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Abstract

The addition of parasites to a host population can drive an
escalation in the host population’s phenotypic complexity –
even in the absence of a direct fitness advantage for this
increase. Parasites restrict certain regions of the genotype
space, decreasing the fitness and the probability of survival of
particular host phenotypes. While many artificial life frame-
works model a direct correlation between genotype and fit-
ness, the structure of genotype-phenotype maps can have im-
portant effects on evolutionary dynamics. Using a simple
coarse-grained model for phenotypic transitions during evo-
lution, we show that the escalation in phenotypic complexity
under neutral co-evolution is dependent on the structure of the
genotype-phenotype map. We discuss these results using the
metaphor of evolutionary spandrels and highlight how these
structural considerations might allow us to capture biological
phenomena more accurately.

Introduction

Extant life on earth uses a common method of information

storage and transfer – the sequence of DNA bases compris-

ing the genome. This information is converted into media-

tors of chemical and physical interactions in the cell – pro-

teins and RNAs – which in turn determine the phenotype

of an organism embedded within a particular environment.

A primary goal of artificial life is to recreate processes that

mimic living systems. At the same time, predicting the out-

come of such processes in biological systems, but using arti-

ficial life frameworks, has been a fruitful endeavor (Goldsby

et al., 2014; Nelson and Sanford, 2011; Wilke et al., 2001).

Many digital frameworks model genetic information at a

level where it is directly involved in phenotype determina-

tion. However, in a cell for example, the phenotype is an

emergent property of many interacting processes at multi-

ple scales. How structural properties of genotype-phenotype

(GP) maps affect the processes and outcomes of evolution

deserves much more attention. In this work, we will investi-

gate how architectural features of the GP-map influences the

coevolution of complexity using a simple theoretical model.

Specifically, in neutral environments where all pheno-

types are equally fit, we find that a population of organisms

will distribute evenly over the genotype space. Phenotypes

encoded by a larger number of genotypes will be more likely

to appear solely due to the unbiased nature of the mutation

process. Addition of a coevolving parasite population, how-

ever, throws this equilibrated host population into disarray.

The host population must now switch between phenotypes

to escape infection and therefore survive. Indeed, these co-

evolutionary dynamics have been harnessed to improve evo-

lutionary algorithms many times (Hillis, 1990; Floreano and

Nolfi, 1997; Miikkulainen and Stanley, 2004; Wagner et al.,

2020; Watson and Pollack, 2001). Envisioning this “arms

race” over a limited number of states, we hypothesize and

show that the structure of the mapping between genotypes

and phenotypes plays an important role in the coevolution-

ary escalation in complexity (and diversity) and, therefore,

might be the ultimate evolutionary spandrel.

Model

Coarse-graining the genotype network

Consider a genotype space consisting of bit-strings of length

L. This space consists of a total of 2L sequences which

can be divided into different phenotypes depending on how

the chemistry in the system allows this information to be

decoded into physical traits (phenotypes) of the organism.

This process, which we will hereby refer to as partitioning

of the genotype space, can be performed in different ways.

On top of this set-like structure of the partitioned genotype

space, there is a secondary network-like structure that arises

out of mutational proximity between the genotypes. Con-

necting these partitioned genotypes through single-mutation

edges constructs the partitioned genotype network (Figure

1). The mutation process is, in general, unbiased across

the entire space and the probability of traversing a particular

path through the network in a single generation can be given

in terms of the per-site mutation rate (m) and the mutational

distance (l) between any two given genotypes.

pgj→gi = (1−m)
L−l(gj ,gi)ml(gj ,gi) (1)

Using the values obtained from the above equation, we

can form a genotype-transition matrix (G) consisting of











Host population diversity at steady state is
dependent on the structure of the GP-map

Another interesting – and slightly more tangible – feature of

an evolved population is the heterogeneity of the final phe-

notypes (i.e., diversity) of hosts. In the absence of parasites,

the diversity (defined as the Shannon entropy of the pheno-

type distribution) of the host population mimics the magni-

tude of the skew of the partition – as the population equili-

brates between the phenotypes in proportion to their geno-

type counts. In the presence of parasites however, we see

that the difference between the basal and realized phenotypic

heterogeneity increases as the skew of the map increases –

indicating that the steady state distribution of phenotypes in

the coevolved host population is not just a simple additive

effect of parasites increasing diversity above the basal level

(Figure 6).

Conclusion

Using a simple model of host-parasite coevolution we show

that the escalation in host complexity upon addition of para-

sites is positively correlated with the skew of the underlying

genotype-phenotype map (Figure 4). Although host diver-

sity (i.e., heterogeneity) decreases with GP-map skew, the

difference between host diversity in the absence of parasites

(Figure 6 – dashed line) and the evolved level of diversity

when parasites are included (Figure 6 - blue line) increases.

Together, these results suggest that increases in complexity

and diversity are driven more strongly by the way antagonis-

tic coevolution is deforming the fitness landscape (the map

between phenotypes and reproductive success) than the un-

derlying genetic topology.

While we have presented two major metrics that affect the

outcome, their relationship with the final complexity is in no

way explicit. In addition, our simulations are performed at

specific mutation levels, virulence, and birth/death rates; it

is likely that the relationship between these variables and

the final complexity also changes under different GP-map

structures – an area of enquiry that has direct implications

for work that aims to characterize host-parasite population

dynamics more generally.

Specifically, our coevolution experiments occurred in an

otherwise neutral fitness landscape. How robust these re-

sults are to more complex genotype-phenotype maps is one

interesting direction to explore. For example, does having

genotypes that represent inviable organisms change the rela-

tionship between neighborhood heterogeneity and complex-

ity? We also assume that the hosts and parasites have similar

genotype-phenotype maps, an assumption not generally true

for most systems observed in nature. In the future, we seek

to explore the effect of variation in the genotype-phenotypes

maps of both hosts and parasite independent of each other.

At the values of the parameters used in these simulations,

we do not see a strong dependence on the local network

structure of the GP-map, other than the fact that networks

with higher neighborhood heterogeneity seem to be more

variable (Figure 5). Perhaps our requirement of coexistence

across the entire range of random GP-maps was too strin-

gent. It might have constrained parameter values to regions

where the dynamics depend primarily on skew (a statistical

property of the distribution over genotypes) rather than be-

ing dependent on the network structure of the map between

genotypes and phenotypes.

The broad goal of this article is twofold – firstly, to high-

light that we can improve the predictive capabilities of arti-

ficial life frameworks by studying the structure of the under-

lying mapping between genotypes and phenotypes, and sec-

ondly, to demonstrate that coevolutionary dynamics on dif-

fering genotype-phenotype mappings is an interesting area

for theoretical study. The structure of such systems is simi-

lar to the two-level classification of indistinguishable micro-

(genotypes) and distinguishable macrostates (phenotypes) in

classical statistical physics, except the system is not in equi-

librium due to the presence of external sources and sinks of

energy (manifesting here as the differential birth and death

processes). While expected, it is interesting to see that the

outcome of a dynamical process on such a map is so strongly

tied to its statistical properties. It might thus be possible to

draw accurate predictions about coevolutionary populations

based entirely on the genotype-phenotype map they evolve

on - especially in regimes where neutral and selective forces

are comparable in magnitude.

The major implication of these results is that certain fea-

tures seen in coevolved host populations – like escalation

in diversity, complexity, and the effects of other parameters

on these – might be outcomes sensitive to the statistical fea-

tures of the genotype-phenotype map. These properties, be-

ing affected by the architecture of the underlying mapping

between the genotype and phenotype space, thus conform to

the idea of evolutionary spandrels as discussed extensively

in classical and recent works in evolutionary theory (Gould

et al., 1979; Valverde et al., 2018). The extent to which bio-

logical processes themselves shape these structures remains

an open and exciting question. For example, on multidimen-

sional fitness landscapes, parasites may evolve to occupy re-

gions with higher neighborhood heterogeneity, which could

improve the evolutionary access to several host genotypes.

In the context of artificial life, we believe that accounting

for these structure-dependent outcomes will greatly increase

the predictive power of Alife frameworks.
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