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Rare evolutionary events, such as the rise to prominence of deleterious
mutations, can have drastic impacts on the evolution of growing popula-
tions. Heterogeneous environments may reduce the influence of selection
on evolutionary outcomes through various mechanisms, including pinning
of genetic lineages and of the population fronts. These effects play significant
roles in enabling competitive release of otherwise trapped mutations. In
this study, we show that environments containing random arrangements of
“hotspot’ patches, where locally abundant resources enhance growth rates
equally for all sub-populations, give rise to massively enriched deleterious
mutant clones. We derive a geometrical optics description of mutant bubbles,
which result from interactions with hotspots, which successfully predicts
the observed increase in mutant survival. This prediction requires no
fitting parameters and holds well in scenarios of rare mutations and of
adaptation from standing variation. In addition, we find that the influence
of environmental noise in shaping the fate of rare mutations is maximal near
a percolation transition of overlapping discs, beyond which mutant survival
decreases.

1. Introduction

In well-mixed microbial systems, the timing of spontaneous mutations can have
significant consequences for their fate and impact on a population’s evolution,
with mutations arising early in the expansion history benefiting from prolonged
growth [1]. In contrast to populations grown in well-mixed conditions, spatially
structured populations undergoing range expansion characteristically experi-
ence ‘gene surfing’ of late-occurring mutations at the colony periphery, result-
ing in an enrichment of high-frequency clones that promotes rare evolutionary
outcomes [2-9].

A signature of gene surfing during range expansions is the formation of re-
gions, called ‘genetic sectors’ [4], composed primarily of genetically identical
individuals. Due to stochasticity in reproduction times, the boundaries of these
sectors fluctuate laterally with increasing expansion distance. When a sector’s
boundaries coalesce to a point, the sector loses contact with the front and termi-
nates as a ‘bubble’ [10,11] with characteristic length [ parallel to the expansion
direction. For sufficiently slow diffusion of nutrients, growth occurs only very
near the front, so terminated sectors are cut off from further growth and have
no presence in the remainder of the range expansion. In the absence of envi-
ronmental stressors, such as antibiotics [12], mutations that arise with a higher
metabolic cost compared with the wild-type population will have a decreased
establishment probability (to form sectors) as they tend to lose contact with the
front more rapidly, thus producing bubbles of smaller /.

Microbial range expansion studies [2,4,13,14] have made substantial
progress in characterizing neutral evolution during a range expansion. Impor-
tantly, there is evidence that sector boundaries fluctuate superdiffusively with
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dynamics described by the Kardar-Parisi-Zhang (KPZ) universality class [15]. Further studies have found that KPZ dynamics n
also describe the scaling of mutant bubble sizes, a finding that holds not only in neutral evolution but also with rare, deleterious
mutations [10].

Environments can modify mutant bubble dynamics and the likelihood of deleterious mutants forming sectors (survival) rather
than bubbles (extinction). For example, studies on heterogeneous landscapes of obstacles (regions of locally suppressed growth)
have revealed that in such an environment, population fronts are pinned by the local heterogeneity, which causes an effective
reduction in the selective advantage of wild-type sub-populations [11]. Furthermore, on landscapes of patches that locally allow
only the deleterious mutant to grow, sufficiently close spacing of patches allows the mutant to survive through a phenomenon
of assisted percolation [16]. This ‘competitive release’, which enhances the establishment probability of deleterious mutations, can
also occur for time-varying environmental changes, such as a sudden introduction of antibiotics [10,17]. The competitive release
is related to evolutionary rescue, in which deleterious mutations increase in prominence as a result of environmental changes
during population growth [10,18].

Recent studies have shed light on the mechanisms by which interactions between population fronts and environmental struc-
tures profoundly alter evolutionary trends. An individual obstacle acts similarly to a bump in surface topography by focusing
the expansion front inward to a caustic [19,20], and an individual hotspot acts as a radiation zone that propels an advancing front
radially outward [21,22]. In the context of neutral evolution, a disordered landscape of hotspots was recently shown to replace
a population’s intrinsic demographic noise by environmentally determined genetic structure at large scales, with successful ge-
nealogical lineages pinned to the fastest paths through a subset of the hotspots [22]. However, little is known about the influence of
such quenched random noise on evolutionary processes involving mutation and selection. The characterization of how random
spatial variation in high-nutrient regions influences the survival of deleterious mutations is a missing component of a broader
understanding of how environments affect the outcomes of rare evolutionary events.

In this study, we use a meta-population model based on the Eden model for range expansions, with growth coupled to environ-
mental structure through a distribution of hotspots, to study how environmental quenched random noise modifies the survival of
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a deleterious mutant. Despite locally giving equal benefits in growth rate to the wild-type and the mutant, the hotspots nonethe-
less cause massive enrichment of deleterious mutant clones by reducing the effective selective advantage of the wild-type. We
characterize the spatially non-uniform mechanism for mutant clone enrichment, which involves ‘lanes’ of high mutant survival
probability. By constructing and iterating upon a geometrical model for the average influence of individual hotspots, we provide
an effective description for the mutant survival probability found in our simulations.

2. Meta-population model for spatial growth

We implement a two-species version of the Eden model [23], coupled to a landscape of hotspots. This simple meta-population
model has been extensively studied and used in investigations of evolutionary dynamics, including phenomena such as fitness col-
lapse [24], fixation [25] and gene surfing [26,27], and it generates clone-size distributions that reproduce experimental observations
[10].

The two sub-populations in our model are a wild-type and a mutant, the latter having a selective disadvantage compared with
the former. Our simulated population is arranged on a hexagonal grid, with each filled grid site containing a locally well-mixed
deme, which can grow by filling an empty neighbouring site (figure 1A; electronic supplementary material, video S1). The genetic
character of each deme is assumed to be uniquely determined by the first individual to arrive. This corresponds to the regime
where growth to local carrying capacity occurs faster than migration or mutation. A single identifier thus characterizes the local
genetic composition, which we represent with one of two distinct colours corresponding to wild-type (red) or mutants (yellow).

To model competition for scarce resources and space, our system allows reproduction of demes only at the expansion front
where the population borders the empty region; the dynamics behind the front is ‘frozen’, with no changes allowed to occupied
sites. Initial conditions consist of a single, filled line of L sites at the bottom edge on the hexagonal grid. The mutant’s growth
rate I'y, =1 — s is smaller than that of the wild-type, I';, = 1, by the wild-type’s selective fitness advantage s. Deleterious mutations
correspond to the interval 1> s> 0. When a wild-type deme replicates into a neighbouring lattice site, the newly filled site is a
mutant deme with probability u, the mutation rate, and wild-type with probability 1 — . Back mutation of mutant to wild-type
is assumed not to occur, so replication of a mutant deme always fills a neighbouring empty site with another mutant deme.

We implement quenched environmental noise in the form of hotspots, which are circular patches of increased replication rate
that represent regions of higher nutrient availability. The hotspots have the same effect on both sub-populations, in the sense that
they increase the replication rate of all demes inside them by the same constant multiplicative factor (1 + v). Here, the hotspot
strength v is a dimensionless parameter, with 1 +v = FZH / FZB defined as the ratio of growth rates within a hotspot (H) and in the
surrounding bulk (B), for both wild-type (i = w) and mutant (i = m). At scales larger than the deme size, the emergent front prop-
agation speed in the Eden model of each sub-population is directly proportional to the local growth rate, z;lX « I‘ZX (Xe{H,B}).
Thus, the hotspot intensity can also be defined as v = Uf[ / v? — 1 (i € {m,w}). A collection of randomly placed, possibly overlapping
hotspots constitutes a landscape, characterized by hotspot radius R, hotspot intensity v and hotspot area fraction ¢. An important
length scale, the typical hotspot centre-to-centre distance, is given by [28,29]

T
A($,R)=V2R /m. @.1)

The two-species model is summarized by the following rules for replication rates FIX within hotspots (X =H) and in the
surrounding bulk (X = B), for mutant and wild-type demes:
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Figure 1. (A) lllustration of a two-species Eden model for a range expansion on a heterogeneous landscape of hotspots (darker-shaded sites) with a linear initial condition
(white-outlined hexagon markers) of wild-type (red) and mutants (yellow) arising at a mutation rate x¢. (B) Simulation snapshot showing the effect of a single hotspot
on the population front and mutant bubbles (yellow). Snapshots were generated using simulation parameters: (A) v = 10,R = 2,5 = 0.1, x = 0.01and (B) v = 10,
R=100,5s =0.01, = 0.01.

X 51X, X e{B,H} (mutation), 2.2)
X =(1-s)rX, Xe{B,H} (selection), (2.3)
FIH =(1+ V)FIB , i€{w,m} (hotspot strength). (2.4)

The absence of back mutation means that there is no reverse process to equation (2.2) , [X — T'X.

Reproduction is implemented using replication rules known to produce experimentally observed meandering statistics of sec-
tor boundaries [4] and ancestral lineages [27], associated with interface roughening of population fronts in the KPZ universality
class [30]. This asynchronous reproduction approach fills empty sites one at a time according to the following procedure: (i) the
population front is identified as the set of demes that are adjacent to at least one empty site, (ii) one such population-front deme
is randomly selected according to an implementation of the Gillespie algorithm [31,32] that enforces equations (2.3) and (2.4) on
average, and (iii) from among the chosen deme’s empty neighbour sites, one site is randomly selected with uniform probability
to establish a new deme with inherited genotype, subject to the mutation rule of equation (2.2) . Note that for neutral evolution
in uniform environments, this model reduces to selecting individual demes at the population front with equal probability and
copying their genotype (colour) to a random adjacent empty grid site, which is the type C variant of the Eden model [23,33].

3. Response of population structure to environmental structure

To understand how a disordered landscape of hotspots affects the fate of a deleterious mutation, we first examine the case of
standing variation, taking u =0 but including mutants in the initial population. We construct the initial population as a row of
alternating wild-type and mutant sites, which minimizes initial correlation lengths and ensures that no sub-population has an
increased chance of survival due to initial population sizes.

For a fixed distribution of hotspots of radius R covering a fraction of the landscape area, ¢, the two governing system param-
eters are the hotspot intensity v and the selective advantage s of the wild-type. Snapshots of simulations from the same initial
random seed are shown in figure 2. In the absence of environmental noise, increasing s reduces the typical lifetime ;| of the mu-
tant bubbles. For non-zero selection, increasing the intensity of hotspots results in an increase in mutant survival likelihood, as
the largest mutant bubbles exhibit longer typical lifetimes and mutant sectors become more common. This trend is qualitatively
similar to the effective reduction of selection by environmental noise in the form of randomly placed obstacles [11]. We will show
in the next section that the reduction in selection efficacy is determined by the hotspot separation length scale A and the hotspot
intensity v.

To explore the conditions in which a disordered landscape enhances deleterious mutant survival, we study the average sector
behaviour by determining the probability M(x, y) that a deme at position (x, y) is the mutant type, computed from an ensemble of
200 independent simulations on a single landscape. Here and throughout, we call regions of elevated mutant probability ‘mutant
domains’, taking M(x, y) = 0.25 as an arbitrarily chosen threshold. These may be ‘sector domains’ or ‘bubble domains’” depending
on whether they are connected to the front, analogously with sectors and bubbles in individual simulation runs. M(x, y) is shown
in figure 3A for various combinations of v and s all on the same landscape, revealing a key feature: for v > 0, large mutant domains
emerge and remain mostly fixed in position as selection s or intensity v is increased. This observation hints that there are ‘lanes’
through the landscape of hotspots that provide boosts in growth and thereby locally increase mutant survival likelihood.
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Figure 2. Simulation snapshots from a fixed landscape of hotspots (black discs) with radius R = 10 and area fraction ¢p = 0.1, using a standing-variation initial condi-
tion and zero mutation rate, for various hotspot intensities v and selective advantages s.

The survival trends for sectors over an ensemble of landscapes can be summarized by constructing a phase diagram for the
mutant frequency, f,,, = (M(x, y)), determined as the mean ratio of the total mutant clone area to the colony size, which is a direct
observable in experiments using fluorescence microscopy [11]. In the null case of zero selection and zero environmental noise, neu-
tral mutants will, on average, have equal clonal sizes compared with the wild-type, and thus f,, = 0.5, whereas f,,, ~ 0 represents
mutants that are extinguished in one generation. Thus, f,,, = 0.25 sets the midpoint, with regard to mutant frequency, between the
limits of infinitely strong selection and neutral evolution. The (s, v) phase diagram for f,, is shown in figure 3B, which reveals that
the mutant frequency increases with increasing hotspot intensity at fixed selection. Contours of constant mutant frequency have
slopes in the s—v plane that decrease as v increases. Phase diagrams for various system sizes are shown in electronic supplemen-
tary material, figure S10, demonstrating that the f,, = 0.25 contour is weakly affected by system size effects. Qualitatively similar
mutant frequency structure is observed at a lower hotspot density, ¢ = 0.1, as shown in electronic supplementary material, figure
S11.

We further demonstrate the enhancement in mutant survival by constructing the x-averaged mutant frequency as a function
of height, f,,,(y) = (M(x,y)),. Shown in figure 3C is f,,,(y) for the parameters indicated by the red-boxed row in figure 3A. In the
absence of mutation, f,,,(7) necessarily decreases with increasing y; however, the rate at which the mutant fraction decays is strik-
ingly diminished by hotspots compared with the null case of v = 0. In other words, hotspots increase average mutant survival as
though the mutant were less deleterious.

Our choice of alternating wild-type and mutant sites as the form of the initial population is not essential for the appearance of
mutant domains. In electronic supplementary material, figure S12, we explore initial conditions in which each site of the initial
population is randomly given a wild-type or mutant occupant with equal probability, and then this randomly generated ini-
tial structure is held fixed over an ensemble of simulation runs. We see that hotspot landscapes yield much longer-lived mutant
domains compared with the uniform landscape, and that the mutant domain structure can differ significantly for different ran-
domly generated initial conditions. Due to the latter effect, randomizing the initial conditions separately in each run would erase
the structure of M(x,y).

Figure 3A suggests that any particular landscape of hotspots contains favourable paths for the establishment of surviving
mutant domains, a process whose geometry we explore in the next section.

4. Expansion and contraction bubble geometry

We gain insight into the influence of individual hotspots on the formation of mutant bubbles and sectors by examining the mutant
domains of M(x,y) for a population front composed entirely of wild-type demes except for a single mutant seeded at the point
where the front encounters the hotspot, as shown in figure 4 (bottom schematic). We observe that a beneficial mutation (s < 0)
forms a hyperbola-bounded sector domain (figure 4A, white curve) with a high mutant frequency that is nearly uniform in the
region above the hyperbola. On the other hand, a deleterious mutant (s > 0) forms an ellipse-bounded, flame-like bubble domain
(figure 4B, white curve) that tapers toward the end of its lifetime.
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Figure 3. (A) Local mutant frequency M(x, y), on a fixed landscape of hotspots, averaged over different initial seeds. (B) Mutant frequency f,, heatmap for combinations
of selection, s, and hotspot intensity, v. Predicted critical selection s, (grey curve) from equation (4.4) provides a good approximation to the f,, = 0.25 contour (green
line). In both (A) and (B), the simulation ensemble is generated from 200 seeds per landscape and 20 landscapes for each pair of (s, v). () x-averaged mutant frequency,
f,(y), for the parameters corresponding to the red-boxed row in (A) and averaged across all landscape configurations. Each simulation begins with an initial population
consisting of 1000 sites of alternating wild-type and mutants, and each ends at a height of 1000 sites. The mutation rate (t is set to zero. The hotspot radius is R = 10
and the hotspot area fraction is ¢ = 0.25.
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Figure 4. Mutant spatial frequency M(x, y) for a population that is seeded with a single (A) beneficial mutant (s = —0.1) or (B) deleterious mutant (s = 0.15), at the
point where an all-wild-type front encounters the hotspot (bottom schematic). Heatmaps are generated from an ensemble of 1000 independent simulations with a single
hotspot, represented as a light-grey circle, of radius R = 10 and intensity v = 10, on a grid of 500 X 500 sites.

Following previously studied analogies between sector shapes induced by hotspots and geometrical optics [19,21,22], we apply
the principle of least time to find the expected population front shape induced by passage through a hotspot. In particular, the
expected (ensemble-averaged) front at some time is the set of points that are first reached at that time by ‘light rays’, originating
normal to the initial population, which propagate with spatially dependent speed v?, vf within and outside of hotspots, respec-
tively. Likewise, the expected sector boundary of our single mutant sector in this scenario consists of the set of points that are
reached in equal time by light rays passing through a hotspot and light rays outside of a hotspot. We simplify the calculation by
considering very intense hotspots (v>>1). In this limit, determining light ray trajectories is equivalent to determining intersec-
tion points of the unperturbed population front and a circular population front originating at the hotspot centre. (It is important
to take the limit of infinite v before making the geometrical idealization in which the deme size goes to zero.) Moreover, in this
very intense hotspot limit, a mutant emerging at the base of a hotspot will instantaneously be propagated to the boundary of the
hotspot; the equal-time surfaces are then found by determining the points of intersection between a travelling plane wave and an
expanding spherical wave of initial radius R at each time f [34]. The resulting sector boundary is described, in polar coordinates,
by the equation

_ 2Rsin(0)

o= y — sin(6)

(v = 00), 4.1)

wherey =1/ [(I‘E, + I‘%) /21 =2/(2 — s) is the inverse of the average population growth rate, and the origin is set at the bottom-most
point of the hotspot. This equation predicts that the expected sector boundary traces out a hyperbola for y <1 (s <0) and an el-
lipse when y > 1 (s > 0), in agreement with our simulations (white curves in figure 4A,B, respectively). In the special case of zero
selection (s = 0), the resulting shape is a parabola, as has been seen in computational studies of neutral evolution [19,21,22].

For deleterious mutations (s > 0), to understand the effects of these elliptical bubble domains on mutant survival in systems of
many hotspots, we next consider a simplified landscape composed of a vertical sequence of hotspots. These hotspots are separated
by centre-to-centre distance z, which we compare with the height z, of the ellipse from equation (4.1). Shown in figure 5 is the
spatial mutant frequency, M(x, y), for various separation lengths z, using the same initial conditions as in figure 4. We observe in
figure 5A that mutant domains rapidly extinguish when hotspots are well separated (z > z,) due to a low probability of mutants
reaching the next hotspot before losing contact with the front. As the hotspot separation decreases (figure 5B, z % z,), the single
mutant domain obtains an increased lifetime (larger height), as mutants reach subsequent hotspots. However, the probability of
successful transmission decreases at each successive hotspot, ultimately extinguishing at large expansion distances. When the
hotspots are near a critical separation (z ~ z,/2), the mutant domain bubble transitions into a mutant sector domain, with the ge-
ometry of a vertical lane that reaches the final-time front. At smaller hotspot separations (z < z,/2), the mutant domain boundary
becomes a hyperbolic conic section, with nearly uniform M(x,y) except at the outermost regions of the sector. Thus, repeated
encounters with hotspots can enable luckily positioned deleterious mutants to survive and even grow, with morphology similar
to beneficial mutations. We note a qualitative similarity of this finding to a key result of [16]: for patches that prevent the growth
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Figure 5. Mutant spatial frequency M(x, y) for a population that is seeded with a single deleterious mutant (s = 0.1) when a wild-type front encounters the first hotspot
in a vertical sequence of hotspots separated by centre-to-centre distance z for (A) z = 600, (B) z = 310, (C) z= 180 and (D) z = 100. Heatmaps were generated from
an ensemble of 1000 independent simulations with hotspots of size R = 10, hotspot intensity v = 10, on a grid of 500 X 1000 sites. The right panels show the mutant
spatial frequency along the centre vertical line, M.(y) = M(250, y). Also shown are reference horizontal lines corresponding to the hotspot position (blue), ellipse peak
(red) and critical separation (green) of equation (4.3).

of the wild-type, the survival of a deleterious mutant requires sufficiently small spacing between patches in comparison with the
height of a mutant bubble, which the authors approximated as elliptical in shape.

An analytical solution for least-time trajectories is intractable for the scenario of many hotspots. Instead, we describe the av-
erage sector boundaries by constructing a minimal geometrical optics model. The simplification rests on the observation that the
sector boundaries between mutant and wild-type in individual simulations are, up to model-dependent noise, given by the rel-
ative front propagation speeds of each sub-population. In our controlled scenario of a single mutation arising in a landscape of
a vertical sequence of hotspots (figure 5), the mutant sub-population will be the first to receive a boost from the initial hotspot.
Assuming that the boost is large enough for the mutant to outcompete the wild-type near the hotspot (vv,, > v,,), the mutant
sub-population will be the main beneficiary of sequential boosts as the front passes through each hotspot. We can then define an
effective mutant front speed as the average speed of the tip of the population front,

_ U2
T z—2R+2R(1 + )1’

Om

(4.2)

where v,, is the (bare) mutant front propagation speed in the bulk. In this picture, a crossover from contraction (effectively delete-
rious) to expansion (effectively beneficial) selection for the mutant is predicted to happen when 9,, is comparable with the (bare)
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wild-type front speed in the bulk, 9,, = v;, = 1. In terms of the hotspot separation z, this transition occurs when z equals a crossover
hotspot separation length given by

2Rv

Z, = m . (43)

An animation of this transition as z passes through z, is shown in electronic supplementary material, video S2, demonstrating
the transition from elliptical to hyperbolic conic sections. Additionally, 9,, determines the angle 6 formed by sector boundaries
with the expansion direction, as tan(f) equals the ratio of the difference in sub-population front speeds to the mean front speed,
tan(0) = 2(9,, — vy)/(vy, + vy). Note that this relation produces vertical average sector boundaries, 8 =0, in the case of neutral evo-
lution, 9,, = v,. The sector boundary angles are shown in electronic supplementary material, video S2 (green lines), confirming
our determination of the effective mutant sub-population front speed 7,, in equation (4.2).

What lessons does this contrived scenario hold for mutant survival in the disordered landscape of many, randomly distributed
hotspots? We conjecture that selection will be significantly suppressed when the typical hotspot separation length 4, given in
equation (2.1), for the disordered landscape is less than the v-dependent crossover hotspot separation z. calculated in equation
(4.3) for the vertical line of hotspots. By inverting the relationship in equation (4.3), we define a critical selection, s, as the value
of the wild-type selective advantage s that would produce a constant-width sector domain in a landscape with a vertical line of
hotspots of separation z. We then replace z with 4, by our conjecture, and use equation (2.1) to write s, in terms of the hotspot size,
intensity and area fraction:

2R2 2

SC(V, R, ¢) = k/1_2 m

4.4

Here, we have used the fact that the transverse speed is proportional to \/Z_ks [35] with k= 2\/5 / \/5 on a hexagonal lattice. The
relation given by equation (4.4) is plotted in figure 3B (grey curve). With no fitting parameters, this form predicts the transition
between strong and fully suppressed selection well by approximating the f,, = 0.25 contour.

We now examine how the mutant frequency depends on hotspot separation 1. We choose a high hotspot intensity (v = 10) to
ensure that the first individuals reaching a hotspot receive a sufficiently large boost to outcompete neighbouring demes entering
a hotspot. Shown in figure 6 is the mutation frequency f,, averaged across 20 landscapes, each with 200 simulations, as a function
of A scaled by the hotspot diameter 2R. As expected, f,,, decreases for all 1 as the selection s increases because higher selection
generally reduces mutant bubble sizes. This effect of decreasing f,, can be understood by noting that z./2R ~ s~ equation (4.3),
and thus larger selection s requires closer spacing between hotspots in order for competitive release of mutants to be probable.
Interestingly, figure 6 shows a non-monotonic dependence of f,, on A with a maximum at 1/(2R) ~ 1.4. For values of A that are
small compared with 2R, there is a high degree of hotspot overlap, and the landscape approaches a nearly uniform landscape
dominated by the higher growth rate of the hotspots), a situation that favours the wild-type by construction. In terms of hotspot
area fraction equation (2.1), f,,, is maximal near an area fraction of ¢ ~ 0.54.
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Figure 7. Mutant spatial frequency M(x, y) for an initially all-wild-type population with mutation rate & = 1072, using 1000 independent simulations on the same
hotspot landscape (grey discs) for (A) a single hotspot and (B) many randomly placed hotspots at area fraction ¢ = 0.1. In both (A) and (B), hotspots have radius R = 10
and the landscape consists of 500 X 500 sites.

5. Clone-size distributions in heterogeneous environments

We have seen in figure 5 and the previous section that rare mutations that are fortunate enough to survive by gene surfing until en-
countering a hotspot will locally outcompete nearby wild-type sectors, increasing the probability of mutant survival at long times.
In this section, we show that our geometrical optics description for the extinction—-survival transition from standing variation can
also predict an extinction—survival transition for rare mutations that arise with constant probability per replication p.

The mutant spatial frequency M(x, y) for an all-wild-type initial population with mutation rate u = 10~2 is shown figure 7. We
observe that a single hotspot (figure 7A) produces a mutant domain with a flame-like structure emanating from the hotspot, simi-
lar to figure 4B. Unlike figure 4B, figure 7A has a non-zero background value of M(x, i) because the non-zero mutation rate creates
mutant bubbles at random locations; away from hotspots, these mutant bubbles generally have short lifetimes due to selection. A
caveat in comparison with figure 4B is that, with back-mutations disallowed, mutants will necessarily dominate the population
front for very large expansion distances [36].

The flame-like mutant domains found in figure 7A also emerge in disordered landscapes of many hotspots with non-zero mu-
tation rate, as shown in figure 7B. In contrast to figure 7A, there is a decreased probability of finding mutants in regions between
the mutant domain bubbles. In regions where these domain bubbles overlap to form lanes through the landscape, mutants acquire
an increased survival probability at large expansion distances.

Since mutant bubble domains generated by a single hotspot in figure 7A share many similarities with those in figure 4B, we
expect that our geometrical optics description equation (4.4) ought to also predict the extinction-survival transition for scenarios
with non-zero mutation rate. In figure 8, we repeat the M(x,y) and f,, plots of figure 3 but now using an all wild-type initial con-
dition and u =5 x 10~*. We note two qualitative ways in which the population structure in this constant-mutation-rate scenario
(figure 8) differs from the standing-variation scenario (figure 3): first, for neutral evolution (s = 0), M(x, y) increases with expansion
distance; second, mutant lanes tend to increase in number, rather than decrease, with expansion distance. Despite these notable
differences in M(x,y), we find that the phase diagram for f,, (figure 8B) shows a f;;, = 0.25 contour (green curve) in (s, v) parameter
space similar to that of figure 3B and likewise well described by equation (4.4).

Additionally, the increase in mutant survival, demonstrated by an increase in mutant frequency, is presented in figure 8C.
There, the x-averaged mutant frequency as a function of height, f,,,(y), is plotted for s = 0.09 and various hotspot intensities. We
find that increasing the hotspot intensity shifts the steady-state mutant fraction, which represents mutant-selection balance, in
favour of the deleterious mutant. If a population already at mutation-selection balance in a uniform environment were to expand
into a hotspot-rich environment, our results predict that the new environment could trigger competitive release, with a substantial
increase in the fraction of the expansion front expected to be occupied by the mutant. A simulation ensemble demonstrating such
a scenario is presented in electronic supplementary material, figure S13.

To make contact with experiments on evolution in microbial communities [10,11], we characterize the distribution of mutant
clone sizes (area of mutant bubbles and sectors) in a disordered landscape of hotspots. This clone-size distribution is directly re-
lated to the distribution in the number of single nucleotide polymorphisms (SNPs) [10] and to the site frequency spectrum measure
used in population genetics to predict rare evolutionary outcomes, e.g. fitness valley crossings [37]. Specifically, we examine the
reverse cumulative distribution P(X > x) of clone sizes, which describes the probability that a random, rare mutation will produce
a mutant bubble or sector of size (area) x or larger, with x given as a fraction of the colony area. Shown in figure 9 is P(X > x) for
se[0,1].
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Figure 8. (A) Mutant spatial frequency M(x, y) for fixed landscape of hotspots of area fraction ¢ = 0.1 at hotspot intensities v and selective advantages s. (B) Mutant
frequency f,, with phase boundary prediction shown as grey curve corresponding to £, = 0.25. In both (A) and (B), the initial population consists of 2000 sites of entirely
wild-type demes and the simulation ends at a height of 2000 sites. (C) x-averaged mutant frequency, f,,(y), for the parameters corresponding to the red-boxed row in
(A) and averaged across all generated landscape configurations. The ensemble is generated from 200 independent simulations for each of 20 distinct landscapes for each
pair of (s, v). The mutation rate is set to i = 5 X 10~*, hotspot radius to R = 10 and area fraction to ¢ = 0.1.

For a uniform landscape (v =0, figure 9A), P(X > x) exhibits a power-law regime associated with the scaling of mutant bubbles
at small clone sizes (P(X > x) ~x~%,a =2/5). The power-law scaling for bubbles in uniform landscapes is expected to hold for
clone sizes smaller than x, = N~(1-0/(-20) = 10~1 where N = 10° is the number of lattice sites in our simulation and g = 4 for KPZ
growth processes [10]. The corner clone-size value x, separating two power-law regimes represents the largest emerging mutant
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Figure 9. Mutant clone-size distribution P(X > x) for (A) a uniform environment and (B) a disordered landscape of hotspots with R = 10, ¢ = 0.1,and v = 6. Simu-
lation ensemble consists of 20 landscapes each with 200 independent simulations for each combination of v, sand e = 5 x 10~*. Dashed lines correspond to displayed
power laws for neutral evolution in a uniform landscape, with x_ being the expected largest mutant bubble.

bubbles in a uniform landscape with zero selection, and characterizes the transition from bubble scaling to sector scaling. Selec-
tion suppresses both mutant bubbles and sectors; as such, there is a reduction in P(X > x) with increasing s, as shown in figure
9A. For example, the probability of finding mutant regions larger than x. vanishes for s > 0.02, indicating that mutant sectors are
very unlikely to form, and the distribution of sector sizes P(X > x) scales as x~1° at large clone sizes; see electronic supplementary
material, appendix, for details.

The reduction in selection efficacy caused by a disordered landscape of hotspots promotes the formation of sectors and of larger
bubbles, as shown in figure 9B. This enrichment of mutant clones is quantified by the non-zero likelihood of forming clone sizes
larger than x, for all s values tested. However, the clone-size distribution for our studied range of s retains the P(X > x) ~ x~%/°
scaling that described neutral mutant bubbles in a uniform landscape. We also find that size distributions of deleterious mutant
bubbles in disordered hotspot landscapes have similar scaling to size distributions of neutral mutant bubbles in uniform land-
scapes; see electronic supplementary material, figure S14. A possible explanation for this similarity in bubble scaling between
environmental conditions is that, at low hotspot area fraction (¢ = 0.1), mutants emerge outside of a hotspot and form bubbles on
scales smaller than the hotspot separation 1 where competition should resemble that in uniform landscapes. On the other hand,
mutant bubbles that grow to sizes comparable with the hotspot separation, for example, as shown in figure 5, become enriched
by the landscape, generating formation of lanes and an excess of large clones x > x.

6. Conclusions

Environmental structure can act as an extrinsic source of noise in a population’s genetic structure, which tends to reduce selection
efficacy and enhance the emergence of deleterious mutant sectors. In uniform environments, these deleterious mutations can re-
main trapped as bubbles in the non-growing bulk of the colony, behind the front. The trapped mutants are competitively released
in environments that preferentially favour mutants [16], such as time-varying environments of antibiotics [10]. As we have shown
in this work, competitive release of deleterious mutants can even occur in environments with features that benefit both wild-
type and mutants. Thus, understanding the structure of clonal domains under multiple types of environmental heterogeneity is
important for predicting the evolution of desired or undesired mutations.

Our findings indicate that environmental stressors selecting for specific phenotypes, such as the application of drugs, or en-
vironmental features that suppress growth, such as landscape obstacles, are not necessary conditions for competitive release.
Environmental heterogeneity that enhances the reproduction of both sub-populations equally can similarly give rise to competi-
tive release dynamics, with distinct spatial patterns of lanes of overlapping highly enriched regions. In both the standing variation
and the rare mutation evolutionary contexts, we saw that environmental noise length-scales determine the statistics of mutant
prevalence at the expansion front.

Despite the complex nature of gene surfing of rare mutations, a simple geometrical picture emerges in our findings for mutant
clonal sectors in landscapes of hotspots. Individual hotspots produce one of three distinct spatial mutant clone patterns that are
well described by conic sections. These geometrical patterns, in combination with a simple geometrical optics analogy for propa-
gating fronts, are sufficient to understand the main features of the complex mutant spatial structure in disordered landscapes of
hotspots. Moreover, our results show that there exist optimal environmental conditions that maximize the survival of deleterious
mutants initially present in a population. For our context of disc-shaped hotspots, this maximal chance of survival occurs near an
area fraction ¢ = 0.54 at which typical hotspots have a very slight but non-zero overlap with their nearest neighbours, suggestive
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of a percolation transition. However, if the overlap between hotspots becomes too large, the prevalence of mutants in a population
rapidly decreases.

We have found that disordered environmental structure with no intrinsic advantages for a deleterious mutation can nonethe-
less induce competitive release of that mutation. By controlling landscape structure, it may be possible to engineer a mosaic of
mutant bubble patterns that give rise to an enrichment of desired mutations, conceivably including deleterious mutations to in-
duce a mutational meltdown [38-40], where a population’s growth is arrested by the overabundance of costly mutations. Tests
of our predictions for mutant survival can be performed through a realization of hotspots in microbial range expansion exper-
iments, with mutant clone-size distributions and mutant frequencies both obtainable through fluorescence microscopy [10,11].
While we have focused on disc-shaped hotspots in this work for simplicity, our findings highlight the importance of understand-
ing how more general disordered environments may favour the survival of deleterious mutations, and possibly hinder the spread
of advantageous mutations.

Our results significantly expand the understanding of how disordered landscapes promote the ‘survival of the luckiest’ in range
expansions. For neutral evolution, [22] showed that calculable fastest paths through random hotspot landscapes are strongly asso-
ciated with enhanced survival probability. Here, the mutant-rich lanes in our simulations with selection demonstrate that luckily
positioned deleterious mutants can, under certain conditions, take advantage of these fastest paths to remain present in the expan-
sion front. However, the advantage provided by the landscape disorder is limited to an intermediate regime of hotspot densities
and intensities, in which the flame-like mutant domains formed by each hotspot can percolate through a chain of hotspots, while
the hotspots themselves do not overlap often enough to percolate. The statistical properties of landscape disorder are thus essen-
tial to the environmentally enhanced survival of a deleterious mutant, revealing physical principles that future studies could use
to understand evolutionary trends in disordered landscapes characterized by other forms of quenched-random noise.
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