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A novel mechanism for sympatric speciation that takes into account complex bioprocesses within each
individual organism is proposed. According to dynamical systems theory, organisms with identical
genolypes can possess differentiated  physiological states and may coexist ‘symbiotically” through
appropriate mutual interaction. With mutations, the phenotypically diflerentiated organisms gradually
come to possess distinet genotypes while maintaining their symbiotic relationship. This symbiotic
speciation is robust against sexual recombination, because offspring of mixed parentage with
intermediate genotypes are less fit than their parvents. This leads to sterility of the hybrid. Accordingly, a

basis for mating preference also arises.
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1. INTRODUCTION

The question posed by Darwin {1839} of why organisms
are separated into distinct groups rather than exhibiting a
continuous range ol characteristics has not yet been fully
answered. In spite of several explanations involving
sympatric speciation, according to Maynard Smith &
Szathmary {1995} ‘we arc not awarc of any explicit model
demonstrating the instability of a sexual continuuny’
{p. 1671. "The difliculty involving stable sympalric
speeiation is that it is not clear how two groups, which
have just begun to separate, coexist while mutually inter-
acting. Here, we propose a mechanism through which
two groups with litde ior no} difference in genotype form
a ‘symbiotic’  relationship under competition. This
mechanism is understood in terms of the ‘isologous
diversification theory” (Kancko & Yomo 1997, 1999;,
according to which organisms with identical genotypes
spontancously split into distinct phenotypes and establish
a reladonship in which the existence of one group is
mutually supported by the other. By considering genetic
mutations  and  sexual  recombinations, a  sympatric

speciation process follows, resulting in the formation of

distinct exhibiting  reproductive
isolation. This  process s robust with respect 1o
fluctuations, due to the symbiotic relationship. The hybrid
ollspring of the two groups becomes sterile and also
provides a basis for mating preference, which is a major
mechanism  in sympatric speciation  { Maynard  Smith
1966; Lande 198]; Futsuyma 1986; Turner & Burrows
1995; Howard & Berlocher 1998; Dieckmann & Docbeli
1999; Kondrashov & Kondrashov 19991

In order to  study phenotypic  and  genotypic
diversihication through interaction, we have to consider a
developmental process that maps a genotype to a pheno-
type. As an illustrative model, we consider a dynamic
process consisting of several interacting metabolic cycles.
Each organism possesses such internal dynamics with
several metabolic cycles, while it selectively consumes

genolypic  groups

external resources, depending on its internal dynamics,
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and transforms them into some products. Through this
process, organisms mature and cventually become ready
for reproduction.

In most studies on population biology and cvolution so
far, it has heen widely assumed that a phenotype is
uniquely determined for a given genotype and environ-
ment. 1 this assumption were always true, population
dynamics of only genotypes would be  sufficient  for
studying the evolutionary process theoretically. However,
there are cases where organisms of the same genotype
may lake distinct phenotypes through interaction.

First, some mutant genotypes related to malfunctions
show various phenotypes, each of which appears at a low
probability {Holmes 1979} This phenomenon is known as
low or incomplete penetrance (Opitz 19815 which
suggests plastic ontogenesis.

Although the origin of low penctrance in mulu-
cellular organisms may not be well clarified, differen-
vation of physiological states s already known in
bacteria (Novick & Weiner 19571 lurthermore, one of
the aunthors and his colleagues have found that specific
mutants of Eschertchia coli show {at lecast: two distinct
types of enzyme activity, although they have identical
genes. These different types coexist in the unstructured
environment of a chemostat {Ko e «f. 19917 and this
cocxistence is not due o spatial localization.  Co-
existence of cach type is supported by cach other.
Indeed, when one type of E.coli is removed externally,
the remaining Lype starts diflerentiation again in order
to recover the coexistence of the two types. In addition,
cven at a molecular level, a mutant gene of xylanase
was shown to produce various levels of enzyme activity
(Ko o ol 1991 A mechanism  for a single gene
showing various levels of molccular function has also
been clucidated in physicochemical terms { Kobayashi
et al. 1997

Such ditferentiation of a phenotype has also been
chscussed as a possibility for different inheritable states of
the same genotype (see, for example, Landman [991).
Although we do not assume any epigenctic inheritance
here since s relevance o evolution is still controversial,
it should be noticed that the existence of different
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physiological states from a single genotype itsell is
demonstrated experimentally, even it one does not aceept
the inheritance of the states.

Note also that the differentiation of phenotypes from
the same genotype is also supported theoretically, as will
he mentioned later.
such phenotypic diversification to evolution.

2. MODEL

In owr theoretical model, the phenotype is represented
by a sct of variables corresponding to metabolic processes
or some other biological processes. To be specific, each
individual 7 has several [metabolic or other! cyelic
processes and the state of the jth process at time 2 is given
by X4{7% With £ such processes, the state of an individual
is given by the set (X', X35 o XEE which
defines  the plu‘nolypc. This sct OI variables can be
regarded as concentrations of chemicals,
bolic proc

rates of meta-
sses o some  (uantity  corresponding to a
higher function. The state changes temporally according
to a set of deterministic equations with some parameters.

Since genes are simply chemicals contained in DNA,
they could in principle be included in the set of variables.
However, according to the ‘central dogma of molecular
biology™ {Alberts et al. 1994, c¢h. 3 & 6}, the gene has a
special role among such variables. Genes can  alfect
phenotypes, i.e. the sct of variables, hut the phenotypes
cannot directly change the code of genes. Over the course
of one generation changes in genes are  negligible
compared with those ol the phenotypic variables they
control. Henee, in our model, the set corresponding to
genes is rvepresented by parameters that govern the
dynamics of phenotypes, since the parameters in an
cquation are not changed while they control the dynamics
of the variables.

Our model consists of the following procedures.

{11 Dynamics of the phenotypic state. The dynamics of
consist of mutual influence of

the variables Xj,,l,\‘
cyclic proces
organisms |

in} Growth 111(! death. Fach individual splits into two
when a given condition for growth is satsfied. Taking
into account the fact that the cvelic process corre-
sponds to a metabolic, genetic or other process that is
required for reproduction, we assume that the unit
replicates when the accumulated number ol cvelic
processes goes beyond some threshold. To intoduce
competition for survival, death is included by both
random removal of organisms at some rale as well as
by a given death condition based on their state.

i} Genetie parameter and  mutation. Following  the
above argument, genes are rvepresented as para-
meters in the model. With reproduction, the genes
slowly mutate. The set of parameters in the model
changes shightly through mutation when an oflspring
1s reproduced.

and interaction with other

To be specific we consider the following inodel. First, the
state variable Y411 is split into s integer part R{.w and
fractional part = mod[\¥] lhv integer  part
is assumed Lo give the number of times the eyclic

pm( ess has oceurred since the individual's birth, while the

Proc. K. Soe. Loud. B {2000

Here we will study the relevance of

fractional part (x}i7}} gives the phase of oscillation in the
process. As a simple example, the internal dynamics of the
cyclic:  process 15 assumed  to be  given by
T a2} sin 2mei0)),  while  the  interaction among
organisms is given by the competition for resources among
the X, organisms existing at the time, which is given by

Y —Z/mm‘) {xii

i'I'he sccond term comes [rom the constraint L0080 =,
i.c. the condition that ¥ individuals compete for a given
resource 8 at each time-step. The first term represents the
ability to secure the resource, depending on the stare:
Our model 1s given by

Then, as a specific example, the condition for repro-

. . . ' . e e .
duction is given by Z,R./1 2 T'hr. The rotation number
Riii1 is veset to zero when the corresponding individual

"

splits. On the other hand, with the death condition, an
individual with RY (i< —10 {i.e. with a reverse process;
is removed.

Next, genotypes are given by a set of paramciers ¢ i R
which represent the relationship between the two cvelie
processes £ and m (1< and m<AL With each division,
the parameters @ are changed to @+ 6 with 8, a
random number over [—&, ¢} with small & corresponding
o the mutation rate. Although the vesults in the figure
adopt the mutation rate & = 0.001, a change in mutation
rate is responsible only for the speed of the separation of
the parameters and the conclusions are independent of its
specific valuc.

Let us make some comments ihout our madel. Each
term @™ sin influences ',
For example, in a metabolic process, one cyvele influences
some other through catalytic reactons, depending on the
activity of the enzyme corresponding 1o 1. With the
change of genes, the activities of enzymes can change,
which leads to the change of the parameter values of o
accordingly.  Tollowing this genotypes  arc
regarded as being represented by a set ol parameters @™
Indeed, we have also studied a specific biochemical reac-
ton network model with its catalytic efficicney as a
genetie parameter and  the  results,  which  will be
presented, were observed.

The interaction term psin {2myi
ence on the cyclic process between individuals through
the exchange of chemicals {or by other means). Since this
term can change its sign, chemicals can be seereted to the

{111 shows how a process ¥

argumeaent,

1 represents the influ-

environment (rom each individual. 'Then, the resources
that are taken from onc individual may be used by some
other. Through this ecological interaction, individuals
may kecp some relationship if they arve differentiated.

Ol course, the above explanation is just one example ol

the correspondence of our model to a real biological process.
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lﬂiL,urc I. Evolution of genotype—phenotype relationship. In the present madel, due to the nonlinear nature of the dynamics,

x often oscillates chaotically or periodically in time. Henee, it is natural to use the integer p(ul u’ff [ /11 as a representation ol the
plu notype, since it represents the number of cyclic processes used for reproduction. Here (R, a' ) is plotted for every division of
individuals. The first 2500 divisions are plotted in light blue, divisions 2301-5000 in pink, 11 000-16 000 in red, 36 000—41 000

in blue and 66 000-71 000 in green. Initially, phenotypes are separated, even though the genotypes are identical (or only differ
slightly}, as shown in light blue. Later, the genotypes arc also separated according to the difference in phenotypes. In the
simulation, the population size ﬂuntuato around 300 after an initial transient, (Hence, the generation number is given
approximately by dividing this division number by 300.) In the figures in the model, we adopt the following parameter values

and initial conditions. The threshold number

{Thr} fm‘ the reproduction is 1000 and the mutation rate of the parameters (g] is

0.001. lnit.iall}r the gcnof\ p(‘ Pdldll'lt‘l{.,l"b are set as a¥ = —0.1/(2). The parameter values for figures | and 2 are set at

p=1.8/{2r),s' = 8,5 = =8

As long as its mathematical structure is common, the
validity of our model is not restricted to the above example
and the results, to be presented, can generally be applied,

3. SCENARIO FOR SYMBIOTIC SYMPATRIC
SPECIATION

The above model is one of the simplest for discussing
loose developmental processes. We have also carried out
simulations of several models of this type, for example
those consisting of a metabolic process of autocatalytic
networks, Through the simulations and theoretical
considerations ol several models the following mechanism
for speciation is proposed. Since the characteristic
features for speciation, which are to be presented in the
[ollowing, are common, we adopt the simplest model
above in order to illustrate the scenario here.
course, that the scenario for speciation is expected to
work in a more realistic model including much more
complicated processes for development and interaction,

(a) Stage I: interaction-induced phenotypic
differentiation
When there are many individuals interacting for finite
resources, the phenotypic dvnamics begin to differentiate
even though the genotypes are identical or differ only

Proc. R. Soc. Lond. B (2000)

Note, ol

slightly {see the light blue points in figure 1). This differ-
entiation generally appears if nonlinearity is involved in
the internal dynamics of some phenotypic variables
{Kaneko & Yomo 1997, 1999; Furusawa & Kaneko 1998].
Then slight phenotypic differences between individuals
are amplified by the internal dynamics (e.g. metabolic
reaction dynamics). Through interaction between organ-
isms, the different phenotypic dynamics tend to be
grouped into two {or more) types, despite the fact that all
have identical {or only slightly dillerent) genotypes. In
the example in figure 1, the phenotype splits into two
groups, which we refer to as the ‘upper’ and ‘lower’
groups.

This differentiation process has recently been clarified
as isologous diversification (Kanecko & Yomo 1997, 1999},
in which two groups with distinct phenotypes even appear
in a group with a single genotype. This interaction-
induced phenotype diversification is a general conse-
quence when the developmental process with interactions
between organisms is considered as a nonlinear d‘yllamics
process [Kaneko 1990, 19943 When there 1s instability in
the dynamies, the lepural evolution of individuals in
phenotype space begins to diverge. Then, through inter-
actions, these dynamics are stabilized through the forma-
tion of distinct groups with differentiated states in the
phenotype space. The existence of the two (or more)
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Figure 2. The evolution of the genotypic paramcier. {ai 'I'he parameter ']

i1 is plotted as a dot at every division {reproduction)

event with the abscissi as the division number. The average time necessary for division {veproduction) is plotted for the upper

and lower groups, where the average is taken over 2000 division events {sixth to eighth generations;

As the two groups are

formed around the two-thousandth division event, the population size becomes twice the initial size and cach division time is also
approximately doubled. Note that the two average division speeds of the two groups remain of the same order, even when the

genetic parameter evolves in time.

groups eliminates the instability in the dynamic {meta-
bolici process that exists when one of the groups is isolated.
Hence, the existence of all groups is required for the
survival of cach. Tor example, if & group of one type is
removed, then the phenotype of individuals of another
type changes in compensation for the missing type.

To put the above explanation in biological terms,
consider a given group of organisms faced with a new

environment and not yet spectalized for the processing of

certain specific resources. Bach organism has metabolic
{or other} processes with a biochemical network. As the
number of organisms increases, they compete for
resources. The interaction, for example, results [rom the
use of some by-product of one organism by others. As this
interaction becomes stronger, the phenotypes become
diversified in order to allow for different uses ol metaholic
cycles and they split into two {or several) groups. Bach
group is specialized in some metabolic cycles and also in

the processing of some resources. Here the by-product of

the metabolic processes of one group is necessary for
allowing another group to specialize in some particular
metabolic cycle. Resources secreted from one group can
be used as a resource for the other group and vice versa.
Hence, the two groups realize a differentiation of voles
and form a symbiotic relationship. LEach group is
regarded as specialized in a different niche, which s
provided by another group.

As an extreme casc, this differentiation can occur even
when a single resource is supplied externally {i.e. s/ =0

Proc. R. Soc. Lond. B 2000}

lor 23 <hk =3} In this case, the temporal average of
psinixtiiiy is positive for one group and negative for the
other, while that of psin{x*i} has the opposite sign,
With this differentiation of phenotypes, one group uses x
as a resource for growth provided by the other, which in
turn uses 4% as a resource.

S

It should be pointed out that the progeny of a reprodu-
cing individual belonging 1o one group may belong o the
other group at this stage, since all groups still have almost
identical gene sets.

(b) Stage 2: coevolution of the two groups in order to
amplify the difference of genotypes

Now we discuss the evolutionary process ol genotypes.
After the phenotype s differentiated into (wo groups, the
genotype (parameteri ol each group begins to cvolve in a
different dirvection, as shown in figures | and 2. This
cvolution occurs because, for the upper ilower] group.
those individuals with a smaller {larger) pavameter value
reproduce faster. In our numerical simulations, there
always exists {at least one) such parameter. As a simple
illustration, assume that the Llwo groups use certain meta-
holic processes differently. If the upper group uses one
metabolic cycle more. then a mutational change of the
relevant parameter in order to enhance this cycle is
favoured for the upper group. while a change to reducing
it fand enhancing some others) may be lavoured for the
lower group. In other words, each organism begins to
adapt in one of the niches formed by another {or others:.
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Note that R* also takes a different value between the
two groups in the opposite divection, since 2R/ ="Thr for

cach division. As for the parameter change, the values of

a™ and @' split first in this example, but then @ and,
later, other parameter values also start to split into the
two groups. Several genes start to he responsible for the
differentiation.

As the genctic separation progresses, phenotypic difter-
ences between the Lwo groups also become amplified {sce
figure 1% With the increase in the split in genotypes, il
begins (o hecome the case that offspring of members of a
given group certainly keep the phenotype of this group.
Since the phenotype of one group stabilizes the other, the
evolutions of the two groups arc interdependent. Hence,
the tempo of the genetic evolution in one group is related
to that of the other. The two groups coevolve, main-
taining the ‘symbiotic’ relationship established i the
previous stage. Indeed, as shown in figure 2, the growth
speeds of the two groups remain of the same order, cven
if cach genotype and phenotype change with time.

With the coevolutionary process described above, the
phenotype differentiation s fixed to the genotype. In
much later generations, this fixation is complete. In this
case, even if one group is isolated, offspring with the
phenotype of the other group are no longer produced.
Offspring ol each group keep their phenotype (and geno-
typed on their own.

{c) Reproductive isolation with respect to sexual
recombination

The importance of the present scenario lies in the
robustness of the speciation process. Even if one group
happens to disappear through some [luctuations in the
initial stage of the speciation process, coexistence of the
two distinct phenotypic groups is recovered. Henee, the
present process is also expected to be stable against sexual
recombination, which mixes the two genotypes and may
bring about a hybrid between the two genotypes. In
order to demonstrate this stability, we have extended the
previous model to include this mixing of genotypes by
sexual recombination.

Ilere, we have modified our model so that sexual
recombination occurs and mixes genes. 1o be specific,
reproduction occurs when two individuals ¢y and &, satisfy
the threshold condition {Z;R!{;,i>Thr) and the two
genotypes are then mixed. As an example, we have
produced two offspring, j =j; and j,, from individuals ¢,
and 1, as

Do o o R 98 TR s .
a{ji= a"’(z,}r}' +a™iiyiil — )j Y8, 3Y

Yot

with a random number 0 <7 <1 for mixing the parents’
genotypes, besides the random mutation term by & Even
if two scparated groups may start to form according to
our scenario, the above recombination forms ‘hybrid’
offspring with intermediate parameter values @™ when
two organisms from dilferent groups mate. In addidon,
depending on the random number, for some offspring the
parameter value ¢ may be closer to one of the parents,
but that of @’ may be closer to that of the other of the
parents. Accordingly, recombinations of the two groups
can lead to a different combination of alleles, since the

Proc. R. Soc. Lond. 13 12000

two groups lake different combinations of the parameter
values {e™}.

Although the hybrid is formed in this random mating
with some proportion (0.5 if the two groups have cqual
population}, it turns out that this hybrid, irrespective of
which phenotype it realizes, has a lower reproduction
rate than the other two groups which have a ‘matched’
genotype-phenotype  correspondence  with  a  higher
reproduction rate. We have plotted the average offspring
number for given genotype parameters in figure 3 (to be
precise, the average over a given range of paramceters). As
shown, a drop at the intermediate value in the offspring
number starts to appear through generations. Within a
few dozen generations, as certain genolypic parameters
arc apart, there is little or no chance of a hybrid repro-
ducing and b sterility results.

Note that this conclusion 1s drawn without
assuming a mating preference. Rather, it is natural,
according to the present scenario, that mating preference
in favour of similar phenotypes cvolves, since it is dis-
advantageous [or individuals 1o produce a sterile hybrid.
In other words, the present mechanism also provides a
hasis for the evolution of sexual isolation through mating
preference. Note, however, that, in sympatric speciation
starting {rom only the mating preference, one of the
groups may disappear duc to fuctuations when its
population is not sulliciently large. In contrast, according
to our scenario, the coexistence of the two groups is
restored even under disturbances. Hence, it is concluded
that our mechanism viclds robust sympatric speciation,
i.e. diflerentiation of genotypes and phenotypes and
sexual reproductive isolation {Dobzhansky 1951}, even in
the situation in which all individuals interact with all
others cqually.

even

(d) Importance of phenotypic differentiation

Evolution according to our scenario often leads to
specialization with regard to resources through competi-
tion. Indeed, the coexistence of two {or more! species
alter the completion of the speciation is also supported by
the resource competition theory of Tilman {1976, 1981
However, 1n order to realize the speciation process,
phenotype differentiation [rom a single genotype is essen-
tial. As long as a phenotype ts umiquely determined by a
genotype, two individuals with a slight genotype difler-
ence can only have a slight phenotype difference also.
Since competition is strong  between individuals with
similar phenotypes, they cannot coexist as a dilferent
group. Hence, two groups cannot be differentiated from a
group of single {or similarj genotypes. In contrast, in our
scenario, cven if the genotypes of two individuals are the
same or only slightly dilTerent, their phenotypes need not
be similar and can in fact be of quite different tvpes, as
shown in figure 1. Accordingly, these two groups can
cocxist.

In ovder to check the importance of this phenotypic
differentiation from a single genotype, we also performed
experiments model by
choosing parameters such that diflerentiation into two
distinct phenotype groups does not occur inttially. In this
case, scparation into two {or morc} groups with distinet
phenotypes or genotypes s not observed, even i the

several numerical with our

initial variance in the genotypes is large or even if a large
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Figure 3. The average oflspring number before death is plotted as a function of the parameter {genotypel for simulations with
sexual recombination. As an extension for including sexual recombination, we have also studied a madel in which two organisms
satislying the above threshold condition mate to reproduce two oflspring. When they mate, the offspring have parameter values
that are the randomly weighted averages of those of the parents, as given in the ext. We measured the number of offspring for
each individual during its life span. By taking a bin width of 0,005 for the genotype parameter @', the average offspring number
over a given fime-span is measared to produce a histogram. The histogram over the first 7300 divisions {ca. 20 generations) is
plotted by solid line | and the histogram for later divisions is overlaid wich a different line, as given by lines 11 {over 7500-15 000
divisionsi, ITT (1.5 2.23x 10", IV i2.25 3.0x10% and V {3.75-4.5x 10", As shown, a hybrid offspring will be sterile after

some generations. Here we have used the same model and initial condition as in fligure 1 and imposcd recombinition with the

parameters p; = 1.5;1271 and s' = §* = 5* = 2. The population Huctuates around 340 in the run.

muotation rate 1s adopted. 'This clearly demonstrates the
relevance of phenotypic differentiation.

On the other hand, genetic dilTferentiation always
occurs when the phenotype differentiates into two {or
more} groups. 1o be specific, in our model, the condition
for the differentiation is as follows. First, the parameter p
should be larger than some value. For example, for £ =3
with 5' =2, s =4 and s* = 6 and with the initial para-
meters @ {1} & —0.2{2x;, the differentiation appears for
pR1.8. Second, the resource term per unit | Zj.fj N
should be smaller than some threshold value. TFor
example,  the threshold  resource is s, & 10 for
s'=s" =4 p=1.5{{2r; and N & 300 and the initial
parameters ™ (/i & —0.1{{27}. Note that thesc conditions
imply strong intcraction in competing for resources and
arc casier to sausly, as the number of individuals
competing for given resources increases.

4. DISCUSSION

In the symbiotic speciation process, the potential for a
single genotype producing several phenotypes declines.
Alter the phenotypic diversification of a single genotype,
cach genotype again appears through mutaton and
assumes one of the diversified phenotypes in the popula-

Proc. R. Soc. Lond. B 2000}

tion. Thus, the one-to-many correspondence between the
original genotype and phenotypes eventually ccases to
exist. As a result, one may sce a single genotype expres-
sing small numbers of phenotypes in nature, since most
organisms at the present time have gone through several
speciation processes. One can also expect that mutant
genotypes tend to have a higher potential than the wild-
type genotype for producing various phenotypes. Indeed,
this expectation is consistent with the obscrvation that
low or incomplete penetrance {Holmes 1979; Opitz 1981
15 more frequently observed in mutants than in a wild-
Lype.

Taking our results and experimental facts into account,
one can predict that new specics or organisms emerging
as a species have a high potential for producing a varecy
of phenotypes, while “living lossils’, such as Latimeria
chalumnae and Limudus, have a stable expression of a small
number of phenotypes. The relationship between evolva-
hility and plasticity in ontogenesis is an important topic
1o be pursued.

Since the speciation discussed in this paper is triggered
by interaction and not merely by mutation, the process is
not so much random as deterministic. In fact, the specia-
tion process occurs irrespective of the adopted random
number in the simulation. Some of the phenotypic

.
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explosions in nature that have heen recorded as occurring
within short geologic periods may have followed the
deterministic and relavvely fast process of interaction-
induced speciation. Hence, our scenario may shed some
light on the variation in time-scales on which cvolution
proceeds, c.g. punctuated cquilibrium {Gould & Eldredge
1977). Here it should be noted that the change in pheno-
tvpes occurs in a few generations. The speed of geneuc
change, of course, depends on the mutation rate, but the
present mechanism is found to work cven for any smaller
mutation ratc {say € = 107",

In the present paper, we have mostly reported the case
with only three processes (A = 3}, but we have numerice-
ally conlirmed that the present speciation process also
works for £>3 {c.g. £ = 10. By choosing a model with
many cyclic processes, we have also found successive
speclation of genotypes into scveral groups from a single
genotype. With evolution, the phenotypes begin to be
separated into two groups, cach of which is specialized in
some processes and depends on the by-products of the
other. Later, the species diverge into further specialized
groups, which are fixed mto genotypes. This process is
relevant when considering adaptive radiation.

Discussion of the mechanism involved in evolution
often consists of mere speculation. In contrast, most
important in our scenario is its experimental verifiability.
Isologous diversification has alveady been observed in the
differentiation of enzyme activity in £ cofi with identical
genes (Ko ef al. 19945 In observing the evolution of F. coli
in the laboratory {Xu ef al. 1996; Kashiwagi ¢ af. 2000},
by controlling the strength of the interaction through the
population density one can check whether evolution at a
genetic level is accelerated through interaction-induced
phenotypic  diversification.  Our  isologous  symbiotic
speciation, which was based on dynamical systems theory
and which was numerically confirmed and biologically
plausible, can be verified experimentally.

We thank M. Shimada for illuminating comments. 'The present
work was supported by Grants-in-Aid for Scientific Rescarch
from the Ministry of Education, Science and Culture of Japan
{ Komabit Complex Systems Life Project).
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