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Sustained beneficial infections:
priority effects, competition,
and specialization drive
patterns of association in
intracellular mutualisms

Malcolm Hill1,2*, Barry Lawson3,4, John W. Cain5,
Nasheya Rahman6, Shiv Toolsidass6, Tongyu Wang6,
Sara Geraghty2,4,7, Eberardo Raymundo4 and April Hill 1,2

1Department of Biology, Bates College, Lewiston, ME, United States, 2Department of Biology,
University of Richmond, Richmond, VA, United States, 3Program in Digital and Computational Studies,
Bates College, Lewiston, ME, United States, 4Department of Computer Science, University of
Richmond, Richmond, VA, United States, 5Department of Mathematics, Harvard University,
Cambridge, MA, United States, 6Department of Mathematics, University of Richmond, Richmond,
VA, United States, 7Carl Icahn Laboratory, Lewis-Sigler Institute for Integrative Genomics, Princeton
University, Princeton, NJ, United States
Intracellular symbioses provide a useful system for exploring evolutionary and

ecological forces that shape mutualistic partnerships. Within- and among-host

competitiveness driven by different strategies that symbionts adopt as they

transfer materials to the host across a sub-cellular membrane might explain

patterns of host:symbiont association observed in natural systems. We tested the

hypothesis that different translocation strategies employed by symbionts affect

their ability to occupy host habitats using two distinct modeling approaches. The

first involved constructing a deterministic, Lotka-Volterra-type model with two

symbiont species competing for access to a single host. The model recovered

expected behaviors of co-occupancy/coinfection as well as competitive

exclusion. However, a specialization coefficient allowed advantages to accrue

to one of the symbionts and permitted otherwise inferior competitors to displace

superior competitors. The second approach involved developing and

implementing a detailed, highly configurable, and realstic agent-based model

(ABM), facilitating experimentation ofmultiple symbiont strategies in competition

simultaneously. The ABM emphasizes bidirectional movement of materials

between symbiont and host (e.g., photosynthate from algae to heterotrophic

host). Competitive interactions between symbionts based on simple strategies

led to exclusion of the inferior symbiont or co-occupancy of the host. As in the

first model, inferior competitors could overtake superior competitors when

“affinity” terms (i.e., specialization) were included in the model. Both models

lay bare the importance of coevolutionary specialization as a selectively
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advantageous strategy, and they offer a new conceptual framework for

interpreting the dynamic patterns observed in extant host and mutualist

associations by challenging the idea of “host control” of outcomes, and

identifying specific points where coevolutionary specialization might accrue.
KEYWORDS
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1 Introduction

Coevolutionary specialization between species has long been a

source of fascination. Intricate co-adaptation between partners is

the product of ecological interactions generating reciprocal selective

pressures (e.g., mycorrhizal symbiosis, bacteria in light organs of

Euprymna squid; Kiers et al., 2011; McFall-Ngai, 2014; Nawroth

et al., 2017). Charismatic examples of coevolution often involve

intimately coadapted partners (e.g., Darwin’s hawkmoth:Star-of-

Bethlehem orchid; Acacia:ant), but these represent later-stage

outcomes of iterative interactions extrapolated over many

generations. The earliest stages of coevolutionary partnerships

were unlikely to have adaptations specific to the partnership, and

interactions between species likely varied in terms of the degree of

reciprocity and specialization (Kaltenpoth et al., 2014; Nelson and

May, 2017).

Connor (1995) posited conditions that favored the evolution of

mutualisms from initially amutualistic interactions at the earliest

stages of partnerships. Connor’s framework offers an opportunity to

explore evolutionary and ecological forces that shape nascent

partnerships without assuming any a priori specialization or
02
reciprocity between partners. He defined three mechanisms by

which partners might acquire benefit from each other (by-product

benefits, purloined benefits, and investment), and then characterized

basal mutualisms according to strategies adopted by both partners.

Connor’s (1995) “Basal-2”mutualism (purloined, by-product) likely

applies to intracellular symbioses. Potential symbionts may purloin

space within host cells through direct capture employing nothing

more than the typical heterotrophic host cell’s phagocytotic

processes (see Figure 1). A potential by-product benefit to host

cells is represented by the materials that are transferred (i.e.,

translocated) from symbiont to host and host to symbiont across

sub-cellular membranes (e.g., the symbiosome, parasitophorous

vacuole) by the proto-symbiotic organism once inside the cell.

A common feature of intracellular symbiotic interactions is the

bidirectional movement of materials between partners, and these

may be an important target of natural selection. Dinoflagellate

symbionts translocate significant percentages of photosynthetically

fixed carbon to coral hosts and appear to gain essential nutrients

from the host (Davy et al., 2012; Hill and Hill, 2012). In freshwater

systems, green algae (e.g., Chlorella) are often found in cells of the

protozoan Paramecium and cnidarian Hydra, and in both cases
B

C

D

A

FIGURE 1

Generalized overview of the nature of the relationship (in terms of materials exchanged) between an intracellular symbiont and the host in which it
resides, and some potential outcomes of the relationship. (A) If a symbiont is able to reproduce, a newly derived symbiont cell must be able to
populate new host cells. (B) Symbionts can procure longer residency depending on how bidirectional movement of materials matches host and
symbiont needs. (C) If a symbiont cannot meet host cell demands or some other dysregulation of the symbiosis occurs, digestion of the symbiont by
the host cell may occur. (D) Another potential scenario occurs when a symbiont leaves the intracellular space by its own accord or through host-
generated exocytosis.
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bidirectional transfer of nutrients and materials occurs (Kodama

and Fujishima, 2010; Kovacevic, 2012; Hamada et al., 2018). Even

for protozoan parasites (e.g., those causing malaria, leishmaniasis,

and toxoplasmosis), intracellular survival and virulence requires

subversion of host cell detection and transport of materials across

the vacuolar membrane (e.g., nutrient import, purine auxotrophy,

waste efflux, effector protein export, and uptake of host cell cytosol;

Beck and Ho, 2021; Piro et al., 2021). Bidirectional transfer of

material also occurs in arbuscular mycorrhizal fungi (AMF) that are

not intracellular per se. The arbuscules form between the cell wall

and cell membrane, and are sites of transfer of micro- and macro-

nutrients to their plant hosts (Chen et al., 2017; Mitra et al., 2019)

and organic carbon in the form of lipids and sugars from the plant

to the AMF (Jiang et al., 2017; Luginbuehl et al., 2017). Extracellular

lichen associations rely on carbohydrate transfer from the

photosynthesizer to the fungus, and Azolla:cyanobacteria

partnerships involve carbohydrate transfer from host to symbiont

and ammonium transfer from cyanobacteria to plant partner (Roy

et al., 2020). Transfer of materials from symbiont to host (and vice

versa) represents a common strategy that might permit extended

encounters with a potential partner leading to mutualism.

If multiple symbionts can occupy a single host, within-host

competitive ability may be a function of different material transfer

strategies, and different strategies may place constraints on energy

budgets available for cellular division/growth with significant

consequences for the evolutionary potential of these symbioses

(Hill and Hill, 2012; Hill, 2014). Natural selection would favor

symbiont strategies that optimally balance needs of material

transfer and population growth (Figure 1). Many symbiotic

associations are facultative given that hosts and symbionts require

that a portion of their life cycle be completed in the absence of the

other partner. For example, >70% of corals must be reinfected by

their phototrophic symbionts at the larval stage each generation

(Hartmann et al., 2017).

Furthermore, the degree of specialization of a symbiont for its

host (and vice versa) is highly variable with evidence of specificity

and promiscuity in different symbiotic systems (e.g., Goulet, 2006;

Baker and Romanski, 2007; Ulstrup et al., 2007; Hill et al., 2011;

Fujishima and Kodama, 2012; McGinley et al., 2012; Silverstein

et al., 2012; Thornhill et al., 2013; Thornhill et al., 2014; Kodama

and Fujishima, 2016; Bongrand and Ruby, 2019). The range of

promiscuous relationships are varied and can involve coinfection of

one host by several symbiont species (Griffiths et al., 2014; Brener-

Raffalli et al., 2018). Thus, competition among symbionts within a

host is bound to be an important feature of many of these types of

partnerships. Symbionts that transfer at higher rates might be at a

disadvantage (e.g., through slower infection of host cells) when

competing against symbionts who devote more energy towards

population growth (e.g., mitosis). Symbionts that release materials

at lower rates may face greater rates of detection, digestion, or

ejection because they do not meet host cell demand. Host partners

might release materials to the symbiont that facilitate one partner’s

successful residency over others. Archetti et al. (2011) offer a game

theoretic perspective on similar questions about the evolution of

cooperation and mutualism incorporating the microeconomic

concept of screening. The parallels between models like theirs and
Frontiers in Ecology and Evolution 03
the two models presented here are compelling. How might

competitive interactions between symbionts in the absence of any

host:symbiont specialization (i.e., a naïve host and stealth symbiont)

explain patterns of host occupancy (e.g., coinfection/co-occupancy,

promiscuity, single-species specialization)? How much does host:

symbiont specialization influence the outcome of interspecific

competition between symbionts?
2 Deterministic model

We build upon previous work that emphasized the importance

of ecological interactions as factors influencing the evolution of

stable symbiotic partnerships (e.g., Rahat, 1985; Huss et al., 1993;

Frank, 1996; Ware et al., 1996; Zhang, 2003). As a first step towards

developing a more sophisticated model (see the ABM section

below) for single-host, multiple-symbiont systems, we formulate a

simple deterministic model (DM) by adapting and generalizing the

classical work of Lotka and Volterra. The DM is a useful stepping

stone in several respects. First, it enables the use of routine

mathematical analysis to explore how varying a parameter might

elicit dramatic changes in the eventual balance of power within an

ecosystem. Second, given that the DM and ABM are fundamentally

different types of models, any commonalities in their predictions are

especially noteworthy. Finally, the simulations and limitations of

the DM inform the development of the ABM, by highlighting the

need for more detailed descriptions of energy transfer and the

tradeoffs between translocation and mitosis.
2.1 Description of the model

Here, we present a brief overview of the DM; for a careful

development, please refer to the Supplementary Material. Suppose

that two different algal symbionts compete for access to cells within

the host environment. Let u1(t), u2(t), and u3(t) denote scaled

population densities of the first symbiont, second symbiont, and

host cells (respectively) at time t. The DM is presented as a system

of three ordinary differential equations containing a total of eight

non-negative parameters:

du1
dt = r1u1½1 − u1 − a12u2 + a13u3�
du2
dt = r2u2½1 − u2 − a21u1 + a23u3�
du3
dt = u3½1 − u3 + a31u1 + a32u2� :

(1)

The model presumes that the populations are spatially well-

mixed and that each species, in the absence of the other two, obeys a

logistic growth model (Murray, 2002).

The interpretations of the parameters are as follows: r1 and r2
are scaled reproduction rate constants for the two algal symbionts;

a12 and a21 indicate the extent to which symbionts are adversely

affected by interspecific competition with one another; a13 and a23

indicate the extent to which the first and second symbionts

(respectively) benefit from interactions with the host; and a31 and

a32 indicate the extent to which the host benefits from interactions

with the first and second symbionts, respectively. Boucher (1988)
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discusses several of the evolutionary challenges presented by

mutualism where “public goods” mediated by the host influence

the terms of cooperation and altruism.
2.2 Results of the DM

The coefficients of host-symbiont interaction terms (i.e., the

parameters a13, a23, a31 and a32) profoundly influence the eventual

steady-state populations. We illustrate some of the most interesting

possibilities via two examples, one concerning the effects of a host

on the symbionts, and the other concerning the effects of the

symbionts on the host.
2.3 Effects of a host on
competing symbionts

The capacities of the first and second symbionts to derive

benefit from the host (the parameters a13 and a23, respectively)

significantly affect long-term dynamical behavior. The model

predicts that if symbiont 1 is competitively inferior to symbiont 2

in the sense that a12 > a21 but enjoys a more favorable relationship

with the host, then symbiont 1 may be able to exclude the

competitively superior symbiont 2. Figure 2 illustrates the effects

of varying the parameter a13 while holding the other seven

parameters fixed, using parameter Set 1 in Table 1.

Routine mathematical analysis (see Supplementary Material)

allows one to characterize parameter regimes for which the DM

predicts eventual (i) extinction of only the first symbiont, (ii)

extinction of only the second symbiont, or (iii) three-way

coexistence. For instance, using parameter Set 1 from Table 1,
Frontiers in Ecology and Evolution 04
coexistence occurs only if 0.264 < a13 < 0.434 (see Figure 2).

Figure 2A shows regions of the a13, a21 parameter space

associated with each of these three outcomes, presuming that the

other six parameters are fixed using the values from Set 1 in Table 1.

Figures 2B–D illustrate the effect of gradually increasing a13

while holding the other parameters fixed, using Set 1 from Table 1.

For suitably small a13, the second symbiont’s competitive advantage

drives the first symbiont to extinction regardless of their initial

populations; see Figure 2B. As a13 is increased, the equilibrium

corresponding to extinction of the first symbiont loses stability

while an equilibrium corresponding to stable coexistence of all three

species emerges; see Figure 2C. Further increasing a13 causes

another threshold phenomenon: the three-way coexistence

equilibrium loses stability and the generic outcome is extinction

of the second symbiont; see Figure 2D. Even though the second

symbiont was competitively superior, the first symbiont is able to

exclude the second because of the strong benefits conferred by the

host: a13/a23 is significantly larger than 1.
2.4 Effects of competing symbionts
on the host

The benefits that the host extracts from each symbiont

(indicated by the parameters a31 and a32) also play a role in

dictating outcomes. Consider, for example, Equations (1) with

parameter Set 2 appearing in Table 1. If both a31 and a32 are

small, one may show (see Example 3 and Figure S2 in the

Supplementary Material) that the generic outcome is competitive

exclusion of the first symbiont. Phrased mathematically, there is a

stable equilibrium of the form (0,u2,u3) where u2 and u3 are positive.

If a32 is small and held fixed, then the equilibrium corresponding to

exclusion of u1 remains stable if a31 is increased. By contrast, if a31
B C DA

FIGURE 2

(A) Combined effects of the host:symbiont interaction coefficient a13 and the interspecific competition coefficient a21 on the generic long-term
behavior of solutions of (1). The other six parameters are fixed, using values from Set 1 of Table 1. The dashed vertical reference line at a21 = 0.8
crosses three regions, each corresponding to behaviors illustrated in the other three panels. Panels (B–D) show projections of solution trajectories of
Equations (1) onto the u1, u2-plane, using parameter Set 1 from Table 1. Bold dots indicate long-term equilibrium behavior. (B) If a13 = 0.2, symbiont
u1 is eliminated and symbiont u2 survives. (C) If a13 = 0.3, the two symbionts exhibit stable coexistence with the host. (D) If a13 = 0.5, symbiont u2 is
eliminated and symbiont u1 survives.
TABLE 1 Two sample parameter sets for the DM.

Parameter r1 r2 a12 a21 a13 a23 a31 a32

Set 1 0.2 0.2 1.1 0.8 vary 0.15 0.01 0.01

Set 2 0.2 0.2 1.1 0.8 0.2 0.1 vary vary
Set 1 will be used to explore a host’s effects on competing symbionts, while Set 2 will be used to explore the effects of the symbionts on the host.
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is small and held fixed while a32 is gradually increased, three-way

coexistence emerges as the generic outcome once a32 exceeds some

threshold (right panel of Figure S2 in the Supplementary Material).

It may seem counterintuitive that increasing a32, an indicator of

how much benefit the host derives from interactions with the

second symbiont, could save the competitively inferior first

symbiont. However, inspection of the DM equations (1) offers

some insight. Near the equilibrium for which only u1 is zero, the

variables u1 and u2 are of different orders of magnitude. Increasing

a31 has a small effect on the a31u1 term in the du3/dt equation, but

increasing a32 has a much larger effect on the a32u2 term, and may

elevate the steady-state host population. While boosting the host

population density u3 may seem to help both symbionts, for

parameter Set 2 in Table 1 note that u1 receives more of a benefit

because a13 is twice as large as a23. Importantly, if a13 is

appropriately large, then symbiont u1 may be saved from extinction.
3 Agent-based model

To complement the DM, we also built an agent-based model

(ABM) (Macal and North, 2010) to simulate interactions among

different types of symbionts competing for access to cells within a

host. Our ABM emphasized energetic aspects of the association

including assumptions about the translocation of photosynthate

(Tremblay et al., 2014), energetic demands of host cells, and the

energetic costs of symbiont cellular division. The structure of our

model is based heavily on the work of Lawson et al. (2015), but

substantially expanded and refined for the current context to

include (a) biologically relevant probabilistic models to drive

various stochastic components in the model, (b) a capacity to

generate phenotypic mutation so that we could select emergent

competitive strategies for our competition experiments, and (c)

affinity terms to allow parameterization of symbiont-to-host

specialization, which parallels the mutualism coefficients

(a13,a23,a31,a32) in the DM.
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3.1 Modeling the life cycle of the symbiosis

In our ABM, the host is modeled using anM × N grid of square

cells, wrapping from left to right but not top to bottom, representing

a slice of host cells located in proximity to passing water where

symbiont infection/capture occurs (see Figures 3A, B). For the

current work, only a single symbiont can occupy a host cell at

any point in time. We follow the fate of algal cells from phagocytosis

through the entire process of engagement with a host (see

Figure 3C, and compare to Figure 1). We frame the model in

terms of trade-offs between translocation and mitosis. Our

symbioses are governed by the material exchanges that occur

between partners once the symbiosis is established and

intracellular residency has begun. In the model, symbionts

produce and accumulate photosynthate that can be used for

mitosis or energetic exchange with the host. In the event that a

symbiont cannot produce sufficient photosynthate to meet the

demands of mitosis and/or host cell requirements, the symbiont

either escapes the host cell or is digested. Parameter descriptions

and initial values for the model are shown in Table 2.

In the M � N grid of host cells, each cell (m, n) has an energetic

demand d(m,n) modeled as follows: given a mean host cell demand of D
units of photosynthate per unit time and a “tolerance” parameter nD, the
value of d(m,n) is drawn from a positively-truncated normal distribution

with approximately 95% of the mass between D ± (D · nD). For
example, D = 1:0 and nD = 0:10 indicates that host cell demands will

be normally distributed with ≈ 95% of the demands within 10% of 1.0

unit photosynthate per unit time.

Algal symbionts arrive at random from the pool, modeled using a

stationary Poisson process with a rate of l symbionts per unit time.

For competition experiments, the relative proportions of competing

symbiont types that arrive are determined by ps1 , ps2 ,… We consider

the hypothesis that affinity between the host and the symbiont might

elevate the capture rate of one symbiont type over another. Initial

phagocytotic capture of an arriving symbiont by an empty host cell

occurs with probability equal to the symbiont’s arrival affinity aa
B CA

FIGURE 3

(A) The ABM models a slice of host cells located in proximity to passing water where symbiont infection/capture occurs. (B) This slice is represented
as a 2-D grid of host cells, each of which may contain a single symbiont. (C) A dynamic interaction occurs between symbiont and host cell whereby
materials are exchanged in a manner that permits long-term residency by symbionts within the host. Within any one of those host cells, the life
cycle of an intracellular symbiont is modeled using key events that may be subject to natural selection: (1) contact, (2) phagocytosis, (3) intracellular
residency, (4) symbiont mitosis, (4a) loss of symbiont from host, and (5) departure from the host; modified from Lawson et al., 2015. The ABM
considers two portions of the symbiont life cycle where affinity might emerge — at the point of contact and phagocytosis (i.e., arrival affinity) and
during residency within the specific host cell (i.e., division affinity).
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(with 0 ≤ aa ≤ 1). This allows us to influence the likelihood that a

host would engage phagocytosis machinery to allow symbiont entry

into the intracellular habitat. This is the first of our ABM “affinity”

terms, which are captured by the mutualism terms in the DM.

Upon phagocytotic capture, a symbiont enters residency in the

host cell with an initial accumulation of photosynthate, modeled

using a gamma distribution with shape parameter k and scale

parameter q, truncated to a maximum value of Pmax units of

photosynthate. This banked energy allows the symbiont to

navigate any initial costs imposed by the host. The symbiont

immediately enters the G0 phase of mitosis for a random length

of time, modeled using a positively-truncated normal distribution

with mean and tolerance parameters tG0
, nG0

, similar to the host cell

demand model above. While in G0, the symbiont produces

photosynthate at a rate of r units per unit time, while

simultaneously transferring photosynthate to the host cell at a

rate of d(m,n)   units per unit time, accumulating any excess. If the

symbiont cannot meet the energetic requirements of the host cell,

the symbiont either escapes the host cell with probability pe : G0
or is

digested with probability (1 − pe : G0
).

Once the symbiont successfully completes G0, it enters a

combined G1/S/G2/M phase for a random length of time,

modeled using a positively-truncated normal distribution with
Frontiers in Ecology and Evolution 06
mean and tolerance parameters tG1
, nG1

. While in G1/S/G2/M, the

symbiont continues to produce, accumulate, and transfer

photosynthate under the same rates and energetic requirements

as in G0. Additionally, throughout the phase, the symbiont is subject

to a mitotic cost of g units of photosynthate per unit time. If the

symbiont cannot meet the combined energetic requirements of the

host cell and mitosis, the symbiont either escapes the host cell with

probability pe : G1
or is digested with probability (1 − pe : G1

).

Once the symbiont successfully completes G1/S/G2/M, a new

symbiont is produced. The new symbiont inherits parameter values

from the original symbiont according to the following:
• The accumulation of photosynthate will typically be exactly

one-half of the original symbiont’s accumulation at the time

of the division.

• All other symbiont-level parameter values (see Table 2) are

identical to those in the original symbiont.

• Upon division, phenotypic mutation (discussed below)may

result in the amount of inherited photosynthate, the

photosynthetic production rate r, and the mitotic cost

rate g each individually being either slightly more or

slightly less than the values discussed above.
The original symbiont will remain in residence in its host cell

with probability pr, in which case the new symbiont must seek

residence in a neighboring cell (see below). Therefore, with

probability (1 − pr), the new symbiont will remain in residence in

the original symbiont’s host cell, and the original symbiont must

seek residence in a neighboring cell. If there are no empty host cells

within the eight surrounding cells defining the Moore

neighborhood, the migrating symbiont will be evicted into the

pool. We do not model individual symbionts in the pool and

therefore the evicted symbiont is outside the scope of our model.

For a host cell in the top or bottom row of the two-dimensional grid

of cells, three of the eight cells in its neighborhood are outside the

scope of the grid. If there is an open cell among the remaining five

cells within the grid, the migrating symbiont finds residence inside

the grid with probability 5/8, or outside the grid — and outside the

scope of our model — with probability 3/8. Given these

considerations, one of the open cells is chosen at random and

phagocytotic capture of the symbiont seeking new residence occurs

stochastically according to the symbiont’s division (mitosis) affinity

ad (with 0 ≤ ad ≤ 1). This term allows us to influence the likelihood

that a symbiont cell produced through mitosis preferentially gains

entry into the intracellular habitat, i.e., whether favoring one

symbiont over another might influence the outcome of

competitive interactions (Pool and Muscatine, 1980; Pasternak

et al., 2006). This is the second of our ABM “affinity” terms,

captured by the mutualism terms in the DM. Each remaining

symbiont then immediately enters the G0 phase of mitosis (see

above), and the process repeats.

Our model also implements an average time of residency for

symbionts based on the observation that symbionts often have

constant population sizes under benign environmental conditions

but still undergo mitotic division (Hill and Hill, 2012). Thus, our

model assumes that each symbiont has a maximum residence time
TABLE 2 Primary parameters for the agent-based model.

Parameter Description Reference
Values

Model-level:

Tmax Maximum simulated time 15×365 days

M � N Grid size 50×50 cells

D, nD Host cell demand: mean,
tolerance∗

1 unit, 0.01

l Symbiont arrival rate from the
pool

12 symb/day

ps1 , ps2 ,… Proportion psiof arriving strategy i ps1 = 1:0

Symbiont-level:

aa,ad Affinity: on arrival, on division 1.0,1.0

r Photosynthetic production rate 1.15 units/day

k, q; Pmax Photosynthate: shape, scale; max 2.0,0.75; 4 units

tG0
, nG0

Mean time in G0, tolerance
∗ 13 days, 0.10

tG1
, nG1

Mean time in G1/S/G2/M,
tolerance∗

1/12 days, 0.25

g Mitotic cost rate 2 units/division

pe : G0
, pe : G1

Escape prob.: G0, G1/S/G2/M 0.5, 0.5

pr Prob. dividing symbiont remains 0.5

pm, pm:d Prob. of mutation, prob.
deleterious

0.0001, 2/3

T , nT Mean max. residence, tolerance∗ 58 days, 0.05
*Tolerance: ≈95% of the normal distribution falls within μ±μnμ.
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of t time units, modeled using a positively-truncated normal

distribution with mean and tolerance parameters T,nT.
3.2 Model considerations

As part of ongoing/future work, we are investigating the

competitive interactions that occur when two symbionts can

occupy the same host cell. Our initial approach, presented here,

involved creating a simpler system to explore the dynamics of host:

symbiont behaviors. In the ABM, if all the host cells in our grid are

occupied, then external symbionts (e.g., those banished from the

host symbiont or new symbionts arriving from the outside) would

not be able to infect the host. This situation is analogous to the

situations described in Figure 2 where u1 and u2 are excluded from

the host. The ABM assumes no synchronicity between host-

symbiont cell cycles because the host cells are not replicating. In

future work, it would be interesting to explore how host cell

behaviors/growth are driven by symbiont translocation strategies.

We are assuming that the interaction between the host and

symbionts is always positive (i.e., mutualism) in the sense that the

host always gains materials from the symbiont, though in reality

what we are examining is akin to the amutualistic framing of

Connor (1995). Our ABM is distinct from other attempts to

understand mutualism because it focuses on nutritive exchanges

as being the mechanism that permits long term residence of the

symbiont in the host tissue, i.e., the “arrested phagosome

hypothesis” (Hill and Hill, 2012).
3.3 Generating distinct
symbiont phenotypes

To generate different symbiont competitive strategies used

throughout our experiments, our approach involved two steps.

We first allowed dominant strategies to naturally emerge in the

model via mutation, documenting their resulting characteristics.

Then, guided by the most important factors for driving competitive

exclusion as evidenced in those results, we conducted a sensitivity

analysis to carefully explore the stability and predictability of the

model under parameter value perturbation. We will describe each

step in more detail next.

In the first step, we initialized the simulation starting with the

parameter values given in Table 2, and then allowed agents to

“evolve” naturally within the host. Infections were initiated and at

mitosis we allowed phenotypic mutation to occur individually for

photosynthetic production rate r, mitotic cost rate g, and inherited

photosynthate accumulation. For each characteristic, we modeled

mutation with probability pm. “Deleterious mutations” (i.e.,

mutations that decreased the value of a trait), occurred with

probability pm:d, while “beneficial mutations” (i.e., mutations that

increased the value of a trait), occurred with probability (1 − pm:d).

Beneficial mutations were modeled using a gamma distribution

having shape and scale parameters such that 75% of the mutations

were a 1.5% improvement or less relative to the original symbiont’s

value, with a maximum relative beneficial mutation of 10%.
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Deleterious mutations were modeled using a gamma distribution

such that 50% of the mutations were a 2% decline or less relative to

the original symbiont’s value, with no maximum decline (subject to

non-negative constraints).

Depending on the specific values for initial parameter values (e.g.,

relatively higher r), we observed a dominant strategy resulting from

mutation that would quickly occupy the entire host space, driving a

fast-growth logistic curve that approached maximum capacity of the

host. This dominant strategy would exclude any novel “mutant”

symbionts (even numerically superior in characteristics) if they

appeared. Occasionally, a slower-growth logistic growth curve

indicated that more complicated internal dynamics were occurring.

This was due to the production of competitively viable mutants that

were capable of temporarily dominating the cellular habitat within

the host, before being outcompeted by even stronger mutants. We

documented the characteristics of symbiont strategies produced via

these mutational processes and cataloged those that were capable of

competitive exclusion of other symbiont types. (See Figure S3 in the

Supplementary Material and the accompanying discussion there.)

From these results, we recognize photosynthetic production rate (r)
and mitotic cost rate (g) as primary factors in driving

competitive exclusion.

In the second step, based on the above results, we then

conducted a sensitivity analysis of the agent-based model,

allowing for pairwise competition in the absence of phenotypic

mutation. Our goals were to assess the model’s stability and

predictability under perturbation of selected parameter values,

and to identify representative strategies to use in subsequent

competition experiments. Based on identifying r and g as primary

factors in driving competitive exclusion (i.e., small changes in the

value of one of those parameters via mutation could lead to a

strategy resulting in competitive exclusion), we conducted a

multidimensional sweep of r and g parameter values as follows:
• The host was initially filled to 95% capacity. We equally

divided that initial population into an experimental group

(labeled SE) and a control group (labeled SC). Both groups

started with the same initial r and g values as given in

Table 2. The two symbiont types were placed at random

with respective proportions (0.5,0.5).

• For the SE population, we systematically varied the values of

r and g relative to the original values, while keeping the r
and g values fixed for SC.

• For each different r and g value for SE, we simulated

pairwise competition of the two resulting strategies (SE
versus SC), sampling the population of each at year 4, and

recording the ratio of SE population to that of SC.

• Each such simulation was replicated 30 times, changing

only the initial seed to the random number generator.

Hence, each presented ratio of SE population to SC
population is the average of 30 replications.
The results are shown in Figure 4. In this figure, the origin

corresponds to competitive strategies that are identical in

phenotype, and therefore the ratio of populations SE/SC is 1

(subject to random sampling variability in the simulation
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replications). In general, as r is decreased and g increased for the

experimental strategy (upper-left quadrant of the figure), the ratio

SE/SC tends toward 0, as lower r and higher g for the experimental

strategy allow the control strategy to dominate numerically in

population. Conversely, as r is increased and g decreased for the

experimental strategy (lower-right quadrant), the ratio SE/SC grows

significantly, as higher r and lower g allow the experimental

strategy to dominate. The other two quadrants exhibit similarly

expected behavior, even though the change in population ratio is

not perfectly linear under these conditions. (Exploration of this

non-linearity is the subject of future work.) These results suggest

that our model is indeed predictable and stable in the presence of

significant changes in important parameter values.

From these same results, we systematically selected five distinct

but representative strategies. These strategies are defined by the r-
change and g-change values at the origin and in the centers of the

four quadrants — see the superimposed squares in Figure 4A. The

center of the upper-left quadrant corresponds to a sufficiently weak

symbiont that cannot fill the host in isolation (see curve with open

circles in Figure 4B), and therefore is not included in our

competition experiments. All the other four strategies could

successfully fill the host in isolation (again, see Figure 4B), and

are the strategies we use in subsequent competition experiments.

We label these strategies from relative weakest to strongest, as #0

(red, upper-right quadrant), #1 (blue, origin), #2 (gold, lower-left

quadrant), and #3 (black, lower-right quadrant). We then

experimented with these four strategies in isolation and in

pairwise competitions, as described in the next section.
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3.4 Description of ABM experiments

As discussed above, the four selected phenotypes’ relative

competitive abilities ranged from relatively weak to very strong

(#0–#3; see Figure 4A). Phenotypes for those four symbiont

strategies are provided in the Supplementary Material, where

differences in r and g can be compared.

Experiment 1: The first set of experiments allowed us to

examine the growth trajectories of each symbiont strategy within

the host in the absence of any potential competitor. Furthermore,

no further phenotypic mutations were allowed nor were arrivals of

any competing strategy allowed. The experiments used two different

initial-population approaches, mimicked later in pairwise

competition experiments: 10 symbionts of the selected strategy

were placed at random within the host; or the host was initially

filled to half of 95% capacity, with individual symbionts placed at

random. We then varied the symbiont arrival affinity aa and

division affinity ad, together and individually, and observed the

resulting population across time. Each variation of the experiment

was replicated 30 times, changing only the initial seed to the

random number generator.

Experiment 2: The second set of experiments allowed us to

examine the dynamics of population trajectories of symbiont

strategies with different competitive abilities when competing for

cellular occupancy within a single host. We paired “superior” and

“inferior” symbiont strategies in a manner analogous to the strong:

strong and strong:weak scenarios described in the DM, and

followed the behavior of the competitive encounters. Of the six
BA

FIGURE 4

(A) Colored heatmap representing a sensitivity analysis of pairwise competition results from the agent-based model. The photosynthetic production
rate r and mitotic cost rate g are varied for the experimental strategy relative to baseline values given in Table 2: r is modified relative to its baseline
value by minimum and maximum changes respectively of −0.125 and 0.125, varied in increments of 0.0025; g is modified relative to its baseline
value by minimum and maximum changes respectively of −1.833 and 1.833, varied in increments of 0.083 (1/12). For the control strategy (blue
square), r and g are held constant. Each color in the heatmap spectrum from dark to light depicts increasing ratio of experimental-strategy
population (particular r and g values) to control-strategy population (blue square) at year 4. Darker colors (upper-left quadrant) correspond to ratios
closer to 0, where the control strategy is numerically dominant. Lighter colors (lower-right quadrant) correspond to the experimental strategy being
numerically dominant, with experimental-to-control population ratios as high as 7. Each point in the figure is the average of 30 replications. The five
colored squares (at the centers of the four quadrants and at the origin) represent (r, g) for strategies considered for subsequent pairwise competition
experiments. Four were selected due to their strength in isolation. From weakest to strongest: strategy #0 (upper-right quadrant, red); #1 (origin,
blue); #2 (lower-left quadrant, gold); #3 (lower-right quadrant, black). (B) Population across time for each of the five strategies selected from the
sensitivity analysis. Note that the strategy from the upper-left quadrant of the sensitivity analysis (green, open circles) survives in isolation but does
not fill the host, and therefore is not included in our competition experiments.
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possible combinations when choosing from among four different

strategies, we have selected four combinations to consider: the two

weakest strategies in competition (#0 vs. #1), the two strongest

strategies (#2 vs. #3), the weakest versus the strongest (#0 vs. #3),

and the two middle strategies (#1 vs. #2). The experiments used four

different initial-population approaches: 10 symbionts of each of the

paired symbiont types were placed at random within the host; or the

host was initially filled to 95% capacity, with the paired symbiont

types placed at random with symbiont proportions (0.25, 0.75),

(0.5,0.5), and (0.75,0.25) respectively. The proportions of the

arriving symbiont strategies were ps1 = ps2 = 0:5. For the superior

strategy, we then varied the arrival affinity aa and division affinity ad

together and individually, and observed the resulting populations of

both strategies across time. The goal was to examine how “affinity”

might influence the competitive outcomes, as well as to examine

transient changes in population dynamics across time. Each variation

of the experiment was replicated 30 times, changing only the initial

seed to the random number generator.
3.5 ABM results

Experiment 1: In each variation of this experiment, we sampled

the population size at year 4 in each of 30 replications, and found

that the division affinity term in general had a more significant effect

on population size (Figure 5C) than did the arrival affinity term

(Figure 5B). Changes to the affinity terms influenced the ability of

some of the symbionts to successfully invade host cells — even in

the absence of competitors. For example, when the arrival and

division affinities were both set to 0.25 for strategy #0 or #1

(rightmost triangles and squares respectively in Figure 5A), both

symbiont types occupied the host at a significantly reduced fraction

of the population size compared to when affinities were set to 1.

Symbiont strategy #3, and to a lesser extent #2, were unaffected by

the affinity terms when grown in isolation (Figures 5A–C). In all of

the isolation scenarios, with no differential affinities at arrival or

upon division (i.e., all affinities set to 1), the four symbiont strategies

(#0, #1, #2, and #3) quickly reached their carrying capacities within

the host and occupied nearly all of the cells in the host environment.
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(See Figure S3 in the Supplementary Material for corresponding

time series populations).

Experiment 2: For the figures presented and discussed for this

experiment, we show only the 95%-(0.5,0.5) initial-population

approach discussed above. When 10 symbionts of each strategy

were initially placed at random, as well as in the 95%-(0.25,0.75)

and 95%-(0.75,0.25) approaches, population results in equilibrium

were qualitatively similar to the 95%-(0.5,0.5) approach. Therefore,

the 95%-(0.5,0.5) is reasonably representative of all four

approaches. (See Figure S4 in the Supplementary Material).

In our competition experiments, we observed three types of

outcomes. The first was when near competitive exclusion was

always observed when arrival and division affinities were set to 1.

This situation occurred when one very strong competitor (e.g., #3)

was pitted against a much weaker competitor (e.g., #0), and the

superior competitor was always able to numerically dominate the

inferior competitor regardless of the strength of the affinity terms

and whether the affinity terms were applied individually or

together (Figure 6A).

In the second type of outcome (involving strategy pairings #1 vs.

#2 and #2 vs. #3), the superior competitor was numerically dominant

except when the arrival and division affinities were strongly biased

against the superior competitor (0.25:0.25; triangles in Figures 6B,

C). In this case, division affinity had the strongest effect when

adjusted individually, but the combination of the two affinities

worked together to benefit the inferior competitor. We note

however that division affinity had the strongest effect for one of

the pairings (#1 vs. #2, in the second and third rows of Figure 6B)

while arrival affinity had the strongest effect for the other pairing (#2

vs. #3, in the second and third rows of Figure 6C). On closer

inspection, the reason for the relative lack of effect from division

affinity when pairing the two strongest competitors (#2 vs. #3)

becomes evident. The two strategies are so strong relatively that,

even in the face of varying affinities, the combined populations of the

two strategies completely fill the host across time, leaving little room

for division affinity to have any effect. (See the superimposed gray

lines at the very top of the population graphs in Figure 6C) That is,

the majority of divisions in this case result in a symbiont eviction as

there is insufficient room in the host. Both scenarios (#2 vs. #3 and
B CA

FIGURE 5

Symbiont strategies in isolation, depicting decrease in population vs. decreasing affinity. Symbionts are initially placed at random, initially filling the host
to half of 95% capacity. The population at year 4 from each of 30 different replications is sampled (small points) and then averaged (larger shapes).
(A) Effect of decreasing arrival and division affinity together. (B) Effect of decreasing only arrival affinity. (C) Effect of decreasing only division affinity.
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#1 vs. #2) suggest that an inferior competitor that could otherwise be

excluded from a host habitat can be maintained in the host if there

are features that benefit the inferior over superior competitors.

For each of the first two types of outcomes, arrival and division

affinities individually could not change the ultimate outcome of

competition, but could modify population sizes (rows 2–3 of

Figures 6A–C). That is, the superior competitor always

maintained its population dominance, even if slight, relative to

the inferior competitor when coexistence was possible. However, in

the final type of outcome involving two relatively weak competitors

(#0 vs. #1), division affinity could create a situation where the

“inferior” competitor (#0) could numerically dominate the

“superior” competitor (#1). Arrival affinity individually resulted in

nearly equal coexistence (second row of Figure 6D). Furthermore, a

superior competitor (#1) could be nearly completely excluded from

the host when both the arrival and division affinities sufficiently

favored the inferior competitor (#0) (first row of Figure 6D). As the

inferior symbiont accrued relative arrival and/or division benefits, it

was able to occupy a greater percentage of the host space and hold it

for a longer period of time.

Figure 7 depicts a two-dimensional spatial representation of

competing symbiont strategies at two snapshots across time. For

each pairing of strategies, we show the initial random placement of

symbionts, followed by the dispersion at year 1 when the superior

strategy has arrival and division affinities of (1.0,1.0) and (0.5,0.5)

respectively. (These correspond to one replication from the
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ensemble of replications used in the first row of Figures 6A–D.)

In some cases, when the superior competitor is disadvantaged, the

inferior competitor shows obvious numerical gains, even

dominance (see Figures 7B, D), consistent with the results

presented in the first row of Figure 6. For future work, we will

explore priority effects and clustering as a means for inferior

competitors to benefit from exploitative competition, as suggested

by the spatial results in Figures 7B, D. (See Supplementary Material

for time-lapsed videos of these static figures).

Across all types of outcomes, we highlight the potential for

investigating the rate of growth of the population, as demonstrated

by the presented time series. That is, focusing on the early portions

of these time series suggests an avenue for future work, involving

comparisons of the rates of change exhibited by the population

curves, both within a competitive pairing (across affinities) and

across pairings.
4 General observations

Several key findings emerged from the models. The first was

that superior competitors could competitively exclude inferior

competitors in the absence of host influence in both models. This

is not a surprising ecological outcome, but does present a different

explanatory framework for thinking about intracellular symbioses.

Extant partnerships that involve one numerically dominant
B C DA

FIGURE 6

Symbiont strategies in pairwise competition, depicting population across time. An equal number of each strategy is initially placed at random, filling
to 95% capacity. Each row respectively corresponds to: (top) decreasing arrival and division affinity together; (middle) decreasing only arrival affinity;
(bottom) decreasing only division affinity. Each column corresponds to two of the strategies in pairwise competition, as identified in Experiment 2:
(A) 0 vs. 3, (B) 1 vs. 2, (C) 2 vs. 3, and (D) 0 vs. 1.
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symbiont may not indicate a high degree of co-evolutionary

specialization between the host and symbiont. That is, a naïve

host could be nothing more than a competitive arena for the

symbionts with the superior competitor excluding all other

potential symbionts, which represents a null hypothesis of

symbiont numerical dominance that does not presuppose co-

adaptation or host control (Dean et al., 2016; Lowe et al., 2016).

The second outcome of both models was that they identified

many conditions whereby co-occupancy (i.e., coinfection) of a host

by different symbionts was possible. According to the DM,

coexistence of symbionts was possible, in fact expected, when

competitive coefficients are less than one (intraspecific

competition was stronger than interspecific competition), and

interactions between host and symbiont is non-existent or

limited. The ABM achieved similar results when the two

symbionts had similar competitive strategies (i.e., based primarily

on photosynthate-release). Results from the ABM demonstrated

that two different symbionts can form long-term, stable residence

within a particular host — a function of photosynthate

translocation absent any influence of the host. Furthermore,

sensitivity analysis demonstrated that the model is stable and

predictable under parameter-value perturbation, and that

competitive outcomes follow anticipated trajectories despite subtle

changes in phenotype. Shifts in competitive outcomes may be more

strongly influenced if the initial differences between competitors

are large.

A third key outcome made apparent by the explicit spatial

perspective of the ABM was that exploitative competition made it

difficult to dislodge a symbiont from a host cell once it has taken up

occupancy. Thus, a symbiont’s ability to occupy a host cell can be a

successful competitive strategy because the simple act of

colonization affords even inferior competitors the chance to

persist within the host for extended periods. While the dynamics

of establishment within a host may be complicated, e.g., Bucher

et al. (2016), long-term persistence of two or more symbiont types

within a single host due to exploitative competition could look like

coexistence. This may help explain the low-level residency that is

observed in many hosts in natural environments, e.g., Bongrand
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and Ruby (2019), may produce the tissue-level heterogeneity of

distribution observed within hosts, and opens the possibility that

the tissue-level landscape of the host may be a mosaic of a diversity

of symbionts.

Finally, both models converged on the outcome that “affinity”

between partners (whether host or symbiont derived) can favor a

single symbiont’s access to the host, even if that symbiont is not a

superior competitor. The finding that “affinity” could drive host:

symbiont associations is likely an essential step in changing

symbiotic partnerships from promiscuous coinfections with high

degrees of co-occupancy to symbioses that favor more specific

partnerships, e.g., Nawroth et al. (2017). The work of Jacobovitz

et al. (2021) is particularly interesting because successful symbionts

in Exaptasia hosts induce host cell innate immune suppression

through a particular genetic switch that involves LAMP-1, which

allows for long-term residency. Once particular combinations of

hosts and symbionts are favored, subsequent reciprocal

coevolutionary processes may fine tune the partnership to achieve

ever greater levels of co-specialization. A host might benefit if a

mutation appeared that somehow favored those symbionts that grew

more slowly and translocated more material, which are conditions

that might make a symbiont a poorer competitor. However, it is also

possible that a symbiont that translocates less material might end up

becoming specialized for a particular host before a “better” symbiont

partner could become entrained in the host’s biology. Recent

observations that more diverse symbiont communities are found

in holobionts less resistant to environmental stressors (Howe-Kerr

et al., 2020) might be explained by a lack of tight specialization

between host and symbiont.

Our results offer an explanation for patterns of host:symbiont

interaction in extant symbioses. For example, Anthopleura spp.

form symbioses involving dinoflagellate and green algal partners

that coexist and have different densities depending on the

environment (Muscatine, 1971). Anemones dominated by the

dinoflagellate tend to be in the high intertidal and upper regions

of tide pools, anemones harboring mostly green algae occur in the

low shore and deeper regions of tide pools, and anemones

harboring mixed populations are found at intermediate shore
FIGURE 7

Spatial depiction of symbiont strategies in pairwise competition within the host. For each pairing, the top row shows the host initially filled to 95%
capacity, half from the inferior strategy and half from the superior, with symbionts placed into host cells at random. For each pairing, the two figures
in the bottom row show the dispersion of symbionts at year 1, with the superior strategy having arrival and division affinities respectively of (left) 1.0
and 1.0, (right) 0.5 and 0.5. Populations in the bottom row are consistent with those shown in row 1 of Figure 6 at year 1 for the 1.0:1.0 and 0.5:0.5
superior strategy affinities.
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heights (Bates, 2000; Secord and Augustine, 2000). Experimental

changes in environmental conditions (e.g., temperature and light)

can shift the composition of the symbiont communities such that

the dinoflagellate is favored under low light and the green alga is

favored at lower temperatures (Sanders and Muller-Parker, 1997).

Our models offer potential explanations for these outcomes by

framing the shifts in symbiont populations in terms of competitive

capabilities (i.e., competitive coefficients a12 and a21 in the DM or

photosynthetic capability/host-cell demand in the ABM) that are

influenced by environmental characteristics. Thinking of

dinoflagellate and green alga encounters in this way recovers

classic features of models describing competitive exclusion,

without any assumptions about co-adaptation between hosts and

their symbionts.

The symbiont population behaviors observed in our models

may apply to associations found on coral reefs involving (mostly)

invertebrate hosts and algae belonging to the Symbiodiniaceae

(LaJeunesse et al., 2018). Symbiodiniaceae-based symbioses can be

disrupted following environmental stress — a process known as

coral bleaching. While not restricted to corals (Hill et al., 2016),

bleaching occurs when algal cell density decreases (or algal pigment

is lost) within a particular host, which has raised questions about

the fidelity and specificity of the partnership. Some attempts to

explain coral bleaching envision an “adaptive bleaching” process

(Buddemeier and Fautin, 1993) employed by hosts to flexibly

associate with algal partners that are better suited to the changing

environment. The within host shift in symbiont population

composition arises after a bleaching event when rarer symbionts

that had resided within the host increase in frequency or when the

entire symbiont community changes as heterologous symbionts are

acquired from the environment (Baker et al., 2004; Fautin and

Buddemeier, 2004; Rowan, 2004; Chen et al., 2005; Baker and

Romanski, 2007; Jones et al., 2008; Stat and Gates, 2011; Boulotte

et al., 2016; Matthews et al., 2017). Rather than invoking

adaptationist perspectives, our models may help explain patterns

observed among Symbiodiniaceae-based symbioses as context

dependent shifts in symbiont competitive ability. For example,

thermal stress caused increases in Durusdinium trenchi before

bleaching was observed in five species of coral during a mass

bleaching event in the Caribbean (LaJeunesse et al., 2009b), but

the typical symbiont regained their numerical dominance once the

stress was removed — see Figure 4 of (LaJeunesse et al., 2009b).

Reductions in the translocation of carbon have been found to

precede breakdown of coral-algal symbioses in corals (Rädecker

et al., 2021), and the DM and ABM would suggest that D. trenchi

was able to expand host occupancy after thermally sensitive

symbionts that could no longer afford host cell demands were lost

from the host.

Work on the distribution of Symbiodiniaceae symbionts across

hosts has focused on the spatial distribution of algal types on the

order of centimeters, meters, and kilometers (e.g., Pettay et al., 2011;

Baums et al., 2014; Wall et al., 2020). The ABM revealed that tissue-

level landscapes of the host (at micrometer scales) may be an

important feature of phototroph:heterotroph symbioses where

priority effects are important. The vast majority of corals must be
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reinfected by their phototrophic symbionts at the larval stage each

generation, which may protect fertilization (Hartmann et al., 2017)

but also creates opportunities for rampant mixing of host and

symbiont lineages. While most studies point to remarkable

specificity between particular hosts and symbionts in these systems

(e.g., LaJeunesse et al., 2005; Goulet, 2006; LaJeunesse et al., 2009b;

LaJeunesse et al., 2009a; Stat et al., 2009; LaJeunesse et al., 2010;

McGinley et al., 2012; Thornhill et al., 2013; Thornhill et al., 2014),

low background symbiont presence (i.e., the “rare-biosphere”)

distinct from the major symbiont partner has been discovered

within many hosts (Silverstein et al., 2012; Boulotte et al., 2016).

Our models predict numerical dominance of one symbiont type

when coevolutionary specialization was present or a competitively

dominant symbiont occupied the host, but low levels of other

symbionts are possible due to priority effects. Rather than seeing

rare symbionts as accidental, transitory, and minimally important to

the host (Lee et al., 2016), the ABM indicates that that poorer

competitors can persist at low levels for significant periods due to

exploitative competitive strategies, which might be a successful

strategy from the algae’s perspective.

The models we present may be usefully applied to symbioses

beyond marine and aquatic systems. In terrestrial habitats, lichens

represent the holobiont phenotype of successful partnerships

between mycobiont hosts and cyanobacterial or green algal

symbionts (Honegger, 1998). Representing more than 20% of all

fungal species, this polyphletic host and symbiont partnership is a

common nutritional strategy involving translocation of

photosynthates whereby extracellular photobiont cells are

integrated with fungal partners via complex haustorial or

appressorial structures (Honegger, 1998). These associations

range from low to high degrees of partner specificity with

examples of coinfection with multiple phycobiont lineages within

single thalli (e.g., Blaha et al., 2006; Mansournia et al., 2012; Molins

et al., 2013; Kosecka et al., 2020; Piercey-Normore and Athukorala,

2017; Yahr et al., 2004). “Algal switching” has also been observed

(Ohmura et al., 2019). Our theoretical analyses may be useful for

understanding observed patterns in lichen symbioses.
5 Discussion

The models presented here assume no a priori coadapted

benefits of the association, and offer an alternative to the often

unstated assumption that intracellular symbioses are governed by

“host control” of the interactions (e.g., Fautin and Buddemeier,

2004; Frean and Abraham, 2004; Dimond and Carrington, 2008;

Yellowlees et al., 2008; Wooldridge, 2010; Damore and Gore, 2011;

Dean et al., 2016; Lowe et al., 2016). Our models complement work

that explains the maintenance of biodiversity as a result of adaptive

niche specialization operating at a local scale that manifests as

neutrality at regional/landscape scales (Leibold et al., 2019).

Mechanisms of local adaptation between symbionts and hosts

(i.e., the affinity terms or mutualism coefficients in our models)

could influence patterns of specialization at local scales, which then

lead to complicated biodiversity patterns at more expansive spatial
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scales. Potential connections between our models and those

involving metacommunities, where regional and local forces

(operating at multiple scales) are simultaneously considered,

deserves further attention (Leibold and Chase, 2018). The

behavior of our models is also in line with ideas that indicate that

symbionts lock hosts into symbiotic dependency due to demanding

nutrient lifestyles (Werner et al., 2015).

We would like to highlight a final point. We have previously

argued (Hill, 2014) that adopting an explicitly comparative

perspective that contrasts findings from different symbioses may

elucidate shared characteristics of intracellularity that deserve

further attention (i.e., potential symplesiomorphies associated

with normal endomembrane processes that produce the

parasitophorous vacuole, symbiosome, and digestive vacuole in

mutualisms and parasitisms). Our two distinct modeling

approaches are focused on intracellular symbioses involving

multiple infections that are mutually beneficial to the partners.

We recognize parallels between our mutualist-focus and modeling

focused on parasitic systems. Parasite models have more than a

century of development (e.g., Ross, 1916), predominantly using

DM-based susceptible, infected, and recovered (SIR) approaches

(but see Ramesh and Hall, 2023 who used food web modules and

feedback loops to understand within-host parasite dynamics).

While the focus of SIR models is often on the evolution of

virulence (e.g., Alizon et al., 2013), the population dynamics they

uncover include superinfection, competitive exclusion, and

coinfection (Dobson, 1985; Nowak and Sigmund, 2002).

Inhibitory or exploitative competition typically drive these

outcomes, and the parallels, in terms of population dynamics we

observed, raise the intriguing possibility that mutualists and

parasites exhibit similar patterns of host occupancy. Agent based

models have also been used to examine several parasite-caused

diseases (e.g., malaria (Amadi et al., 2021; reviewed in Smith et al.,

2018); leishmaniasis (Tabasi et al., 2011); chlamydia (Azizi et al.,

2021)). The approach we offer represents a novel application of

ABMs to intracellular symbioses that involve reciprocal mutual

benefits between interacting partners. Our ABM is squarely focused

on exploitative competition, but adding the possibility of inhibitory

competition, as seen in some parasite systems, is a worthy avenue

to explore.

The pathways to cooperation and coevolution are complex and

often poorly understood (Fumagalli and Rice, 2019), and our

objective was to build models that offer an alternative conceptual

paradigm to understand dynamical relationships among

mutualistic hosts and symbionts. We cross-validated the

robustness of our model conclusions by considering analytically

derived equations along with more complex simulation

experiments. The DM framework allowed us to determine all

future populations with each specific set of parameter values and

initial populations. The ABM provides a detailed, highly

configurable, and realistic model of heterogeneous symbiont

populations and asynchronous behavior, using empirical and

theoretical knowledge of heterotroph:phototroph symbioses. The

ABM also facilitates a spatially explicit exploration of conditions

that affect symbiont behavior. While our focus was on
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endosymbiotic phototroph:heterotroph interactions, these models

are likely to apply to many different types of mutualistic and

amutualistic symbioses (e.g., Romano et al., 2013; Septer, 2019).

We found that coexistence of two or more symbiont types within a

single host was common as were examples of host:symbiont

specificity. Indeed, “coexistence” and colonization may be two

distinct ways of looking at symbiotic partnerships (Nylin et al.,

2018). Our models suggest that many patterns of coinfection/

cooccupancy and specificity observed in nature can be explained

from ecological principles alone. However, coevolutionary

specialization is clearly important and shifts the nature of

competitive encounters between symbionts — competitively

inferior symbionts could convert losing strategies into winning

strategies with coevolutionary specialization.
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Kosecka, M., Jabłońska, A., Flakus, A., Rodriguez-Flakus, P., Kukwa, M., and Guzow-
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