~ and perhaps whole genome.
doubling, higher dimensionality turns out to be a
blessing, perhaps the very one that makes increasing
complexity and th:!Js progressive evolution possible
(Gordon, .I~94).
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