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Abstract

Our investigations concern the role of symbiosis as an
enabling mecdhanism in evolutionary adaptation. Previous
work hasill ustrated haw the formation d mutuali st groups
can gude genetic variation so as to enable the evolution o
ultimately independent organisms that would atherwise be
unoltainable. The new experiments reported here show
that this effed applies naot just in geneticdly related
organisms but may also occur from symbiosis between
distinct spedes. In addition, a new detail i s reveded: when
the symbiotic group members are drawn from two separate
spedes only ore of these spedes adiieves eventual
independence ad the other remains parasitic. It is
noretheless the cae that this omnd spedes, formerly
mutualistic, was criticd in enabling the independence of
the first. We offer a biologicd example that is suggestive
of the dfed and dscuss the implications for evolving
complex organisms, natural and artificial.

1 Introduction

The phrase “survival of the fittest”, ubiquitous in ou
thoughs about evolution, is often taken to mean mutually
exclusive ampetition. Accordingly, mutually beneficial
relationships are generaly treged as a airio. But
biologicd evidence suggests that mutuaism is an
important  enabling mechanism in  evolutionary
innowation. In its grongest form, symbiosis can lea to
symbiogenesis. the genesis of new spedes via the genetic
integration o symbionts [Khakhina 1992 Kozo-
Polyansky 1921 Margulis 1992 Merezhkowvsky 1909.
For example, eukaryotes, which include dl plants and
animals, have a symbiogenic origin [Margulis 1992].
Such ‘genetic integration’ may occur via dired genetic
mechanisms such as horizontal gene-transfer, but our
ealier work [Watson & Polladk 1999 provided a smple
model of arelatively subtle, indired mechanism whereby
the genetic charaderistics of one organism may be
aqquired by ancother. Our model paralels Hinton and
Nowlan's work, “How Leaning Can Guide Evolution”
[1987. Their paper demonstrates the Baldwin effed
[Baldwin 189§, a phenomenon whereby leaned, or
plastic, charaderistics can induwce euivalent innate, or
nonplastic, charaderigtics. In ou adaptation d their
model we replacal leaning with symbiosis; or more
generaly, replacel the lifetime plasticity of an organism

with lifetime interadion between arganisms. This enabled
usto show how the dharaderistics of one organism can be
induwced in another symbiotic organism. This saping
effed enables the evolution o organisms that would
otherwise be unoliainable—or at least, would be very
unlikely to occur.

Non-genetic variation guides genetic variation

Our smulation d the dfed can be described in two
phases. First, symbiotic groups find the solution to a
problem (a set of abiliti es that confers high reproductive
fitnes9 more quickly than the solution can be found bya
single organism. This occurs sSmply becaise the
combinations of abiliti es formed via lifetime interadion
of organisms samples a much larger set of variations than
the relatively dow genetic variation from mutation. In the
seoond plase, after an ecsystem of mutually beneficial
organisms has become established, the evolution o the
individual organisms therein operates in a different
environment. Where previoudy an oganism that
exhibited some fradion d the necessary abiliti es, but not
al the necessary abiliti es, would fail, now symbionts may
fill-in for this organism’'s inadequades. Moreover, the
greder the fradion d necessary abiliti es it exhibits the
less filling-in is required—i.e. the less it depends on
symbionts and the more reliably successul it is. This
provides a gradient to gude genetic seach toward an
organism that can dtimately perform independently.
Without the suppat of symbionts this gradient does not
arise and therefore the occurrence of an independent
organism exhibiting the solution would require an
improbably fortunate random mutation.

Thus, the ailiti es first discovered by the symbiotic
group kecome ecgpsulated in the heritable traits of a
singe individua. We cdl this effed symbiotic
scaffolding: the symbionts sippat ead aher as partialy
able organisms, and enable the gradual acamulation o
abilities, until ultimately, when their abilities are
complete, the scaffolding is not required.

One way to interpret how this effed operates is as a
‘smocthing of the fitnesslandscgpe. The datted curve in
Figure 1 shows an arbitrary rugged fitness landscape.
Each pdnt on the horizontal axis represents a phenctype
(or set of traits), and the dotted curve indicates the fitness
of the phenatypes when evaluated independently. Now
imagine that when an organism is evauated, its own
charaderistics may be suppemented with those of other



organisms. This modified set of charaderistics will ill
contain the dcaraderistics of the original organism and
will therefore be somewhere in the neighbahood d the
origina organism’'s phenatype. If the organism interads
with many aher organisms during its lifetime then its
fitnesswill refled the fitness of a set of points smpled
from the neighbahood d its own charaderistics. Points
onthe solid curve in Fig. 1 are an average of the origina
landscape weighted using a Gausgan. This averaging over
the locd neighbahood ads  as to ‘smocth’ the fitness
landscgpe and povide a kind d ‘look-ahead” about
phenatypes in the neaby vicinity. This modified fitness
landscgpe enables genetic search to escape from locd
optimain the original landscgpe and move towards fitness
peaks that were formerly unobtainable.
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Fig. 1. The guiding effea of symbiotic interadion can be
interpreted as a smoothing of the fithess landscape.

Previous experiments with one population

In ou previous work we ill ustrated this effed using an
adaptation d Hinton and Nowlan’s model of the Baldwin
effed. We evaluated individuals in the context of many
randamly constructed groups of individuals and, instead
of assgning fitness based on their individual ability, we
gave them a fitnessthat refleded the average success of
groups they formed. Withou the group evauation
individuals could na be evolved to solve the problem. But
with the benefit of group evauation the symbiotic
scafolding effed enabled the evolution o initialy
mutualist groups that solved the problem together, and
ultimately independent organisms that solved the whole
problem by themselves. With this effed, we ill ustrated a

1 This interpretation of scaffolding is quite smilar to
Hinton and Nowlan’s explanation of the Baldwin effed, as
the reader may reaognize—espedally, when we apply the
smoathing to Hinton and Nowlan's problem in Figure 2
(which we will introduce shortly).

mechanism whereby the formation d mutualist groups
enabled the evolution d organisms that would na
otherwise have occurred. In so ddng, this effed also
shows how the charaderistics of an organism can be
induwced in another symbiotic organism withou dired
transfer of genetic material. These ae important
principles for understanding the role of symbiosis in
evolutionary adaptation.

Our model does nat use the exchange of genes between
organisms—the symbionts may be distinct spedes—and
our origina experiments did show some evidence for
genetic divergence in the popdation. However, we used
only one popuation d organisms and thus, in general, the
symbionts may have been closely geneticdly related (by
inheritance). This wedkened the interpretation d the
model as gmbiosis between dfferent spedes, and
brought into question whether the dfed would be seen in
an ecosystem of truly separate species.

Mutualism between separ ate species

In the new experiments we present in this paper we sough
to verify that the phenomenon was reproducible when the
symbionts were reproductively isolated spedes. This
would show the dfed to be relevant to symbiosis between
geneticdly urrelated organisms and therefore more
widely applicable in nature.

Thus, in this paper, we form groups by seleding
individuals from two separate fixed-size popuations ead
of which reproduces independently. (In al other respeds
the experimental setup we describe here is the same &
that used in ou ealier experiments) As expeded, the
scafolding effed is gill observed; confirming ou
hypahesis that mutualist groups consisting d geneticaly
separate spedes can be instrumental in caalyzing the
evolution of complex independent organisms.

But there is an interesting dfference from our ealier
results. When the symbiotic group members are drawn
from two separate spedes, only one of these spedes
achieves eventual independence The presare for the
secondto become independent falls off and it becomes a
parasite—it gains benefit from its perfed partner but
provides nothing in return.

The remaining sedions of this paper are organized as
follows. In the next sedion we describe our experimental
setup, and Sedion 3 gves results. Sedion 4introduces an
example from nature that is suggestive of symbiotic
scafolding. Finally, we discuss the implicaions for
artificial life research, and conclude.

2 Experimental set-up

Hinton and Nowlan provide asimple and elegant abstract
model of the Baldwin effed which has been replicated
and extended many times [Belew 1989 Harvey 1993
Mayley 1996. Our experiments use an adaptation d their
‘extreme and simple scenario’. The model is deliberately
abstrad so that the combinatorics invalved in the dfec



are dea. We mnsider a problem that consists of a large
number of variables al of which must be orredly
spedfied by an organism in order for that organism to
recéve ay reproduwtive fitness In such cases an
organism that is partially corred, even ore that spedfies
al but one of the variables corredly, is naot rewarded at
al. This worst-case scenario is the extreme cae of
irreducible amplexity, in which solutions can only be
found by trying possibilities at random.

As an example scenario, we may imagine ametabadlic
chemicd cycle with 20 steps. Each of the 20 steps must
be performed by an organism corredly in order to get the
chemicd cycle going and to thereby confer reproductive
fitness.

As gated thus far, this ‘needle on a plateas’ fitness
landscgpe provides no gadient to lead seach towards the
solution—an arganism with 19corred stepsis not favored
over an organism with, say, only 1 corred step. But when
we introduce lifetime interadion between organisms this
will enable agradient that leals genetic variation toward
the solution. The smocthing afforded by goupinteradion
modifies the fitnessof points nea the solution so that they
are preferred over points farther from it, as depicted in
Fig. 2.
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Fig. 2. Anillustration d the smple problem spaceused in
the following experiments (and in thase of Hinton and
Nowlan), depicting the ‘smocthed’ landscgpe dfeded by
symbiotic interaction.

Evaluating Groups

To model lifetime interadion we test groups of organisms
instead o individual organisms, and we test an organism
in many groups during ore lifetime. Each organism may
prohibit, enable, or have aneutra effed on a step in the
chemicd process If an organism is neutral with resped to
a step then this dep may (or may nat) be completed by
some other organism (of a different spedes). That is, an
organism can gain the benefit (or penalty) of chemicd
byprodicts creaed by the processes of other organismsin

the emsystem (for those steps where the organism itself is
neutral).

We may crudely represent the relevant traits of an
organism in 20 genes where eat gene has three dleles:
correct, incorrect or neutral correspondng to enabling,
prohibitive (preventing completion d the oycle), or
neutral interadion with a step in the gcle. This
unredigtic simplification enables us to see the
mechanisms of interest more dealy bu it is nat integral
to the results that follow.

We use the happenstance @-locaion d organisms to
form groups snce it makes minimal assmptions abou
the nature of symbiont interadions. The use of a more
sophisticated model of symbiotic relationship-forming
will ill ustrate the sceffolding effed more strongy—we
stress that our model of organism interadion is
deliberately trivial so asto prevent detail s from obscuring
the esence of the dfed. In o model we may imagine
that organisms are randamly distributed in the
environment and perpetually mixed. At any ore instant
there will be some number of other organisms in the
immediate vicinity of the organism in question. Thus
every organism is tested by combining its abiliti es with
those of severa other randamly seleded organisms of the
other spedes. Fig. 3 shows how the ailiti es of organisms
are mmbined. In this figure there ae two spedes, A and
B, and we prevent solutions being provided by mutualism
within a spedes by using ony organisms from the
complementary species to fill-in groups.

00-0-11---01-1--0--1
-1-0-1- 001- 01- 1- - 0- -
1--10-11-0----10---1
-01---0-0----10-0-11
--111----0101-- 0- 0- -
00100110010111100011

first organism Al:
second organi sm Bl:
third organi sm B2:
fourth organism B3:
fifth organism B4:
conbi ned abilities:

Fig. 3. Combining the &biliti es of organisms. The 20 traits
of eadr arganism may take one of three forms: corred,
incorred or neutral shown as 1, 0 and “-", respedively.
The neutral abiliti es of an organism from spedes A may
be filled-in by the ailiti es of organisms from spedes B.
Notice that the traits of the first organism take priority
over all others, for consistency, the traits of the second
organism take priority over all but the first, and so on In
some groups, some organisms may be redundant since
every trait is pedfied by at least one of the preceading
organisms, asill ustrated by the fifth arganism shown here.
Note that this combination d abiliti es does not represent
the formation o a new organism - it is merely a
representation for the result of different spedes ading in
concert.

Since bath the seledion and adering d the organisms
are randam, the details of this filling-in medhanism are
largely inconsequential to the results that follow. One
important fedure, however, is that the fitness of the
combined traits is awarded to the first organism only, and
that the traits of the first organism are not over-ruled by




any ather. However, since the first organism will i kely
fill-in for other organisms in their turn, this asymmetry is
redprocated. Alternate models of interadion and reward
digtribution may be equally valid; however, the airrent
model is sufficient for our purposes.

A key feaure of the mecdhanism we ae modelingis that
the seach for combinations of abilities via lifetime
interadion is much more rapid than that arising from
genetic variation alone. Hence we test ead organism in
1000 random groups during its lifetime. Each group is
formed from a different randan seledion d organisms
drawn from the other species.

Our ealier experiments showed that when appropriate
symbionts are reliably available, and incur no additional
overheads, then there is no presare to be independent.
But naturaly, if there is Ime st to relying on
symbionts then independent organisms are preferred. In
our ealier experiments we alded an implicit cost by
limiting the avail ability of symbionts.
Implementationally, we limit group sizes probabili sticaly
with the limit randamly seleded from an exporential
digribution for ead goup formed. Spedficdly, the
probability of there being exacly k membersin agroupis
2 k = 1 In thisway it is most likely that an organism
will be evaluated onits own; next most likely it will be
evaluated with one other organism, and so on.

Finaly, the fitnessof an organism is given by f=1+n,
where n is the number of groups (out of the 1000 goups
tested) in which the organism in question forms a
successful group.

Experiments

The genetic model, the method d interadion, and the
evaluation described abowve ae iterated in a genetic
agorithm (GA) [Holland 197%. Hinton and Nowlan chose
the popuation size, number of lifetime trials, and number
of variablesin the problem carefully so as to make it most
unlikely that genetic variation aone would find the
solution bu very likely that lifetime variation would. We
cortinue to follow the experimental parameters of Hinton
and Nowlan where gplicable for the same reasons. We
use 1000individuals but here they are divided into two
popuations of 500 representing two spedes. Each spedes,
say A and B, reproduces independently, and as indicated
in Figure 3 (abowe), eath member of A is evaluated by
filli ng-in its missng abiliti es with members from B, and
vice versa. When an individual is being evaluated the
groupwill not contain ather members of that individuals
species.

Fitnesspropationate  reproduwction  is  applied
generationally [Holland 1973 to ead popdation
separately. In this way there is no competition ketween
the members of popuation A and the members of
popuation B, but the spedfic configuration o individuals
in ead popuation dees have an effed on the fithess of
individuals in the other popuation through the group
evaluation in which they are involved.

In these experiments we use mutation as our only

source of genetic variation. Mutation is applied with a
bitwise probability of 0.05 d asdgning a new random
value. New values are randomly seleded to be wrred,
incorred or neutral genes with probability 0.25, 0.25, 0.5
respedively. These same propations are used to construct
the initial popuation so that, on average, an individual
will have haf its genes neutral and half non-neutral (as
illustrated in Fig. 3).

We shoud emphasize which parts of the results that
follow are expeded and which parts offer new insight. As
stated, the size of the problem (number of steps in the
cycle), ratio o alelesin the initia popuation, number of
organisms, and nunber of groupstested for ead organism
are deliberately chosen to make the discovery of a
succesgul individual most unlikely and the discovery of a
successul group most likely. The interesting part of the
effed is what happens after succesgul groups are formed.
Spedficdly, we ae looking for how the trends in the
make-up d individuals change in the context of symbiatic
groups. We will see that before the formation o
succesdul groups, increases in the number of corred
dleles are not seleded for. However, after groups are
formed, there is a trend towards more orread alleles. This
trend eventually results in some organisms becoming
independent which would na have happened withou the
presence of the (eventually redundant) mutualists.

3 Resaults

Fig. 4 shows the number of ead alele per organism
averaged ower all organisms (in bah popuations) at eadh
generation. We see that the propation o alleles at the
start of the experiment is as per the mutation probabiliti es,
i.e. approximately 0.25,0.25,0.5 for corred, incorred and
neutral respedively. Aroundthe 225h generation a quite
dramatic change takes place the propation d incorred
dleles falls close to zero whilst the number of corred
dleles rises. (The exad generation at which these sharp
changes occur varies from runto run due to the stochastic
nature of the eperiment.) This is the point where
symbiotic organisms becme established and incorred
aleles are purged from the gene pod. Theredter we see a
clea upward trend in the number of corred aleles in
subsequent generations. Unlike our original experiments
there is no clea trend towards 20 corred alleles in the
following generations. But we will seein a moment that,
athoughthe average number of corred alleles over both
popuations does nat continue to rise, some individuals do
find all 20 correct alleles.

In Fig. 5 we seethat the dramatic changes around 225
generations coincide with the establishment of groups that
solve the mmplete gycle? Then we seg at abou 350

generations, the establishment of individuals that are self-

2 Although there are a few instances of successul groups
in the first 200 generations they do not take hold in the
population.
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some of the first few generations) both the average and minimum group sizes are shown as zero.

sufficient (i.e. we see a minimum group-size of 1).
The dfeds sown in Figures 4 and 5 lave some
qualitative similarity with ou previous work using a
single popdation. This is as expeded. Separating the
organisms into two reprodictively isolated popuations
makes no dfference to the @mbinatorics and
probabilities invoved, and the establishment of
complementary mutualists does not depend on gnetic
relatedness However, we need to explain why the average
number of corred all eles remains lower than in ou single

popuation model, and when we examine the make-up o
the two popuations sparately in Fig. 6 (and also Fig. 7)
some interesting features are revealed.

From Fig. 6 we can seethat in the initial stages the
maximum number of correa aleles srows no significant
trends but begins to increase when mutualist groups are
established. The trends in bah popuations are identicd
thus far. But, as one of the spedes approaches
independence the other spedes garts to dedine. There is

no asymmetry between the two populations in the set-up
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Fig. 7. Average number of correct alleles shown separately for each population.

of the experiment — the asymmetry that develops depends
on which o the two popuations happens to find
independent organisms first. The maximum number of
corred aleles in the seaond poplation nav starts to
dedine. These trends are seen more dealy in Figure 7
which shows the average number of corred aleles. There
is a dea intermediate stage where organisms in bah
popuations are increasing in ability and a dea separation
in the latter stage where one spedes beoomes
independent. The seocond spedes is nat contributing
anything to the first but does receve benefit from it — it
has transformed from a mutuali st to a parasite. The rise of

this parasitic spedes can be uncerstood as follows.
Consider two spedes A and B. When there ae
imperfedionsin members of A thereis me advantage in
increesed independence of B. But if A is perfed then
members of B with say, one or ten neutral abiliti es are
equally likely to be corredly suppated by A. Thus, there
is no fitness differential for organisms in B. The only
exception being the preference for an arganism that does
not nead A at al. In fad, in a context of perfed hosts,
organisms are facad with a ‘needle on a plateau’ problem
space that is the same @ the origina space withou
symbionts. So, as one spedes approaches independence



and thereby becomes a nealy perfed host, the presaure
for the second species to exhibit correct bits declines.

The ead changes in the second spedes will be
determined by the balance between the remaining
seledion presaure for corred bits (since the hosts are not
quite perfed, on average), and the presaure of mutation
which, when individuals have ahigh number of corred
bits, will usually reduce the number of correct bits.

Since the introdwction d new aleles via mutation
includes both neutral and corred bits3 in the ratio 21 (or
0.5:0.25) respedively, we might exped that the
popuation will li kely drift to refled this ratio, i.e. show
an average of approximately 33% corred bits. In pradice,
it seans that the ratio is reliably higher—not going
outside 40-60% in al 17 (of 20) runs of the experiment
that exhibited a host/parasite split. The reason for this is
not clea to us but may posshly refled the fad that there
is gill some dight presaure for corred bits in the parasites
since the hosts are not quite perfed (abou 19 corred bits
on average).

Note that the fitness of the parasites is considerably
lower than the fithessof the hosts—recdl that most of the
time a individua is evaluated on its own gven the
probabili stic group-size of 2, and thus, in most trials, a
parasite will get a fitness of zero. In contrast, a perfed
host gets maximum fitnessin al trials. However, since the
hosts and perasites are in separate popuations the
parasites will not be replaced by hats (as they werein our
original experiments). And, unless ®me member of the
parasite popuation by chance makes the transition to full
independence, the fitness of &l parasites is the same:
when they are evaluated alone they recdve no fitness
contribution, when they are evaluated with a perfed host
they receve full-fithess Their average fitness in the
context of perfed hosts is only a function o the
probability that they are evaluated in a group, and has no

dependence on the number of correct traits they exhibit.

In these experiments we have focused onmodels of two
spedes. Preliminary experiments with three or more
spedes indicate that the likelihood d a spedes becoming
independent deaeases with the number of other spedes
that are drealy independent. The last spedes finds itself
drifting in the same manner as the second spedes in these
experiments.

To summarize, in this overal effed we see a
emsystem of unrelated organisms that become mutuali st
organisms, scafolding for ead ahers inabiliti es. During
this mutualist period the organisms increase in their
individual ability until one of the spedes bemmes
independent. The daraderistics formerly exhibited orly
by mutualist groups have been encgpsulated in the
charaderistics of single organisms. As the first spedes
approaches independence the second spedes transitions
from being a mutualist to being a parasite. Althoughiit
now confers no benefit to its independent host, it was

3 Incorrect bits are still selected against.

esential in enabling the evolution o the host's
independence.

In ather runs of the experiment there is considerable
variation in the exad generation in which symbiotic
organisms bewmme established, and in the generation
which exhibits the first self-sufficient individual.
Nevertheless the discovery of an independent spedes and
aresidual parasitic spedes is quite reliable. 17 ou of 20
runs of the experiment resulted in an independent spedes
with a parasite. As gated, the average number of corred
dleles in the second spedes (through 1000 gnerations)
remained around 506 in these 17 runs. In the other three
runs the seocond spedes aso found independent
organisms. In most runs the intermediate stage, where
mutualism is increasing the number of corred aleles,
occurs very quickly, but withou the mutualism (i.e.
withou group evaluation) the dfed does nat occur at all,
and an independent organism is never found.

4 An example from nature

The search for examples of symbiont scaffolding in the
natural world is complicated by the transient nature of the
phenomenon Evidence suppating ou original, one-
spedes model was particularly problematic since the end
result expeded to find ndhing bu independent
organisms. However, in this two-spedes model we exped
aresidual symbiatic partner to be more cmmon and this
type of relationship is easier to find.

For the processto be identified as such, a symbiotic
relationship has to be remgrised in which at least one
partner has aqquired at least one trait that was previoudy
exclusive to the other partner. There must furthermore be
evidence that this particular trait would have been
unavailable for the partner in question through
conventional evolution. We suggest here that these
conditions are met by the bivalve spectekemya reidi.

Members of the genus Solemya are charaderised by a
close symbiotic relationship with sulfide oxidising
baderia[Cavanaugh 1994 enabli ng them to inhabit sulfur
rich environments auch as dee thermal vents, which
would atherwise be inhospitable due to the high toxicity
of sulfur [Grieshaber & Vdlkel 1998. In addition to
providing a detoxification mecdhanism the baderia suppy
the clam with organic compounds from Cfation.

Intriguingly, one member of the genus, S reidi, exhibits
the adility to oxidise sulfide by itself — a trait previousy
unique to its ymbiotic baderia, which it gill harbous it
its gill s [Powell & Somero 198§. We suggest that this
partnership represents an example of symbiont scaffolding
as we have modelled. The scafolding process may be
complete, in which case the baderia ae now parasitic.
Alternatively, S reidi may represent a transitory stage of
the process that is, the dam has aquired ore
charaderistic from the sceffolding laderia but the
baderia till provide other charaderistics esential to the

clam. Which of these scenarios is the case is not yet clear.

The posshility of atransitory condtionis suppated by



the faa that S reidi lives in anthropogenic habitats,
namely sewage outfals and pup mill effluents, making it
likely to be an evolutionary nowelty. As auch, there may
have been insufficient time for symbiont scaffolding to
cometo an end, i.e. to read a point where the baderia ae
no longer of benefit to the dam and are therefore entirely
parasitic.

In summary, we propcse that the cae of Sreidi
illustrates gymbiotic scaffolding as follows. a) The
toxicity of the sulfur-rich environments presents an
impossbly hard transition for the alaptation o the dam
via aonventional evolution; the crred adaptation being
analogows to ou ‘nedalle on a plateau’. b) The mutuali st
clam-baderia symbiosis, as exhibited by dher Solemya
spedes, was an ancestral stage for S, reidi before its own
ability to oxdise sulfur. ¢) The provison d sulfide
oxidation bythe baderia smoathed the problem landscape
presented to the dam. Given some st in reliance on
symbionts, or some benefit in independent sulfur
oxidation, this relationship induced S. reidi to gradually
evolve the trait itself. In this case, the main adaptive
advantage in being lessreliant on the baderia was energy
production (sulfide oxidationin S reidi is coupged to ATP
synthesis in the mitochondia). The extent of the latter is
demonstrated by the @sence of both mouth and gu in S
reidi [Cavanaugh 1994, indicaing total independence
from conventional feeding mechanisms. d) Thus, the dam
has aquired a daraderistic from the baderia via
symbiotic scaffolding. S reidi is now less dependent on
the baderia that caalysed its own abilities, at least in
respect of sulfide oxidisation.

While the cae of S reidi is suggestive, one caved
must be pointed ou. It is posgble that the dam’s ahility
to oxdise sulfide has arisen as a cnsequence of gene
transfer from the baderia to the bivalve's mitochondia. If
such inter-spedes gene transfer has occurred then
symbiont scafolding, as described in the previous
sedions, would na be required to explain the
charaderistics of S reidi. In order to clarify the isaue, the
sequence of the sulfide oxidisng enzyme in bah
symbiotic partners must be determined and tested for
homology.

5 Discussion and Future Work

In symbiogenesis, the aedion d new spedes via the
genetic integration o pre-adapted symbionts provides a
different source of innovation from the Darwinian gradual
acwmulation d randam mutations. And the indired
aqquisition d symbiont charaderistics that we have
modeled in this paper also suggests a diff erent perspedive
on adaptation. The scafolding effed provides a
mechanism by which nongenetic variation can gude
genetic variation. Althoughin this indired mechanism it
is dill the acwumulation d randam mutations that
implements the dfed, the mutations now occur under
seledion which is educated by a form of ‘look ahead'.
This look aheal is provided by the eploration o

phenatypic charaderistics afforded by the formation o
symbiotic groups that include the organism in question.

Though there ae many computational models that
explore the evolution d cooperative behavior there ae
nore that use mutualism as an integral part of adaptive
innowetion. As Artificial Life (ALife) reseachers we ae
well advised to understand the sources of innowation in
natural evolution. Changes in the way we look at
organism interadion, mutualism, and evolutionary
adaptation in general, open new diredions for ALife
research.

For example, existing ALife models that are based on
genetic evolution uilize some fixed representation o
genes, of one kind a ancther, and evolutionary seach
uses fixed variation operators to explore the space this
representation affords. A failing that is therefore common
to al such systems is their inevitable complexity ceiling.
That is, after some initial promise, further innowation is
not forthcoming since most variations are detrimental
[Kauffman 1993. In light of this, perhaps the most
interesting interpretation d the symbiogenic and symbiont
scaffolding mechanisms is that they provide natura
evolution with an escgpe from this problem by creaing
new ‘units of variation'. In the models we have ill ustrated,
the important discovery takes place by shuffling
combinations of organisms, not by mutation d the genes.
Genetic mutation merely follows in its footsteps. At first,
sets of ahiliti es are explored by shuffling goups of smple
organisms. Then successul groups are encgpsulated into
compaosite individuals that exhibit the daraderistics
formerly exhibited by the group. Now sets of ahiliti es may
be explored by shuffling goups of these more mmplex
organisms — variation is now operating on larger units.
The potential for the mecdhanisms to reaurse in this way
provides the oppatunity to scae-up the representation in
which seach takes place This, we believe, has potential
for over-coming complexity ceilingsin ALife models, just
asit has been instrumental in enabling major transitionsin
natural evolution [Maynard-Smith & Szathmary 1995.
Other ongdng reseach isdireded at hierarchica problem
solving wsing these ideas [Watson et al 1998 Watson &
Pollack 1999D].

6 Conclusions

This paper has developed previous work investigating the
guiding effed of mutualism in evolutionary adaptation.
This effed, which we cdl symbiotic scaffolding, enables
the daraderigtics of mutuaist groups to become
encapsulated in asingle individual and thereby enable the
evolution d independent complex organisms that would
nat otherwise occur. We have shown here that this effea
may occur between geneticdly urrelated spedes and the
new set-up hes reveded an interesting rew feaure. When
mutualists of two dfferent spedes safold ore-ancther
only ore adieves eventua independence and the other
remains as a parasite. Finally, we introduced a biologica
example that is suggestive of this model.
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