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Phenotypic plasticity is the change in the expressed
phenotype of a genotype as a function of the environ-
ment. However, due to stochasticity in the developmen-
tal process, different phenotypes can result from
identical genotypes even in the fixed environment. The
evolutionary consequences of phenotypic plasticity is
examined within the genetic algorithm framework. A
genetic algorithm is an important computational tool
to modcl any evolving system. We consider a population
of genetically haploid individuals of fixed size. Geno-
types are represented by one-dimensional strings of
three allelic states, designated 0, 1 and X. 0 and 1 stand
for fixed states with predetermined effects on the
phenotype. But X is a plastic state whose phenotypic
effect can be equivalent to that of a () or 1, the actual
choice being determined by the regulatory genes. If
the regulatory genes are absent, the phenotypic effect

of X iIs ditermined on a random basis. The fitness

values of wne individuals are arranged in descending
order and wviability selection is performed. Then
sclected individuals are allowed to mate randomly to
generate progeny for the next generation. The popu-
lation size is kept constant from generation to genera-
tion. The population evolves by means of genetic
recombination and natural selection. The process is
repeated until fixation is reached. We find that phe-
notypic plasticity, up to a certain optimal level, slows
down the rate of evolutionary change but improves the
degree of adaptation finally reached. There exists an
optimum plasticity for which the population is best
adapted. There is a synergestic effect of regulatory
genes on plastic alleles: the frequency of such alleles
increases when regulatory loci are present. The regu-
latory genes, under certain conditions, can improve the
adaptation of the population and speed up the rate of
evolution.

OnNe goal of evolutionary theory is to build a quantitative
model that can encompass the complexity of how a
genotype becomes translated into a phenotype. Such a
model would need to incorporate external environmental
effects as well as internal constraints based on a detailed
knowledge of developmental programs'. The environment
plays a dual role in the evolutionary process, affecting
the developmental process and setting the fitness function.
The extent to which phenotypes are subject to environ-
mental modification i1s commonly termed phenotypic

968

plasticity®”. Plasticity ‘masks’ less-than-fit genotypes; in
other words it enlarges the range of selective environ-
ments within which a genotype can function effectively.
Phenotypic plasticity can have significant consequences
for evolution®®, A possible reason for the existence of
plasticity is that the effect of an allele at one genetic
locus 1s modifiable by alleles at other loci. By causing
a gradual lowering of the environmental threshold ne-
cessary to elicit an appropriate response from the modi-
tied locus, the optimal phenotype can come to be
expressed constitutively (‘genetic assimilation’)’. Plas-
ticity can also be expressed in the same environment,
leading to phenotypic variation within a population of
identical genotypes. In other words, plasticity implies
that even 1n a fixed environment the relation of phenotype
to genotype is not one-to-one. This would imply that
there 1s a stochastic element to development. Hinton
and Nowlan showed in a computational study that, under
specified conditions, phenotypic plasticity can modify
evolutionary pathways and accelerate the course of
evolution'”.

Plasticity is not directly dependent on the environment.
The known instances of this come from studies on
multicellular development and differentiation. For exam-
ple, in the social amoeba Dictyostelium discoideum,
genetically identical cells raised in the same environment
can choose, on a cell-autonomous basis, either a stalk-like
or a spore-like alternative''. In other situations, a com-
parable phenomenon has been termed ‘stochastic differ-
entiation’'*'?. The concept of a mixed strategy in animal
behaviour is yet another example of phenotypic plasticity
in the sense used here'®, The familiar observation that
genetically-based traits display varying levels of pene-
trance in different individuals even when genetic variation
18 essentially absent 1s also a manifestation ot phenotypic
plasticity. The intermediate forms of Antirrhinum majus
discovered by Darwin in his breeding experiments serve
as an example®.

Behera and Nanjundiah'®!'” have examined the evolu-
tionary consequences of phenotypic plasticity in com-
putational models of haploid genotypes represented by
one-dimensional strings. These studies assumed that
individual genotypes consisted of structural genes only,
meaning genes with direct consequences for the pheno-
type. They have extended the model by incorporating
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a qualitatively new feature, namely gene regulation'®. able, in terms of how it relates to the environment,
The consequence of a potentially ‘plastic’ allele at a  from some genotype made up solely of Os and 1s.)
structural locus 1s assumed to be modifiable, in a pro-  Finally, each genotype is assigned a fitness that depends
babilistic fashion, by alleles at the regulatory loci. Regu-  both on its attained phenotype and on the number of

latory genes influence the phenotype only indirectly, via  tosses of the coin needed to reach that phenotype. Fitness
structural genes. Our interest is restricted to asking, (a)  is in part a measure of how closely the final phenotype
in what manner is genetic equilibrium (fixation) reached?  resembles the phenotype of an ideal or ‘target’ geno-
(b) how are the rate of evolution and equilibrium popu-  type. The ideal phenotype is taken — for the sake of
lation fitness affected by the possibility of phenotypic  simplicity —to be a string of 1s, i.e. {1,1,....1}. The

plasticity? and (¢) how does the presence of regulatory target genotype has the maximum possible fitness (equal
loci affect the evolution of genotypes and phenotypes? to 1).

The rest of the paper consists of a description of the Thus the fitness of a genotype has two components.
model followed by the results of computations and, The first, which can be thought of as reflecting in part
finally, a discussion. the "hard-wired’ or deterministic aspect of its phenotype,

depends only on the degree of matching between the
Model attained phenotype and that of the target. This component

of fitness 1s defined as

No gene regulation N,

' Wy= D d
The model is based on that of Hinton and Nowlan' N, .
Populations consist of individuals of haploid genotype.
Each genotype is represented by linear strings of Os,
Is and Xs, where each symbol stands for one of the
three possible alleles at a genetic locus. A 0 or a 1
means that the allele at that locus has a constitutive
expression and contributes in a pre-determined fashion
(as described below) to the overall phenotype. An X
on the other hand means that the expression of the gene
at that locus is facultative; X can act either like a 1
or a 0 allele in terms of its contribution to the phenotype.
Which of the two alternatives it adopts is determined 2 _ Actual number of trials
by a “coin-tossing’ procedure, in other words by making We= ) m - (2)
use of a random number generator. A complete series
of coin tosses performed in one generation on a single
genotype i1s referred to as a trial. Operated on each
genotype In every generation, each trial produces a set
of uniformly distributed (pseudo) random numbers
petween 0 and 1. By carrying out ‘coin-tossing’ inde-
pendently for each X in a genotype, we decide whether
that X mumics a Q or a 1. At each ‘toss’ every X has
a 50% probability of becoming functionally equivalent
to a I (and with the same probability, of becoming
equivalent to a 0). Equivalence refers to the phenotypic
effect of the X and applies just for that generation. The
a priori probabilities of the 0, 1 and X alleles (i.e. the
probabilities used to create the starting population of
genotypes) are denoted by p,, p, and p_ respectively,
with p,+p, +p, =1 Given N, loci (N, refers to the
number of structural loci), the mean number of Xs in
any genotype is m=N_p. The maximum number of Wo=fW, +u(l =f) W, (3)
coin-tosses for each genotype is restricted to 2" Coin-
tossing is stopped after a particular trial if all the Xs  where £ is a positive number lying between 0 and |

(1)

where i stands for a genetic locus and d.=1 if the ith
locus has a 1 allele; and d.=0 otherwise. The second
component of fitness, denoted by W, is related to the
dynamical, ‘plastic’ or ‘soft-wired’ aSpect of the phe-
notype. The assumption is that the larger the number
of coin-tossing trials undertaken in the course of
attempting to reach the target, the smaller the value of
fitness. This component of fitness is defined as

Note that the maximum number of allowed trials is the
same for every genotype and is independent of the
number of Xs it carries. The larger the initial number
of Xs in any given genotype, the less likely it is that
all of them will become 1-like within the 2™ trials and
so the lower the likely value of W In a sense, W, retlects
a cost associated with plastmty If all the 27 trﬂls are
gone through, W =0 irrespective of whether the Xs
become 1-like on the last trial or not. If all structural
locus alleles are 1s to begin with, W =1 because no
trial needs to be undertaken. Also, W 0 whenever a
genotype has no X allele and at {east one 0 allele. On
the other hand, if coin-tossing is stopped before the full
quota of trials 1s exhausted, W takes a value between
0 and 1. The total fithess is dctmt.d by

in a genotype becomes 1s, otherwise it continues until and represents the fractional weightage assivned to the
2" trials are exhausted. (Notice that after the coin-tossing deterministic part of the fitness. By varying f one can
procedure 1s completed, every genotype is indistinguish- vary the significance of the cost of plasticity, A vialue
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of f=0 would imply a high cost whereas f=1 would
imply a zero cost. Note that fitness 1s a characteristic
of an individual (phenotype) rather than of a genotype.
The larger the plasticity, the more is the allowed number
of coin-tossing trials. The higher number of trials require
more expenditure of energy, so the effective fitness of
W is reduced. Hence the factor
a

U= 4
a+2” )

is inserted in the second term of the expression for
W.. This 1s dependent on the level of plasticity. Here
a equals 2'"° and is the maximum number of possible
trials in any model, obtained when the a priori probability
of X takes its highest value of 0.56 (in our simulations).

The only elements of the model that remain to be
described are mating and recombination. Mating is at
random and is assumed to be followed by a single
obligatory crossover between parental genomes. One
offspring is generated at each mating by choosing a
crossover point at random and copying all alleles from
the first parent up to the crossover point, and from the
second parent beyond the crossover point. After fitnesses
are computed for 1035 haploid individuals, genotype
frequencies are weighted in proportion to their relative
numbers and arranged in descending order of fitness.
Truncation selection is performed by restricting the
number of individuals that go on to mate to 46. Random
mating generates 1035 (=*C,) individuals for the next
generation. We continue the analysts for as many gen-
erations as necessary until fixation is reached.

Gene regulation

The model 1s described in Figure 1. Each genotype 1s
represented by two chromosomes, idealized as one-
dimensional strings of lengths N_and N, respectively.
Of these, N, stands for the number of structural genetic
loci and N_tor the number of regulatory loci. A structural
locus has three possible allelic states, represented by 0,
1 and X a regulatory locus has just two possible alleles,
represented by O or 1. In the case of a regulatory locus,
a 0 or 1 contributes to regulating the expression of X
alleles in structural Joci in a manner to be explained
below. Thus structural loci contribute directly to fitness
but regulatory loct do so indirectly, by influencing the
phenotypic contribution of Xs in the structural loci. The
probability that an X becomes equivalent to a 1 (or to
a 0) in terms of its phenotypic effect is equal to p
(or p, ), the frequency of Is (or 0s) at regulatory loci.
Regulation can be mediated either by closely-linked
DNA sequences (cis regulation) or by diffusible inter-
mediates that are the products of genes that may be
unlinked to the gene that is regulated-trans regulation.
In terms of its operational consequences vis-g-vis our
model, the central difference between cis and frans
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regulation is that recombination can modify the arrange-
ment of structural genes and their cis regulatory elements.
For reasons of simplicity, 1n the present study we restrict
ourselves to an examination of the consequences of
trans regulation. Note that because of this, for a given
value of p , about (1/p )" trials ought to be sufficient
to convert a fair proportion of Xs to 1s. The entire
sequence of 27 coin-tossing trials is carried through
unless one of the intermediate trials results in all the
Xs in a genome becoming 1-like.

The fitness of the individuals is computed as before
(without gene regulation). For simplicity, we have taken
u=1 in equation (3). After the starting 1056 genotypes
have been ordered in terms of their relative fitnesses,
truncation selection is performed and the 1056 individuals
are reduced to a mating population of 33 adults. Mating
takes place between every pair of individuals. We assume
that two obligatory crossovers occur at each mating,
one each within the regulatory loci and the structural
loci. The crossover points are chosen at random. After

OX1XOX

GENOTYPES

MATING

1T0XX10

X — _‘lx,""' e
O X1 XOX
| - ﬁ""—"‘— MEIOSIS
STARTING
GENOTYPES
FOR NEXT
GENERATION
RECOMBINANT
OFF SPRING
'COIN TOSSING”
GENOTYPE
EQUIVALENTS
\‘ /SSIGNMENT OF FITNESS

—SELECTION

Figure 1. A diagrammatic sketch of the model. Each genotype is
idealized as consisting of two haploid chromosomes, one of which
contains structural genetic loci (dashed lines) and the other contains
regulatory loci (continuous lines). Meiosis is accompanied by a single
obligatory crossover in each chromosome,
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meiosis one should expect there to be four haploid
recombinant genotypes. Of these, we pick just two by
applying the following rule (Figure 1): the genotype of
the first offspring is chosen by copying all alleles from
the first parent starting from the left up to either
crossover point, and from the second parent beyond
crossover point. Correspondingly, the genotype of the
second offspring 1s made up of all alleles from the
second parent to the left of either crossover point and
from the first parent beyond the crossover point. Con-
sequently the 33 pairs of genotypes that mate give rise
to 1056 individuals which constitute the next generation.
The simulation is continued until fixation is reached at
all loci so that there can be no further genetic evolution
in the absense of mutational change.

Results

The outputs that we monitor are (a) allele frequencies
from generation to generation, (b) the number of gen-
erations needed for fixation to be attained, and (c) the
mean population fitness during the course of evolution
as well as at fixation. It might appear that a finite
population size, and the fact that we pick just one out
of two (without gene reguilation) or two out of four
(with gene regulation) recombination products, pre-
disposes the system to drnft. In fact the major source
of variation in the outcome is the initial random choice
of genotypes and truncation selection (see Discussion).
Each simulation has been repeated at least six times
with the same initial conditions.

We have put limitations on population size and the

number of genetic loci because of constraints on computer
time. Our choice of parameters is governed by the
following considerations. When W is the only contributor
to fitness (see equation (1)), we choose p,=0.03. For
smaller values of p,, equilibrium is reached very far
from the target, meaning that the population remains
poorly adapted; for higher values of p, the target is
reached extremely rapidly, i.e. with virtual certainty and
within a very short time. Finally, where the fitness has
two components, we have retained p,=0.03 (and
p,+p,=097) in order to compare the fitness function
W; (equation (3)) with that of W,. With p_much larger
than 0.5, limits on computer time become significant
because the total number of coin tosses rises faster. In
the presence of regulatory genes, we have chosen the
same set of initial conditions in order to make it easier
to compare outcomes with and without gene regulation.

No gene regulation

Allele frequencies. 1In the absence of any X allele, that
1s, 1n the absence of plasticity, drift is the sole cause
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of change of allelic frequencies (unless the target geno-
type happens to be present at the start or appears as a
result of recombination). The causes of drift are two-fold:
first, the restriction to a small population size and
second, the element of randomness in deciding which
of the two offspring of a mating survives to reproduce.
The chances of the target ever being reached are very
low (we never found this happening in our simulations).
Solely on account of chance, one or the other genotype
gets fixed eventually and this occurs on average around
the 33rd generation (Figure 2 a). (No meaning should

1.0r —_—
i a
0.8 —
) i
g .
- 0 6 . p‘!
v B O
£
q -
0.2
O 4 , I | i | ] | i [ | I I |_ L
O > 10 15 20 25 30 35 40
Generation Number
1,0 -
0.8 |- b
P _
L)
C
&y
=
-2
£
)
o
<
|
O I L ‘ | | ; ] 4 ! I ]_ i | W
Q 5 10 15 20 29 30 35 40

Generation Number

1.0 — _ .
c
0.8 |-
. |
(W)
cC
§ 0.6 00
(=3 ® p‘ ]
g F g - O— OO O—O—0—0
o
s O
< " .I'I"‘: - - ® ® pﬂ O ¢ J *
0.2 ‘. e [ ) & 8 8 O_plﬁ O O H
— ko
%
5 I DPUN RN ORI U SRR S
0 5 10 15 20 25 30 35 40

Generation Number

Figure 2. Change in allelic frequency with generation. Generation
numbers start with zero. @, Without plasticity, and no fitaess differences,
allclic frequencies change due o recombination and drift only, b,
Without plasticity, the fitness tunction 1s W only, The mittal frequency
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be attached to the fact that in Figure 2a there i1s a
small increase in frequency of the 1 allele.)

The introduction of plasticity dramatically changes the
situation. Even if the target genotype never appears 1n
the population, it is possible that some genotypic com-
bination of Is and Xs acquire the same phenotype as
that of the target. Once this happens, natural selection
acts very strongly in its favour - or more correctly, acts
against 0 alleles. Here fixation takes place faster than
it does in the absence of plasticity (by about 20th
generation instead of 33rd —compare Figure 2a and
2 ¢). A similar speeding up in the rate ot evolution can
occur without plasticity if fitnesses are scaled with
respect to distance from the target (Figure 2 b). However,
the increase in the rate of evolution is balanced by the
fact that the final genotype is at a greater distance from
the target than in the case wherein plasticity 1s present
(Figure 25 and 2 ¢).

It is interesting to monitor evolutionary rates as a
function of the degree of plasticity (by which we mean
p,, the a priori probability of an X allele at any locus).
Plasticity slows down evolution instead of speeding it
up (data not shown), a finding that is independent of
whether or not we take into account a cost factor
assoclated with coin-tossing (see equation (3)). At con-
stant plasticity the generation number at which fixation
occurs is highest when f=0.5 and it slowly decreases
as f tends to O or 1. An unequal weightage for W, and
W, speeds up the rate of evolution In comparison with
the situation of equal weights (not shown).

Mean fitness. The mean population fitness increases
steadily with generation number until ‘equilibrium’ is
reached (Figure 3). Note that in the presence of pheno-
typic plasticity, mean and maximum fitnesses differ even
when a state of equilibrtum has been attained. The
explanation is that the population may consist of a
single genotype, but if that genotype has one or more
X alleles, the fitness of individual members of the

Mean titness

0 5 10 15 20 25 30 35 40

Generation Number

Figure 3. The change of mean filness with generation number (fitness

function is W, p_=0.5).
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population can differ depending on whether any given
X mimics a 0 or a 1. The mean fitness at equilibrium
increases with the degree of plasticity till the optimum
p, beyond which it decreases (Iigure 4)}. If fitnesses
are combined with unequal weightages, the mean fitness
at equilibrium is a minimum at f=0.5 (not shown) but
the reasons for its rise as f approaches 0 or 1 are
different (see Discussion).

Gene regulation

Change of allele frequencies. In general, depending on
initial conditions, the frequency of the 1 allele averaged
over structural loci, p,, can either increase or decrease
in the course of time (Figure 5) but that of the X allele
always increases. On the other hand, the frequency of
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Figure 4. The change of mean fitness with plasticity (fitness function
is W, f=085 and cost function included). The actual value of u
depends on the degree of plasticity p (see equations (3) and (4)).
Note that the mean fitness is a maximum at p =0.39.
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Figure 3. Change in allelic frequencics at structurat loci as a function
of generation number (single simulation). Initial conditions: p , =0.39,
p, =0.03, p,=020 and N =10.
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the 1 allele at regulatory loci, p,. increases steadily in
spite of the fact that selection does not act directly on
regulatory loci (Figure 6 ). The increase in p, is most
rapid, and the value reached at fixation is highest, when
the number of regulatory loci N is small. Indeed, when
N_is very large, p, barely rises above its initial value
before fixation is attained. On the whole, the rate of
evolution, as estimated from the number of generations
needed for fixation, decreases both as a function of the
starting value of p, and as a function of N_(data not
shown). Finally, the rate of evolution is affected by the
relative importance of the two components of fitness
and peaks at an intermediate value (0.37) of the weight
[ (not shown).

Mean fitness. As should be expected for a population
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Figure 6. Evolution at rcgulatory loci via hitch-hiking (a) and the
consequent changes in mean population fitness (b) as a function of
generation number (single simulations). ¢ and b show how the changes
in p, and mean fitness depend on N, Initial  conditions: a,
7, @)=039, p =003 and N=10, b p (=039 and
P, (0)=0.03; ¢, p _(0y=0.39, p (0)=0.03 and p,(0)=0.2,
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evolving under natural selection, the mean fitness
(W.) increases over the course of successive generations
(Figure 6b). The value of (W) at fixation rises with
the initial value of p  (Figure 7 a). For a given initial
value of p,, (W) at fixation is highest when there is
Just one regulatory locus (Figure 7 b). (W_) varies only
weakly with f; indeed, (W.) is a minimum at f=0.34
(not shown). The mean fitness at equilibrium decreases

in a nonlinear fashion as a function of the ratio of
N, to N_(Table 1).

Discussion

The most common argument in favour of plasticity is
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Table 1. Equilibrium mean fitness as a function of the ratio of structural and
regulatory loci at the transition point

No. of No. of regulatory Equilibrium mean
structural loci loci Ratio fitness

10 10 1.00 0.57 £ 0.07

15 21 0.71] 0.52+0.06

18 28 0.66 0.351£0.03

20 200 0.10 0.31+0.04

25 625 0.04 0.28 +0.02

The transition point is defined as that value of the number of regulatory loci beyond
which gese regulation reduces the mean fitness of the population at equilibrium,
Equilibrium mean fitness is essentially independent of the number of regulatory loci
when the number is below the transition point. Initial conditions; p_(0)=0.40,
p(0)=02 and p (0)=0.03 (except when there are I8 structural loci, when p _(0)=

0.39).

Data corresponding to L0 and 15 structural loci are averages of twelve simulations
while others are due to six simulations. Constraints on computer time became forbidding
when the structural loci numbered more than 25.

that some aspects of the environment are unpredictable.
For specifying a phenotype, such unpredictability makes
it advantageous to leave some decisions to physiologically
adaptive process rather than specifying them genetically.
Each coin-tossing trial can be almost as helpful to the
evolutionary search as the production and evaluation of
a whole new organism. This greatly increases the effi-
ciency of evolution.

Hinton and Nowlan’s model is realistic for the specific
situation of the formation of precise synaptic connections

in a develoning nervous system. In such a situation,

the ‘correct’ connections can be strongly context-
dependent and also have a correspondingly high premium
on being precisely made. One can then see that it makes
sense genetically to specify gross features of connectivity
and leave fine-tuning to trial and error. However, the
evolutionary picture at the back of our mind is rather
different and an illustrative example could be the
following. Suppose the pattern on an insect’s wing helps
in camouflage and that a large number of genes act to
specify the pattern. If the insect has a wide geographic
range, it is plausible that while the optimal pattern
differs in detail from location to location, all possible
patterns confer some advantage (relative to none). Our
interest is in asking whether it helps the individual to
fine-tune the pattern by physiological adaptation over
and above a genetically specified, common ‘basal’
pattern.

It is possible to interpret the elements that enter into
W, along the following lines: W, is that portion of total
fitness which is based on the genetically-specified com-
ponent of the phenotype and W, represents that portion
which is dependent on physiological adaptation based
on a random search; f is the relative importance of
W, . A value of f=1 would imply that the phenotype
1s completely specified in advance, f=0 implies that it
is entirely plastic, that is, left entirely to the hazards
of random chance. One can justify the parameter u in
a different way. It seems reasonable to assume that a
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completely prespecified genotype extracts a lower me-
tabolic cost than one capable of responding suitably to
a range of environments. For example, the latter situation
could demand the presence of regulatory genes that can
be dispensed with in the former. Translated to fitness,
u stands for the price paid by the genotype in return
for being permitted a choice of phenotypes.

The degree of adaptation ‘lost’” on account of a
changing environment can to some extent be compensated
by decreasing the total number of genetic loci'”.
Decreasing the number of loci amounts in turn to
decreasing one measure of complexity of the system.
The implication 1s that other things being equal, sys-
tems with many genes —and in that sense ‘more com-
plex’ —take longer to adapt than those with fewer genes
(and so ‘less complex’). Therefore, the larger the degree
of uncertainty with regard to the external environment,
the better off i1s a system with few genes vis-a-vis one
with many. The decrease in adaptation caused on account
of change in the environment can be partially or com-
pletely compensated, not only by reducing the size of
the genome but by increasing the plasticity of the genetic
system, This means that phenotypic plasticity must have
been increasingly advantageous as genome sizes increased
during evolution'’. We note that the inference remains
valid until an optimal level of plasticity is attained.
Thereafter, an increase in the level of plasticity can
slow down the efficiency of evolution'®. The possible
roles of phenotypic plasticity in evolution, and of ran-
domness uncorrelated with the environment (‘develop-
mental noise’), have been explored by a number of
authors’’*'”, Broadly, what these earlier authors con-
cluded was that (a) given the right circumstances, phe-
notypic variation could be maintained in a population;
(b) different forms of environmental variation could lead
to different evolutionary dynamics (possible with the
same end-point); and (c) stabilizing selection on a quan-
titative trait could reduce the variance in that trait.

It might appear that we have made other compromises
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with biological realism. Our model for recombination
1gnores two of the four possible products of a crossover;
the model does not guarantee a stable phenotype (because
‘switching’ persists whenever there are one or more X
alleles in structural loci); and the way we look at
evolution is different from the standard population
genetics approach (because we generate genotypes
containing many Xs right at the start instead of asking
what happens when a single X invades a population
that contains only 1 and O alleles). Interestingly, the
first compromise leads to the consequence that each
mating preserves the allele frequencies of the parents, be-
sides which it produces exactly two offspring. Therefore
the primary forces driving gene change are initial con-
ditions, truncation selection and linkage disequili-
brium/hitch-hiking effects but not genetic drift. Because
of this, selection plays a stronger role in influencing
the course of gene frequency change than one might
imagine at first glance. The fact that a stable phenotype
does not have to result means that there is almost always
a residual of developmental noise, a not unrealistic
outcome. As for the last point, it is an interesting
question as to how an X allele would fare if 1t is
introduced as a rare, newly-arisen variant, and we are
looking into the possible consequences.

Finally, a comment regarding the meaningfulness of
the distinction between cis and trans effects that we
have tried to draw. Regulatory and structural loci are
supposed to reside on different chromosomes and undergo
independent assortment. However, just two of the
potential four haplotypes are used after recombination.
In effect, this means that the two chromosomes behave
hike a single chromosome that undergoes three crossovers
upon mating, and one might legitimately wonder whether
it does not follow that the structural and regulatory loci
behave as one large chromosome. Indeed this is a valid
point, and our response is to say that we use ‘trans’
to mean sufficiently distant from a regulatory locus that
it can most economically be imagined to act via a
diffusible intermediate.

The mean population fitness at fixation decreases as
the number of regulatory loci increases (Figure 7b),
and a certain minimum starting value of p, is neces-
sary — under the conditions of Figure 7 q, this is about
0.06 — for the mean fitness to increase appreciably during
evolution. From our simulations it turns out that the
optimal number of regulatory loci N_is just one, but
this finding is a consequence of the special assumptions
we have made, in particular the assumption that the
X — 1 transition probability at any structural locus is
exactly equal to p, . With a different functional depend-
ence, there could be a different outcome. For example,
if a minimum of two regulatory gene products were needed
to interact with structural sites for a X — 1 transition to
be possible, or if regulatory gene products interact with
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structural loci in a combinatorial fashion, the optimal
number of regulatory loci N. would be larger than 1.

By using 2" coin-tossing trials instead of (1/p )" we
implicitly ensure that the following hdlds good. When
p,. > 0.5, the population fitness is raised above the value
it would have had in the absence of gene regulation,
and when p,_<0.5 it is lowered below the corresponding
value. Because of this the variance of fitness at equi-
librium can be either lower (when p, >0.5) or higher
(when p, < 0.5) than the variance expected in the absence
of regulatory loci (work in preparation).

Gene regulation can speed up evolution significantly:
For example, at f=0.3 and when there is no gene
regulation, the average number of generations for fixation
to be reached is 26.4 (ref. 16) whereas it is 9.5 in the
presence of gene regulation (not shown)'®. Other things
being equal, gene regulation can accelerate the rate of
evolution.

An increase in the frequency p  of the ‘plastic allele’
X from one generation to the next can take place only
when regulatory genes are present, because in their
absence p . stays approximately constant or decreases's.
Thus a genetic capability for modifying the phenotype
can itself act as a selective force in favour of alleles
with potentially variable phenotypic effects. However,
for p_ to increase in the course of evolution, the initial
value of p,_ has to be above a certain minimum and
the number of regulatory loci N has to be below a
certain maximum (see below).

Figure 5 shows that p, decreases with generation
number, which appears counter-intuitive (because the
value of p, should be a measure of fitness). The point
is that concomitant with the decrease in p, there is a
rapid increase in p  as well as of p . Therefore the
probability of an X — 1 transition is high; and because
of this, the mean fitness rises even as p, decreases.
We mention that if the initial value of p,_is sufficiently
high, the 1 allele need not be eliminated (not shown).

Regulatory genes evolve although there is no direct
selection acting on them. This is because selection does
act, albeit indirectly, by favouring those combinations
of regulatory alleles that predispose an increase in fitness
(as determined by alleles in the structural loci). One
might say that regulatory genes hitch-hike on structural
genes. Hitch-hiking is very rapid to begin with, but
slows down over the course of time (Figure 6a). A
consequence of hitch-hiking is linkage disequilibrium
between the two sets of loci. Hitch-hiking is relatively
ineffective when the number of regulatory loci 1s large,
because then the rate of change in the frequency of
alleles due to recombination in successive generations
is relatively slow. Similarly, when the number of struc-
tural loci is small (much less than 18), fixation is
reached so rapidly that there is no appreciable increase
in frequency of the 1 allele at regulatory locl.



SPECIAL SECTION: MODELLING IN BIOLOGY

There are situations in which the existence of regulatory
loci offers no evolutionary advantages. When N =13
and N = 26, the mean fitness at equilibrium (W,) (= 0.35)
has the same value that it would have had in the absence
of gene regulation'®. As N_increases further, (W,) de-
creases, implying that there is no further advantage to
be gained by increasing the number of regulatory loci.
It has been pointed out that the optimal number of
regulatory loci 1s N =1; the higher the value of N, the
lower is the value of (W.) (Figure 4 b) and the slower
the rate of evolution. When does an increase in N_lower
(W) to such an extent that it drops even below the
value that it would have had in the absence of regulation?
The answer depends on the number of structural loci.
With V standing for that ratio of N_ to N_ below which
no regulation is better than regulation, we find that
V=1 when N =10 and V decreases to 0.04 as N
mcreases to 25 (Table 1). Thus the number of regulatory
loci that the system can ‘tolerate’ increases dispropor-
tionately with the number of structural loci.

When compared to a model in which a genetic locus
can be switched ‘on’ or ‘off’ entirely at random, biasing
the relative probabilities of switching with the help of
regulatory genes offers mixed advantages. The rate of
evolution is speeded up; but the population is not always
as well adapted. A less-than-ideal level of adaptation is
the price paid for rapid evolution. The most obvious
advantage . the presence of ‘plastic’ alleles and regu-
latory genes is that purely phenotypic selection becomes
effective!'®,

Many years ago, C. H. Waddington showed that by
carrying out phenotypic selection on a population of
Drosophila he could generate true-breeding phenotypes
that were absent in the starting population (‘genetic
assimilation’)’. The phenotypes on which selection was
performed were not caused by mutation but instead were
generated as a response to specific treatments (e.g. raised
temperature, ether) applied at critical stages of develop-
ment. Waddington® suggested that the seemingly Lamar-
ckian results of his experiments might be explained in
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canventional Darwinian terms by postulating that they
were the outcome of indirect selection for regulatory
genes which did not, by themselves, exert direct effects
on the phenotype. The present work constitutes part of
an ongoing exercise aimed at exploring Waddington’s
explanation in terms of an idealized computational model.

Artificial selection experiments suggest that plasticity
is a trait that can evolve'. A range of conditions that
favour the evolution of phenotypic plasticity also favours
the development of cultural transmission (‘the transfer
of information by behavioural means’)*". The picture of
a highly plastic species with elaborate systems of cultural
transmission seems to fit the human species rather well.
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