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Abstract

Coevolutionary arms races between hosts and parasites are
known to promote the evolution of complex traits in hosts.
However, the evolutionary effects of mutualistic endosym-
bionts (symbionts that live inside a host) are less well un-
derstood. Here, we use populations of self-replicating com-
puter programs (digital organisms) to investigate the effects
of trait matching mutualisms on evolution. We replicate pre-
vious findings showing that parasitic endosymbionts increase
host diversity and promote the evolution of complex traits.
Contrastingly, we find that coevolution with mutualistic sym-
bionts decreases host diversity and can constrain the evolution
of the host species by imposing stabilizing selection to main-
tain symbiosis. Under strict trait matching conditions, mu-
tualistic symbionts in our experiments often undergo a form
of egalitarian transition in individuality with their hosts, los-
ing the ability to reproduce independent of their host. The
constraining effects of mutualism depend on several factors:
environmental benefits available to hosts that forgo mutual-
ism, strength of mutualistic interactions, and restrictions on
host-mutualist compatibility. Strikingly, when we experimen-
tally remove mutualists from an evolutionarily constrained
host population, hosts become unconstrained, which rapidly
changes the trajectory of host evolution.
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Introduction

Symbioses encompass long-term evolutionary relationships
between two or more species that benefit at least one of the
constituent partners. A symbiont’s impact on its partner(s)
can range from detrimental (parasitism) to beneficial (mu-
tualism). Symbiotic relationships of all kinds pervade na-
ture, profoundly influencing the evolution of participating
species (Moran, [2007; | Bennett and Moran, 2015} [Cavalier-
Smith}, [2013)). Prior work has shown that parasites can in-
crease diversity and promote the evolution of complex traits
in their host species through a combination of evolutionary
arms races and population-level “genetic memory” (Zaman
et al., 2014, 2011). Those results then raise the question:

does mutualism have similar effects on host evolution? In
this work, we use coevolving populations of digital hosts
and endosymbionts (i.e., symbionts that live inside of their
host) to investigate mutualism’s effect on host diversity and
the evolution of complex traits in hosts.

Strong links exist between mutualism and the origi-
nation and maintenance of species diversity (Chomicki
et al. 2019). However, mutualism’s effect on diversifi-
cation depends on the mutualist’s function, partner depen-
dence, partner specificity, and mechanisms of partner inter-
action (Chomicki et al.l 2019; Yoder and Nuismer, 2010;
Raimundo et al.l 2014). For example, mutualisms may di-
rectly promote diversification when populations experience
divergent selection to specialize on different mutualist part-
ners (Whitehead and Peakall, [2014) or when mutualism cre-
ates new ecological opportunities for partner species, such
as enabling access to new resources (Joyl 2013} |Gomez and
Verdu, 2012} [Salem et al., 2017; [Kaltenpoth et al., [2025).
Mutualism can also indirectly increase diversity by decreas-
ing extinction risk when symbiosis enables increased range
sizes or improves survivability (Lengyel et al., 2009).

Via its effects on diversification, mutualism also indirectly
affects evolutionary potentiation and the evolution of com-
plexity, as diversification and the evolution of complexity
are linked (Svardal et al.l [2014; [Dolson et al., 2017} [Er-
win, 2015). However, mutualism’s effects on the evolution
of complex traits in symbiotic species can be more direct.
According to the symbiotic scaffolding hypothesis, mutu-
alists can provide functional scaffolds to their hosts, en-
abling the host species to evolve more complex traits before
eventually evolving less dependence on their symbiotic part-
ner (Watson et al., 2000). In the extreme, mutualisms can
lead to egalitarian major transitions in individuality (sym-
biogenesis), wherein formerly distinct individuals unite to
form a single reproductive entity (Estrela et al.,|2016). For
example, mitochondria and chloroplasts in eukaryotic cells
are recognized to be the result of symbiogenesis (Koonin,
2015). Mutualisms can also cause loss of complexity via
evolutionary degradation in obligate endosymbionts (Vosti-
nar et al., |2021) by decreasing selective pressure on verti-



cally transmitted endosymbionts, decreasing opportunities
for endosymbionts to purge deleterious mutations, reducing
the need for costly genes (Black queen hypothesis, Morris
et al.|2012), or hosts protecting endosymbionts from com-
petition. Mutualism might also cause selection against evo-
lutionary change in interacting species if that change would
disrupt or destabilize the mutualism. For example, a cooper-
ative mutualism between two genotypes of Escherichia coli
has been shown to constrain evolutionary adaptation to en-
vironmental stress (Pauli et al., [2022). However, such in-
traspecies cooperation (and more broadly, ectosymbiosis)
does not always exert the same evolutionary pressures as en-
dosymbiotic mutualism (Johnson et al., [2022).

In this work, we model trait matching endosymbiotic mu-
tualisms. Trait matching, or phenotype matching, is a com-
mon mechanism that mediates symbiotic interactions. In
such symbioses, interactions between individuals depend on
the compatibility of relevant traits. For example, mutualisms
between fruit-eating birds and fleshy-fruited plants depend
on the compatibility of bird beak morphology with fruit size
and shape (Dehling et al., [2014). Mutualisms that rely on
trait matching can impose stabilizing selection on traits in-
volved in the mutualism, as changes to relevant traits may
disrupt the symbiotic relationship. This stabilizing selec-
tion is hypothesized to constrain the evolution of species en-
gaged in mutualism (Chomicki et al., 2019 Yoder and Nuis-
mer, [2010). Indeed, trait matching has been linked with
slower morphological evolution in plant-bird mutualisms,
pollination (Davis et al.| 2014), and epiphytic ant-plant mu-
tualisms (Chomicki and Renner, [2017).

Here, we test the effects of trait matching endosymbi-
otic mutualism using the Symbulation digital evolution sys-
tem (Vostinar et al., [2022). In contrast to the effects of
parasites (Zaman et al., 2014} 2011), we find that mutual-
ist endosymbionts constrain the evolution of complex traits
in hosts and reduce diversity in host populations. However,
this constraining effect depends on the potential for hosts
to engage in generalist strategies and the relative benefit of
engaging in mutualism versus alternative environmental op-
portunities. We also observe evolutionary degradation in en-
dosymbionts, wherein symbionts become a fully dependent
“organelle” inside of their host.

Methods
Study system

We conducted our experiments using Symbulation, an agent-
based system for studying host-symbiont coevolution (Vosti-
nar et al.l 2022). Symbulation supports a variety of sym-
biotic relationship types, modes of host-symbiont interac-
tions, and genetic representations. We used Symbulation to
evolve populations of host organisms that compete for space
in a well-mixed virtual environment with a maximum car-
rying capacity of 10,000 hosts. Each host could contain at
most one endosymbiont, and endosymbionts could not sur-

vive outside of a host. Thus, endosymbionts competed for
space in the limited host population. Hereafter, we use the
generic term “organism’” to discuss shared characteristics of
both hosts and endosymbionts, and we use the term “sym-
biont” to refer to the endosymbionts in our system.

Digital organisms Each organism comprises a linear se-
quence of program instructions (its genome) and virtual
hardware used to express those instructions. We fixed
genome length at 100 instructions, and we use the SignalGP
genetic representation, which allows for tag-based execution
flow control (Lalejini and Ofrial 2018). Organisms execute
their genome sequentially, except when the execution of one
instruction changes which instruction is executed next (e.g.,
a jump instruction). Genomes are circular, so execution
wraps from the end back to the beginning. The instruction
set contains operations for input, output, basic computations,
flow control, and reproduction. We document the instruction
set in our supplemental material (Kelley et al., 2026a)).

Symbulation measures time in “updates”. On an update,
each organism gains 16 “CPU cycles” with which to exe-
cute the next 16 instructions in its genome. Each update, we
randomize the order that hosts are chosen to execute their
genomes. Symbionts always execute their genome immedi-
ately prior to their host.

Organisms collect resources by performing any of the fol-
lowing nine Boolean logic functions: NAND, NOT, ORN
(or-not), AND, OR, ANDN (and-not), NOR, XOR, and
EQU (equals). The resources gained for completing each
logic function varied across experiments. We chose these
Boolean logic functions to align with the default Logic-9
environment in the Avida Digital Evolution Platform (Ofria
and Wilke, 2004}, which is well-studied and has been used
in related studies on coevolution (Zaman et al., 2014), com-
plexity (Lenski et al) 2003), and diversity (Dolson and
Ofria, 2017} [Dolson et al., |2020). The Logic-9 functions
also allow for a direct measure of evolved trait complex-
ity (Lenski et al., 2003). We include a nand instruction
in the instruction set, and all other functions can be imple-
mented with different compositions of nand instructions.
‘We measure function complexity as the minimum number of
nand instructions required to encode that function: NAND
and NOT require 1 nand, ORN and AND require 2, OR
and ANDN require 3, NOR and XOR require 4, and EQU
requires 5.

In addition to resource collection, these logic functions
determine whether a symbiont interacts with its host. To
engage in symbiosis, a host and its symbiont must have per-
formed a matching logic function. For most of our experi-
ments, we permit organisms to perform one type of Logic-9
function during their lifetimes. This function can be per-
formed repeatedly for the purpose of resource collection.
This restriction creates evolutionary trade-offs for hosts and
symbionts, as evolving to perform a different function can



disrupt an existing symbiotic relationship.

Reproduction Hosts reproduce asexually by collecting
a parameterized number of resources and executing a
reproduce instruction, consuming resources equal to the
reproduction cost. We apply point mutations to offspring:
0.04 per-instruction and per-argument substitution rates and
a 0.005 per-bit tag mutation rate. Offspring are placed in a
random location, replacing any previous occupant.

Symbionts can transmit vertically or horizontally. When
a host with an symbiont reproduces, that host’s symbiont
can transmit its offspring into the host’s offspring without a
resource cost (vertical transmission). Symbionts can also at-
tempt to transmit offspring horizontally into a random other
host in the population. Symbionts attempt horizontal trans-
mission by collecting sufficient resources and executing a
reproduce instruction. When a symbiont attempts trans-
mission in this way, we select a random host as an infection
target. If the infection target has no symbiont, the reproduc-
ing symbiont transmits its offspring into the targeted host.
If the infection target already has a symbiont, the incoming
symbiont can replace the current symbiont if it is a strictly
better function match with the infection target. For a single
reproduce execution by a symbiont, we allow up to five
horizontal transmission attempts on randomly selected host
targets until an attempt is successful. If the symbiont fails to
transmit five times, it fails to produce an offspring and does
not incur a resource cost.

Population initialization We initialized populations with
NOT-capable hosts, each with a NOT-capable endosym-
biont. This set-up ensures that all symbionts initially en-
gage in symbiosis with their hosts. Initial genomes included
instructions for performing the NOT function and reproduc-
tion. They were otherwise filled with inert no-operation in-
structions.

Host-endosymbiont interactions Function-matching
host-symbiont pairs interact with one another on each
update. Symbulation can be configured for mutualism,
parasitism, or allow evolution along a spectrum of mutu-
alism and parasitism. In this work, we based interactions
between symbionts and their hosts on prior work (Zaman
et al., 2014). When interacting, mutualistic symbionts
donate a portion of their CPU cycles to their host for the
given update, and parasitic symbionts steal a portion of their
host’s CPU cycles. The number of CPU cycles exchanged
(for both mutualists and parasites) is multiplied by a con-
figurable synergy factor, modeling efficiencies that can be
gained from division of labor and/or specialization between
a host and its mutualist or the asymmetry of resource value
between a host and its parasite. For mutualist interactions,
the number of CPU cycles received by the host equals the
number donated by the symbiont multiplied by the synergy
factor. For parasitic interactions, the number of CPU cycles

received by the symbiont equals the number stolen from the
host multiplied by the synergy factor.

Experimental design

Does mutualism promote the evolution of complex traits
in hosts? Using Symbulation, we reproduced the experi-
mental setup from (Zaman et al.| [2014) demonstrating that
host-parasite coevolution increases host diversity and pro-
motes the evolution of complexity in hosts. We compared
evolutionary outcomes across three treatments, running 50
replicates of each: a parasite condition where all sym-
bionts engaged in parasitic interactions, a mutualist condi-
tion where all symbionts engaged in mutualistic interactions,
and a no-symbiont control. When hosts and parasites inter-
acted each update, parasites stole 75% of their host’s CPU
cycles. When hosts and mutualists interacted, mutualists do-
nated 75% of their CPU cycles to their host. Across both
parasite and mutualist conditions, we used a synergy factor
of 4. In treatments with symbionts, any symbiont could re-
produce horizontally. In the mutualist condition, hosts ver-
tically transmitted their mutualist partner; however, in the
parasite condition, parasites were not vertically transmitted.

We configured each of the Logic-9 functions to provide
one resource when performed, imposing no external selec-
tion pressure for organisms to perform complex logic func-
tions over simpler functions. In this experiment, more com-
plex functions are disadvantageous as compared to sim-
pler functions: simpler functions require fewer instructions,
making them more mutationally robust and more efficient.

We set the cost of host reproduction and symbiont hori-
zontal transmission to one resource, and we imposed mini-
mum lifespans of 100 CPU cycles for hosts and 10 CPU cy-
cles for symbionts, modeling a need to reach maturity before
reproducing. In exploratory experiments, we found these
minimum execution requirements to be necessary to prevent
hosts from rapidly evolving flow control that bypassed exe-
cuting most of their genome, which made evolution beyond
the initial logic function in any condition rare.

Does mutualism constrain the evolution of complex traits
in hosts? In our second experiment, we repeat the previ-
ous experiment, except we reconfigure the environment and
reproduction parameterizations to allow us to test whether
mutualism constrains the evolution of complex traits. In
our first experiment, failing to observe complex trait evo-
lution does not indicate constraint, as there is no external
selection pressure to promote the evolution of complex func-
tions outside of selective forces from coevolving symbionts.
For this experiment, we configure increasing resource re-
wards for the Logic-9 functions such that more complex
functions yield more resources than simpler functions: 1 re-
source gained for NOT and NAND, 2 for ORN and AND, 4
for OR and ANDN, 8 for NOR and XOR, and 16 for EQU.
We also configure reproduction to be resource limited: host



reproduction costs 256 resources and symbiont horizontal
transmission costs 128 resources. For example, a host that
performs NOT must perform at least 256 NOT functions to
reproduce, whereas a host could perform just 32 XOR func-
tions to accrue sufficient resources to reproduce. Under this
configuration, we expect hosts in our no-symbiont control
to evolve more complex functions, and symbiont treatments
where fewer complex functions evolve can be said to con-
strain evolution relative to the control.

How does fitness landscape, strength of mutualism, and
capacity for generalism influence mutualism’s effect on
host evolution? We next conducted four sets of experi-
ments to characterize how environmental rewards, strength
of mutualism, and capacity for function generalism effect
host-mutualist coevolution. For each of these experiments,
we use the same experimental setup as in our previous exper-
iment (described above), except for any experiment-specific
focal parameters specified below. For each of these exper-
iments, we compared host-mutualist coevolution with no-
symbiont controls. We ran 50 replicates of each condition,
and all runs across all experiments were independent with
unique random number seeds.

Function rewards: We compared evolutionary outcomes
under six reward levels for complex functions (given as a
multiplier to our previous baseline): x0.5, x1, x2, x4, x8, and
x16. For each reward level, the two simplest functions (NOT
and NAND) always yield one resource; however, the bene-
fits of all complex functions are increased by the reward-
level multiplier. Increasing complex function rewards di-
rectly increases selection pressure on organisms to evolve
more complex functions, as doing so benefits a host’s ability
reproduce and a symbiont’s ability to horizontally transmit.

Mutualist donate proportion: We tested five mutualist
CPU cycle donate proportions: 12.5%, 25%, 50%, 75%,
87.5%, and 100%. Increasing donate proportion increases
the impact of mutualist interactions by allowing symbionts
to transfer a greater proportion of their CPU cycles to their
host, indirectly improving their rate of vertical transmission.

Synergy factor: We tested five synergy factors: 0.5, 1,
2,4, and 8. A synergy factor of 1 represents no additional
synergy between a host and its symbiont: the host receives
the number of CPU cycles donated by its mutualist. Syn-
ergy factors greater than 1 model efficiencies gained through
effective division of labor, and synergy factors less than 1
model net inefficiencies in symbiotic interactions.

Function restrictions: Restricting organisms to one type
of Logic-9 function controls their capacity for generalist
strategies. We characterize the effects of restricting both
hosts and symbionts, restricting just hosts, restricting just
symbionts, and not restricting hosts or symbionts.

Metrics and statistical analyses

For all experiments, we tracked function performance, num-
ber of interacting host-symbiont pairs, vertical and horizon-
tal transmission rates, generations elapsed, and population-
level phenotypic diversity of symbionts and hosts (as counts
of function profiles and entropy of function profiles). For
brevity, we do not visualize or discuss all metrics in this
manuscript; however, all are shown in supplemental mate-
rial. When measuring evolved function complexity, we iden-
tify the highest-complexity function performed in a popula-
tion over the course of the entire run to account for any cyclic
dynamics caused by host-symbiont coevolution. To catego-
rize a function as “performed” by a population, we require
at least 2.5% of that population to have performed it. This
threshold avoids misattributing rare instances where random
outputs from an organism happen to match with the correct
output for a complex function given the organism’s prior in-
puts.

When comparing two distributions, we use a Wilcoxon
rank-sum test (Wilcoxon, [1992)) with a significance thresh-
old of 0.05. When comparing more than two distributions,
we screen for statistical differences in distributions using a
Kruskal-Wallis test (Kruskal and Wallis, [1952). For com-
parisons with a significant Kruskal-Wallis test, we perform
pairwise Wilcoxon rank-sum tests to identify individual dif-
ferences. When performing multiple comparisons, we apply
a Bonferroni correction as appropriate (Chen et al., 2017)).

Code and data availability

Configuration files and code are on GitHub and publicly
archived with Zenodo (Kelley et al., [2026a). Our supple-
mental material documents the version of Symbulation used
for experiments in this work. Aggregated and compressed
experiment data are archived on OSF (Kelley et al., 2026b)).

Results and Discussion

Mutualism fails to promote complex function
evolution in hosts

We recreated experiments from (Zaman et al.| 2014) show-
ing that host-parasite coevolution can promote complex trait
evolution, even when complex traits do not yield greater
resource benefits. Here, however, we compare outcomes
of hosts coevolved with parasites, mutualists, and a no-
symbiont control.

Figure [T shows the level of host function complexity that
evolved across treatments. Overall, hosts coevolved with
parasites evolved significantly more complex functions than
hosts coevolved with mutualists and hosts evolved without
symbionts (Bonferroni-corrected Wilcoxon rank-sum tests,
p < 107%). Hosts coevolved with mutualists and hosts
evolved in the no-symbiont control failed to evolve any more
complex functions than the initial NOT function. In contrast,
we observed the evolution of EQU (the most complex func-
tion) in 16 of 50 replicates with host-parasite coevolution.
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Figure 1: Maximum function complexity evolved by host popu-
lations using equal function rewards with no symbionts (“None”),
parasites (“Par.”), and mutualists (“Mut.”). Measurements for indi-
vidual replicates are given by gray points, bars indicate mean func-
tion complexity for each treatment, and lines on the top of each bar
indicate a bootstrapped 99% confidence interval around the mean.
A Kruskal-Wallis test was statistically significant (p < 107%).

We observed differences in the number of elapsed gener-
ations across treatments, indicating variance in the amount
of evolution that occurred. Hosts coevolved with mutual-
ists evolved for substantially more generations (1 = 28125,
o = 121) than hosts coevolved with parasites (1 = 8621,
o = 850) and hosts evolved without symbionts (1« = 11600,
o = 83.4). Likewise, mutualist symbionts evolved for
more generations (¢ = 30153, 0 = 127) than parasites
(n = 8173, 0 = 1584). Differences in generational turnover
stem from how symbionts interact with their host. Success-
ful parasites steal CPU cycles from hosts, reducing their
host’s rate of reproduction. Conversely, successful mutual-
ists donate CPU cycles to hosts, which increases their host’s
rate of reproduction and their own rate of reproduction via
vertical transmission. In the absence of other factors, we
would expect more complex function evolution in popula-
tions evolved for a greater number of generations. However,
hosts in the parasite treatment evolved more complex func-
tions with far fewer generations, indicating that the greater
functional complexity of these hosts is not due to differences
in the rate of evolution observed across treatments.

These results replicate [Zaman et al.[|2014s core finding
in a new study system: coevolution with parasites can pro-
mote the evolution of complex traits in host populations. As
in (Zaman et al.|, 2014), we found that host-parasite popu-
lations exhibited the greatest phenotypic diversity as mea-
sured by both phenotypic richness and Shannon diversity
both over time (supplemental material, |[Kelley et al.|2026a)
and at the end of the experiment (corrected Wilcoxon rank-
sum tests, p < 10~%). Our experiment places mutualism
in the context of [Zaman et al.|2014/s original experiments,
showing that mutualism fails to promote the evolution of
host complexity as parasitism does.

Mutualism constrains host diversity and
complexity

In the previous experiment, complex traits did not bene-
fit organisms more than simple traits, so it is unsurprising
that hosts with mutualists did not evolve complex traits. To
determine if mutualism would constrain the evolution of
complex traits in hosts, we next considered an environment
where more complex traits were selectively advantageous.
To do so, we repeated the previous experimental setup, ex-
cept we configured more complex Logic-9 functions to con-
fer increasing rewards.

Figure shows evolved function complexity in host
populations across treatments. Overall, hosts in the no-
symbiont control and parasitism condition evolved more
complex functions than hosts coevolved with mutualists
(corrected Wilcoxon rank-sum test, p < 10~%). Host pop-
ulations in the mutualism treatment were the least pheno-
typically diverse as compared to hosts in the no-symbiont
control and hosts coevolved with parasites (Figure 2B). All
no-symbiont host populations evolved at least one of the
second-most complex functions (NOR or XOR). Hosts in
seven replicates of the parasitism condition evolved EQU
(the most complex function), and all other replicates reached
at least NOR or XOR.

In contrast to our previous experiment, we observed sym-
biont population extinctions in 36 of 50 host-parasite repli-
cates. No mutualist populations were driven to extinction,
and in general, all mutualist populations remained close to
their maximum carrying capacity for the duration of the
experiment. Parasite extinctions occurred when hosts es-
caped infection vulnerability by evolving a more complex
function. Because performing more complex functions con-
ferred more resources than less complex functions, newly
immune hosts could rapidly out-compete the still-vulnerable
host subpopulation, wiping out infected hosts and their par-
asites before the parasite population could adapt.

In 48 of 50 replicates of the mutualist condition, mutu-
alists fully constrained the evolution of complex functions
in hosts. In the two replicates where mutualists failed to
constrain host evolution, the host and mutualist populations
were no longer evolutionarily engaged: hosts evolved away
from their symbionts by evolving a new function, allowing
hosts to gain more resources for performing a more valuable
function but losing the benefit of the mutualism. Across all
replicates of the mutualism condition, we found that mutu-
alists rapidly lost the ability to reproduce horizontally, re-
lying on vertical transmission for reproduction. In repli-
cates where hosts and mutualists disengaged, the symbionts
resembled a “vestigial organelle” in their host; these sym-
biont lineages rapidly lost the ability to perform their orig-
inal logic function because it no longer benefited the host’s
rate of reproduction (and they no longer had the genetic code
to attempt horizontal transmission).

As in our previous experiment, we observed differences
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Figure 2: Evolutionary outcomes with differential function rewards. Plot A) shows maximum host function complexity (same format as in
Fig. Kruskal-Wallis test, p < 10~%), B) shows Shannon diversity of host phenotypes over time, and C) shows host function complexity over
time in the cure-mutualist followup experiment. In plots B and C, lines represent means, and shaded regions show corresponding bootstrapped
99% confidence intervals. Note the difference in y-axis ranges for plots A and C.

in the distributions of elapsed generations across treatments.
Hosts in the mutualism condition evolved for the greatest
number of generations (u = 4333, 0 = 150; corrected
Wilcoxon rank-sum test, p < 10~%) relative to hosts evolved
with parasites (u = 3069, 0 = 1223) and hosts evolved
without symbionts (u = 3887, 0 = 400). These results
demonstrate that trait-matching mutualisms can constrain
the host evolution despite increased generational turnover
gained from mutualistic benefits. Further, the symbionts can
undergo evolutionary degradation, losing the ability to re-
produce independently and locking them to their host.

Eliminating mutualist symbionts unconstrains host evo-
lution Next, we tested whether host evolution would re-
main constrained if mutualists were removed from the host
population. We repeated the mutualist and no-symbiont
treatments from the previous experiment, except we elim-
inated all symbionts in the mutualist treatment 25%, 50%,
and 75% of the way through the experiment (Figure [2[C).
Immediately after eliminating symbionts (regardless of tim-
ing), the host population rapidly evolved more complex
traits, indicating that external disruptions to an existing mu-
tualism can have dramatic effects on subsequent evolution
of any previously partnered species.

The benefits of mutualism and opportunities for
host generalism influence evolutionary constraint

Finally, we investigated the impact of factors that could re-
move the constraining effect of the mutualism: adjusting the
benefits of mutualism relative to alternative strategies and
varying the capacity for organisms to be generalists.

Hosts escape their mutualists when complex function re-
wards are sufficiently high Function rewards control the
benefit of evolving more complex functions for both hosts
and symbionts. We compared evolved function complexity
in hosts coevolved with mutualists and evolved without sym-
bionts in six environments with increasing function rewards
for complex functions: x0.5, x1, x2, x4, x8, x16. To create
these environments, we multiplied the rewards of all func-
tions more complex than NOT and NAND in our standard
environment (x1) by the associated multiplier. For example,
in the x4 environment, all complex functions provided four
times as many resources as in our standard environment, but
NOT and NAND still provided one resource each.

Figure shows host maximum function complexity
evolved across different environments. Mutualism con-
strains host evolution when complex functions have smaller
rewards (x0.5 and x1). In the x0.5 environment, we ob-
served a bimodal distribution of function evolution in the
no-symbiont control; hosts evolved complex functions in 25
of 50 replicates, and hosts failed to evolve beyond the NOT
function in the remaining 25 replicates. Increasing function
rewards above our standard environment decreased the num-
ber of host populations that were constrained by their mutu-
alists. We did not observe significant differences in evolved
host complexity between our control and coevolution pop-
ulations in the x2, x4, x8, and x16 environments. There
were two replicates in the x2 environment where mutual-
ists constrained the host population to the NOT function. As
complex function reward levels increased beyond x2, we ob-
served no host populations that were constrained to the NOT
function. More broadly, these results show that mutualism
fails to constrain hosts when the benefits of evolving away
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Figure 3: Maximum evolved host function complexity for dif-
ferent A) function reward levels, B) mutualist donate proportions,
C) synergy factors, and D) function expression restrictions (e.g.,
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one type of function). Individual bar plots are given in the same for-
mat as in Fig. m and statistically significant differences (Wilcoxon
rank-sum test) between each no-symbiont control and mutualism
treatment are indicated above the bars with the given p-value.

from a mutualistic interaction sufficiently outweigh the ben-
efits gained from the interaction.

Across all environments, vertical transmission was the
dominant mode of reproduction for symbionts (as in our pre-
vious experiment). However, as the reward for more com-
plex functions increased, we observed that mutualist pop-
ulations were increasingly likely to maintain the ability to
reproduce horizontally.

High impact mutualism constrains host evolution We
control the strength of mutualism by varying the propor-
tion of CPU cycles that mutualists donate to their host each
update. In our prior experiments, mutualists that function
match with their host donate 75% of their CPU cycles to
their host. To determine the impact of mutualism strength,
we compared evolved function complexity in host popula-
tions without symbionts and in host populations coevolved

with mutualists at each of the following CPU cycle donate
proportions: 12.5%, 25%, 50%, 75%, 87.5%, and 100%.

Figure[3B shows host function complexity evolved across
different mutualist donate proportions. Overall, we find
statistically significant evidence of constraint (relative to
no symbiont controls) at all donate proportions 25% and
greater. At donate proportions 50% and greater, mutualists
constrained host complexity in all replicates. At a 25% do-
nate proportion, just nine replicates with host-mutualist co-
evolution exhibited constraint. In all other replicates, hosts
evolved more complex functions, escaping their mutualist
partners. This result indicates that even weak mutualisms
can constrain host evolution; however, the likelihood of con-
straint decreases as the mutualistic benefit decreases.

At donate proportions 75% and greater, all mutualist pop-
ulations lost the ability to reproduce independently of their
hosts. At lower donate proportions, some mutualist popu-
lations maintained the ability to reproduce horizontally, but
vertical transmission remained the dominant mode of repro-

duction (see supplemental material, [Kelley et al.[2026al).

Increasing host-mutualist synergy increases the likeli-
hood of constraint In our experiments, host-mutualist
synergy is modeled as a multiplier on the number of CPU cy-
cles that hosts receive from a function-matching mutualist.
We tested host-mutualist coevolution at five synergy factors:
0.5, 1, 2, 4 (used in other experiments), and 8.

Figure BC shows the maximum function complexity
evolved in hosts coevolved with mutualists compared to
hosts evolved without mutualists across five synergy fac-
tors. Overall, the number of host populations constrained
by mutualism increased as we increased the host-mutualist
synergy factor. The constraining effects of mutualism were
strongest at the largest synergy factors: all host populations
coevolved with mutualists failed to evolve functions more
complex than NOT at synergy factors 4 and 8. At synergy
factor 2, 14 of 50 host populations in the mutualism con-
dition failed to evolve beyond the NOT function. At syn-
ergy factor 1, 6 host populations in the mutualism condition
failed to evolve beyond the NOT function; however, the ab-
sence of additional interaction synergy failed to consistently
constrain host populations, as 44 of 50 replicates evolved
more complex functions. When the host-mutualist interac-
tion was inefficient (synergy factor 0.5), no host populations
were constrained to simple functions by mutualists, and in-
deed, all of these host-mutualist populations were no longer
evolutionarily engaged with one another. This result indi-
cates that the constraining effect of the mutualism depends
on its relative benefit, but even a fairly small relative benefit
is sufficient to constrain host evolution.

At synergy factors 0.5, 4, and 8, symbiont populations
evolved to rely on vertical transmission, rapidly losing the
ability to independently reproduce. However, at synergy fac-
tors 4 and 8, symbionts were evolutionarily engaged with



their hosts for the duration of the experiment, and at synergy
0.5, symbionts rapidly disengaged with their hosts, becom-
ing vestigial free-riders. This result raises questions about
the effect of the mutualism on the symbionts’ evolutionary
trajectory and is a promising direction for future work.

Mutualisms with obligate specialization can constrain
host complexity In all prior experiments, hosts and sym-
bionts were required to specialize on one of the Logic-9
functions. That is, once an organism performed a particu-
lar logic function, that organism could perform that function
repeatedly to earn resources but would not have been cred-
ited for performing any other functions. Because function-
matching determines whether a symbiont interacts with its
host, specialization of function expression can strongly im-
pact coevolution. For example, limiting hosts to a single
function can prevent a host lineage from evolving to per-
form a different function without disrupting an existing mu-
tualism. We expect mutualism to be more easily maintained
when hosts are able to be generalists; that is, they are not
limited to a single function, as new functions can be gained
without disrupting mutualistic interactions. When hosts can
evolve to be generalists, we would not expect mutualism to
constrain host evolution. To test this hypothesis, we evolved
hosts with and without mutualists under four types of func-
tion expression restrictions: both hosts and mutualists re-
stricted to expressing a single function (as in prior exper-
iments), hosts restricted and symbionts unrestricted, hosts
unrestricted and symbionts restricted, and neither hosts nor
symbionts restricted.

Figure 3D shows maximum function complexity evolved
in host populations across function restriction configura-
tions. Overall, we find that host function restriction dictates
whether mutualism constrains host evolution. When hosts
are required to specialize, mutualism constrains host evo-
lution to the simplest function complexity in all replicates,
regardless of symbiont specialization requirements. When
hosts have no restrictions on the number of different func-
tions that they can perform during their lifetime, hosts con-
sistently evolve to be generalists and perform complex func-
tions when coevolved with mutualists, regardless of whether
their symbionts are required to be specialists or not. In these
generalist host populations, hosts remain evolutionarily en-
gaged in mutualism by maintaining the NOT function to en-
able function matching with symbionts.

Across all replicates of each of these experiment config-
urations, symbionts maintain evolutionary engagement with
hosts via the NOT function, not by evolutionarily tracking
hosts to more complex functions. It is worth emphasizing
that symbionts could have evolved more complex functions,
however they rarely did. This indicates that the symbionts’
evolutionary potential may be the key to continued coevolu-
tionary adaptation.

Conclusion

Our results demonstrate that trait-matching mutualistic en-
dosymbioses can constrain host evolution. Across our ex-
periments, we found no evidence of instances where mu-
tualism promoted the evolution of complex features or in-
creased host diversification. This result aligns with previ-
ous experimental results with intraspecies cooperative mu-
tualisms (Pauli et al.| [2022). We additionally found that the
mechanistic details of the mutualistic interaction strongly
influence whether mutualism can constrain host evolution.
Specifically, we found that the benefits of different functions
involved in trait matching, the efficiency and strength of mu-
tualistic interactions, and the capacity for hosts to evolve
generalist strategies strongly impacted whether mutualism
constrained host evolution (Figure [3).

In most experiments, we observed evolutionary degrada-
tion in mutualistic endosymbionts: these symbionts rapidly
lost the ability to reproduce on their own, relying entirely on
vertical transmission into host offspring. This observation
demonstrates a simple form of egalitarian major transition in
individuality, and few endosymbiont populations (across ex-
periments) regained the ability to reproduce independently.
The benefits of mutualism allowed hosts with obligate mutu-
alists to sweep the population, fixing host-symbiont pairings
with symbionts that could no longer reproduce on their own.
In populations where hosts evolved away from their sym-
biont partner by evolving to perform a new function, sym-
bionts failed to evolve in lockstep with their hosts to main-
tain the symbiotic relationship. Instead, these endosym-
bionts became vestigial organelles inside their host: without
the ability to independently reproduce and having no effect
on their host’s fitness, these endosymbionts evolved via ge-
netic drift. Of course, if we added additional costs to host-
ing endosymbionts, we might expect the host population to
purge evolutionarily disengaged mutualists.

Our results are specific to trait matching symbioses where
interactions between individuals depend on the compatibil-
ity of relevant traits. Moreover, we focused on studying
traits directly involved in interactions. In other circum-
stances, we might expect mutualism to have more neutral
effects on host evolution or promote diversification and the
evolution of complexity (as reviewed in |Chomicki et al.
2019). For example, it is less clear what mutualism’s net ef-
fect would be on the evolution of unrelated host traits; data
from Figure 3D with unrestricted hosts might suggest that
mutualism would be neutral, but future work is needed.

Overall, these results indicate that mutualistic symbiosis
could lead to host populations that are unable to adapt to
a changing environment if the traits under pressure are in-
volved in a mutualistic interaction. Since most organisms
are engaged in mutualistic symbioses of some kind, these
results show the importance of identifying the mechanism of
the mutualistic interaction to evaluate the risks to host pop-
ulations as our planet continues to experience rapid change.
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