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Recent studies have shown that packings of cells, both eukaryotic cellular tissues and
growing or swarming bacterial colonies, can often be understood as active nematic
fluids. A key property of volume-conserving active nematic model systems is chaotic
self-mixing characterized by motile topological defects. However, for active nematics
driven by growth rather than motility, less is understood about mixing and defect
motion. Mixing could affect evolutionary outcomes in bacterial colonies by
counteracting the tendency to spatially segregate into monoclonal sectors, which
reduces the local genetic diversity and confines competition between subpopulations
to the boundaries between neighboring sectors. To examine whether growth-driven
active nematic physics could influence this genetic demixing process, we conduct
agent-based simulations of growing, dividing, and sterically repelling rod-like bacteria
of various aspect ratios, and we analyze colony morphology using tools from both soft
matter physics and population genetics. We find that despite measurable defect self-
propulsion in growth-driven active nematics, the radial expansion flow prevents chaotic
mixing. Even so, at biologically relevant cell aspect ratios, self-mixing is more effective in
growing active nematics of rod-like cells compared to growing isotropic colonies of
round cells. This suggests potential evolutionary consequences associated with active
nematic dynamics.

Keywords: active matter, active nematics, microbial evolution, neutral evolution, genetic mixing, liquid crystals,
topological defects, range expansion

1 INTRODUCTION

The study of active matter provides insights into the collective motions of living and internally driven
systems by marrying far-from-equilibrium dynamics with the physics of partially ordered materials
[1, 2]. In co-moving groups of vertebrates such as flocks of birds and schools of fish, as well as in
flocks of self-propelled colloids, the emergent order is typically polar orientational alignment
analogous to ferromagnets [1, 3-5]. Meanwhile, active matter with the apolar orientational order
of nematic liquid crystals occurs in vibrated granular rods [6] and in a wide variety of systems at the
microscale, including suspensions of cytoskeletal biofilaments and motor proteins 7, 8], monolayers
of eukaryotic cells [9-11], and morphogenesis of the animal Hydra [12]. The non-equilibrium
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production of nematic disclinations is now recognized in a broad
variety of 2D systems as a signature of active nematic physics [1,
7, 13-16]. Activity produces pairs of +1/2-winding number
disclinations, with the +1/2 defect behaving like a self-
propelled particle.

Swarms of motile bacteria are a paradigmatic example of active
matter [17-25]. Recently, it has been shown that even non-motile
bacteria can behave as an active nematic simply by growing,
dividing, and pushing against their neighbors [26-36]. We will
refer to this scenario as the “growing active nematic”, in contrast
to the better-studied active nematic of fixed size. Experiments
have demonstrated that E. coli colonies form nematic
microdomains of well-aligned rods, with neighboring domains
meeting at grain boundary lines punctuated by disclination point-
defects of winding number +1/2 [27, 28, 32]. Agent-based
simulations have found that simple mechanical models of
growing, dividing, and mutually volume-excluding cells are
sufficient to reproduce this nematic microdomain structure
[28, 34]. For rod-like bacteria, these mechanical interactions
create torques causing nearby cells to align their long axes in
the apolar manner of nematic liquid crystals. An observed steady-
state density of disclinations, maintained by a balance of +1/2
defect pair-annihilation with pair-creation, represents a key
similarity between growing and fixed-size active nematic
systems. A similar non-equilibrium steady-state population of
disclinations is found in continuum hydrodynamic simulations,
which predict that +1/2 defects self-propel as they do in fixed-size
active nematics [28, 31, 32].

Chaotic self-mixing is one of the most striking features of
fixed-size active nematics [7, 16, 37], drawing comparisons to
turbulent flow [38, 39]. In the microtubule-kinesin active nematic
model system, the chaotic self-advection was quantified in Ref.
[37] through measures of material stretching including the
Lyapunov exponent. A strong correspondence was found
between the fluid self-mixing and the topological entropy
measurement of braiding in the trajectories of +1/2 defects:
With time viewed as a third spatial dimension, the defect
trajectories trace out curves that collectively form non-trivial
braids in the topological sense, meaning that, with the curves
forbidden to pass through each other and with their ends held
fixed, there is no way to disentangle them. In the absence of this
braiding, there would be no chaotic mixing of the material. This
supports a coarse-grained picture of active nematic chaos in
which the +1/2 defects are stirring rods, efficiently mixing the
viscous fluid around them.

Does defect-driven, chaotic self-mixing occur also in growing
active nematics? The answer may impact the evolutionary fate of
the colony because of an apparently opposite trend exhibited by
growing colonies of immotile cells: Genetic demixing, or gene
segregation, divides the expanding colony into sectors that each
consist of only closely related cells [40-42]. In radially growing
colonies, many genetic sectors are lost to coarsening dynamics at
early times, after which an “inflationary” epoch occurs in which
sectors grow without interacting [43].

This demixing is a particularly stark manifestation of the
general loss of local genetic diversity found in more recently
colonized areas when a species expands its range—whether
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arising from microbial colony growth in a Petri dish or from
invasive species at scales up to the continental [44, 45]. Genetic
drift, the random fluctuations in allele frequencies from one
generation to the next, acts far more strongly at the expansion
periphery than in the homeland, as new regions become
dominated by the alleles that happened to be carried there
first (founder effect) [40, 46]. Consequently, Darwinian
selection has comparatively less influence with which to
promote adaptation [47], leaving the population more
vulnerable to eg deleterious mutations, diseases, and
environment changes.

Taken together, genetic demixing and active self-mixing raise
the possibility of evolutionary consequences for growing bacterial
colonies exhibiting active nematic behavior: If growing active
nematics experience the efficient physical mixing observed in
fixed-size active nematics, then this internal reorganization may
partially counteract or delay genetic demixing.

In considering the interplay between active nematic mixing
and genetic demixing, we note that the two phenomena have
mostly been studied under different nutrient conditions. For
growing active nematics, researchers have so far assumed
nutrient-rich conditions, meaning that bacterial growth rates
are independent of the cell's position in the colony. In
contrast, studies of genetic demixing usually assume nutrient
availability to be low enough that growth occurs only within a
short distance from the expansion front [33, 35]. However, gene
segregation still occurs in the nutrient-rich (bulk-driven growth)
scenario studied for active nematics, albeit with less sharp
boundaries between genetic sectors [42], as we will see below
in small aspect-ratio rods (Figure 6A).

In this article, we computationally investigate whether defect-
driven active self-mixing helps growing bacterial colonies to
maintain local genetic diversity. Using a minimal mechanical
model of growing and dividing rod-like cells, we study active
nematic dynamics and population evolution in tandem, including
a quantitative study of defect motion and gene segregation for
cells of various aspect ratios. Our findings shed light on
unexpected subtleties in comparing growing to non-growing
active nematics, and on potential evolutionary consequences
related to emergent active matter dynamics.

2 METHODS
2.1 Computational Model

We model growing bacteria as two-dimensional expanding rods,
whose diameter d, is fixed and whose length I; expands with a
mean growth rate g up to length [, (Figure 1A). When a rod
reaches length I it splits into two rods of length [,/2. The growth
of each rod with rate g; is linear in time, and for each rod we
choose g; to be a random variable in the interval [g/2, 3g/2] to
avoid synchronization effects [28]. Following mechanics-focused
approaches used in recent computational studies of bacterial
colonies [28, 34, 48-50], the rods’ dynamics are governed by
an overdamped motion for the positions r; and orientations ¢; =
(cos 6, sin ;)" expressed by the angle 6;. Explicitly, they are
updated according to.
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FIGURE 1 | Growing bacteria modeled as expanding rods. (A) A rod
grows, reaches length /o and splits into two. (B) Interaction between two rods,
where the normal vector nj of the particles’ closest point of contact is shown.
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where ( is a friction coefficient, e, is the unit vector that is
perpendicular to the plane of motion of the rods, r; = r; — r; is
the separation vector between two rods, and F;; are the forces between
rods. The forces are modeled using a Hertzian repulsion, which reads

Fij = Fod(l)/zhfj{zn,‘j, (3)

where F is the repulsion strength, h;; is the overlap length of particle i
and j, and n;; is the normal vector of the particles” closest point of
contact (Figure 1B). In the following we use Jy as a unit of length, and
gas a unit of velocity, implying a natural unit of time Jy/g. Our model
has two dimensionless parameters, which are the aspect ratio lp/d,
and g{/(Fol); the latter we keep fixed to gl/(Folp) = 5 x 1077, We
simulate up to 25,000 rods from an initial state of a single rod.

2.2 Mapping to Continuum Fields

To analyze the simulated colonies, we compute a nematic
tensorial orientation field from our particle-based simulations.
Following Ref. [32], we apply a smoothing function that
transforms the ith particle into

hi (r) = 1<tanh<e1Ar1+ll/2> — tanh(elArt_ll/Z>>

- . L . . —
X (tanh(ei Arl(: d0/2> - tanh(ei Ar; d0/2)>, (4)

where Ar; = r — r; is the separation from the particle’s position r;
e is the vector perpendicular to the particle’s orientation e;; I; is
the particle’s current length; and o = 2d, is the smoothing length.
The nematic field is then given by
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N
Q;w (r) = z hi (r)(zei,yei,v - 8/111)) (5)
where the sum runs over particle indices i and g, v refer to the
vector _components, and the nematic order parameter is
S=,Q, + chy. Similarly, we calculate a velocity field as
N
v(r) =) hi(r)v, 6)

where v; = dr/dt is the velocity of an individual particle
approximated from its displacement in the most recent timestep.

3 RESULTS

3.1 Velocity Field for Isolated Nematic
Defects

Before studying colonies containing many defects, we examine
the early-time behavior of isolated nematic defects programmed
into the colony’s initial condition. In hydrodynamic field
theories of fixed-size nematics, director fields
containing isolated defects display very distinct vorticity
patterns depending on whether the defect has positive or
negative charge: a +1/2 defect generates two regions of
opposite vorticity nearby, resulting in a net active force in
the transverse direction, whereas a —1/2 defect is surrounded
by a threefold-symmetric pattern of alternating vorticity that
produces no net force at the defect core [14, 39].

To investigate whether this picture applies in the case of
growing active nematics, we initialize our simulation with rod
orientations approximating an individual defect. We then
allow the colony to grow until each cell has doubled at least
once, resulting in the configurations shown in Figures 2A,D
for a —1/2 and +1/2 defect respectively. Figures 2B,E display
the corresponding nematic field, exhibiting the typical
structures of +1/2 and —1/2 defects.

The velocity field reveals a flow generally oriented radially
outward from the center of the colony for both +1/2 and -1/2
defects (see Figures 2C,F), which is induced by the radial
outward growth of the colony. We also computed the flow
fields’ vorticity w = %Lx’ - aaﬁ (color code in Figures 2C,F). In
line with nematic field theories [14, 51] the +1/2 defect displays
two regions of vorticity with opposite sign and the —1/2 defect
shows a combination of six regions with alternating sign.
These results for isolated defects lead us to expect that the
+1/2 defect self-propulsion dynamics familiar from fixed-size
active nematics will compete with the radial expansion flow in
growing active nematics.

active

3.2 Nematic Order and Defects in a Growing
Colony

Typical simulation snapshots resulting from a single-cell initial
condition are shown in Figures 3A-C, displaying the growth of a
colony. Consistent with prior work [28], we find microdomains of
rods with similar orientation. Neighboring microdomains meet at
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FIGURE 2| (A) Simulated configuration of an isolated + 1/2 defect. Color code shows the orientation of each rod. (B) Nematic director field (black lines) and nematic
order parameter (color code) extracted from the configuration in (A). (C) Flow field (black lines) and vorticity (color code) extracted from the configuration in (A). (D)
Configuration of an isolated — 1/2 defect. (E) Nematic director (black lines) and order parameter (color code) extracted from the configuration shown in (D). (F) Flow field
(black lines) and vorticity (color code) extracted from (D). The black filled circle in (B,C,E,F) shows the location of the defect core. Particles have aspect ratio lo/dg
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grain boundaries, many of which contain nematic point-
disclination defects. Figure 3D shows a typical nematic field
for a colony at the end of a simulation, where we mark nematic
defects with +1/2 (magenta arrows) and —1/2 (red circles) charge.
The defects are identified by integrating changes in orientation on
a small circuit around every point in the nematic field, leading to a
number of defect candidates around each (true) defect position,
which is then found using a clustering algorithm.

As shown in Figure 3E, this method identifies defects reliably
such that we can extract defect trajectories. These are shown in
Figure 3G for +1/2 defects and in Figure 3H for —1/2 defects. For
both defect types, we observe a predominant radial outward
trend, implying that the expansion of the colony has a strong
influence on the defect motion.

The absence of significant braiding among the +1/2 defect
trajectories (Figure 3G) represents a notable distinction from
fixed-size active nematics, where such braiding corresponds
strongly to the active material’s chaotic flow field [37].
Relatedly, we find that Lyapunov exponents calculated for our
system, using the velocity field of Eq. 6 (see also [37]), are
statistically indistinguishable from zero, regardless of particle
aspect ratio. Chaotic dynamics are characterized by nonzero

Lyapunov exponents, as these measure the separation rate of
two infinitesimally close trajectories.

As a measure of nematic order, we compute the orientational
correlation function, commonly used for characterizing nematic
liquid crystals [51], which reads

gy (1) = (Ps(ei€)), 7)

where P, (x) = 1 (3x* - 1) is the second Legendre polynomial
and r = |r; — /| is the distance between particle i and j. As we
would expect, gn(r) decays slowly for large-aspect ratio
particles, indicating nematic orientational correlations over
some significant correlation length, whereas for smaller aspect
ratios, a sharp decay of gy near r = 0 reveals an absence of
nematic order (Figure 3F).

3.3 Motion of Nematic Defects

We now examine the statistical properties of the nematic defects’
motion. First, we compute their velocities v and their speed
distribution, shown in Figure 4A. We find that both types of
defects have a peak at intermediate speeds, which is more
prominent for +1/2 defects. Conversely, and surprisingly,
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field of the colony shown in (A-C).
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FIGURE 3| (A-C) Snapshots of a simulated colony, with particles colored by orientation, at times tg/lo equal to (A) 2 x 10°, (B) 2.5 x 10°, (C) 3 x 10°. Particles have
aspect ratio lo/do = 10. (D) Nematic orientation field (black lines) and nematic order parameter (color code) calculated for the simulation snapshot shown in (C). Defects of
charge —1/2 and +1/2 are marked with red dots and magenta arrows, respectively. (E) Zoom-in of the black box shown in (D). (F) Orientational correlation function gn/(r)
as a function of interparticle distance r, for colonies with various cell aspect ratios. (G,H) Trajectories of +1/2 (G) and —1/2 (H) defects extracted from the nematic

higher speeds are somewhat more common for —1/2 defects. A
similar picture arises when we project the defects’ velocities onto
the radially (from the center of mass of the colony) outward
direction at the defect’s position (Figure 4B). Again, both +1/2
and —1/2 defects show a peak at a positive value, and the —1/2
defects’ distribution is enhanced towards high radial velocities.
That is, while colony growth generally pushes all defects farther
from the colony center, outward radial motion is greater for —1/2
defects than for +1/2 defects.

However, for +1/2 defects, we have a second contribution to
their motion: the asymmetry in the nematic field around the
defect leads to an active motion or “self-propulsion”, a well-
known phenomenon in fixed-size active nematics [7, 13, 14]. To
determine whether, and how strongly, + 1/2 defects self-propel in

growing active nematics, we compute each defect’s heading
direction p, the orientation of the “comet-head” arrangement
in the nearby director field, which is computed using the
polarization p, = —0,Q,,/|0,Qu,| at the defect core. We then
examine the projection of the defect’s velocity onto its heading
direction. The defect’s velocity is computed with two independent
methods, first from its trajectory and second from the velocity
field v(r) at the defect’s location. The resulting distributions,
shown in Figure 4C, both display a broad range of positive and
negative values, but with a bias toward positive values. This
implies that +1/2 defects move preferentially along their
heading direction, the same defect self-propulsion trend found
in fixed-size, extensile active nematics. We additionally find that
the defect heading directions are isotropically distributed in the
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distribution. (C) Distribution of velocity projected onto heading direction of +1/2 defects. For black bars the velocity was extracted from the defect trajectories while for the
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respect to the radially outward unit vector from the colony’s center of mass. (E) Mean-square displacements of +1/2 (blue solid line) and —1/2 (orange dashed line)
defects. Black line shows a t2 scaling. We used an aspect ratio of lo/do = 10 and averaged over defect trajectories from 10 independent simulation runs.
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standard deviations of 7 in each colony.
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lab frame and have no significant correlation with the radial
direction (Figure 4D).

The mean-square-displacement of defects (Figure 4E)
shows a quadratic scaling with time, signifying ballistic
motion, that stems from the radial expansion of the colony.
Ballistic motion implies that the radial expansion dominates
over the diffusive defect stirring dynamics typical of fixed-size
active nematics [37, 39].

From the distributions in Figure 4, along with the defect
trajectories in Figures 3G,H, the following conclusion
emerges: While +1/2 defect self-propulsion is detectable in
growing active nematics, the motion of +1/2 defects (as well as
that of -1/2 defects) is dominated by the radial
expansion flow.

3.4 Genetic Mixing

We now turn to a population genetics perspective on mixing
properties of our growing colonies, ie. the degree of
relatedness for spatially nearby cells. In order to quantify
mixing of particles, we compute 7, the number of
generations separating two cells phylogenetically, which is
twice the number of generations since their most recent
common ancestor (Figure 5A). Here, we first find the local
neighbors of a particle i within a radius 7., = \/Adolo/7, where
A =125 controls the size of the local neighborhood. We note
that the results presented in the following do not qualitatively
change upon varying A within reasonable bounds. For each
particle i we compute 7; as the average of its T measure with
each of its neighbors. In Figures 5B,C we show 7; for colonies
growing up to aspect ratios lo/dy of 2 and 10, respectively.
Visual inspection reveals that rods with a higher aspect ratio
have a higher 7; and therefore mix more than at a lower
aspect ratio.

On a global level, we determined the average phylogenetic
distance 7=3;),7i. As expected, 7 increases with time
(Figure 5D). Additionally, T increases with aspect ratio. In the
fully grown colony, we show T as a function of aspect ratio in
Figure 5E. We find that T increases for small aspect ratios,

implying an increase of genetic mixing as aspect ratio
increases, until around ly/d, = 7, where T plateaus.

To make a connection to experiments [35, 40, 41] we
performed simulations with two “alleles” (yellow and blue
colors in Figures 6A,B) assigned randomly once the colony
has reached N = 100 particles. Subsequently, cell division
preserves the mother cell’s allele in both daughter cells,
giving rise to the allele distributions shown in Figures
6A,B. As with the T measure, the alleles show that a colony
with aspect ratio 10 (Figure 6B) is better mixed than a colony
with aspect ratio 2.

As a measure of genetic mixing in our two-allele
representation, we compute the heterozygosity H, which,
most generally, is the probability that two randomly
selected organisms in the population share the same allele,
but which can depend on distance r in spatially structured
populations [41]. H is accessible to measurement in an
experimental setting [35, 40, 41]. We study the small-
distance limit of H(r) averaged over all cells in the colony,
which we call Hy, by considering all pairs of neighboring
particles. With this restriction, the probability that two
particles have different alleles equals the probability that
both cells are on a line of contact between blue and yellow
sectors, which recasts H, as a geometric measurement. For our
simulations we compute Hy = Cgy/Ap from configurations like
Figures 6A,B, where Cgy is the contour length of contact
between blue and yellow sectors (including single-particle
“sectors”), and Agp is the total area occupied by the blue
particles. Similarly to 7, larger values of H, imply better
mixing of the colony.

For a given Brownian dynamics simulation, we measure H,
for an ensemble of random blue/yellow color assignments
when the colony has size N = 100 particles, propagating the
colors forward in time by following the simulation’s
phylogenetic tree, obtaining additional configurations
similar to Figures 6A,B. These are used to compute the
colony-averaged value of H, and its associated standard
deviation, shown in Figure 6C. We find that for smaller
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aspect ratios, heterozygosity increases with increasing aspect
ratio, implying an enhanced genetic mixing. Comparing our
findings for 7 and H, to the measurement of nematic
correlation length (Figure 3F), we see that at low aspect
ratios, colony self-mixing improves with increasing aspect
ratio just as nematic order begins to emerge.

It is possible that simulations of larger systems would observe
active nematic self-mixing more akin to the fixed-size case. The
exponentially increasing computational expense with number of
generations favors continuum models at these larger scales.
Agent-based modeling such as the results we have presented
can help to constrain and validate continuum hydrodynamic
models for these purposes.

4 CONCLUSION

Motivated by the possibility that active mixing dynamics might
counteract genetic demixing, we have presented results from
particle-based computational modeling of growing colonies of
immotile bacteria. To the question of whether growing active
nematics exhibit the self-mixing dynamics of fixed-size active
nematics, a surprisingly “mixed” answer emerges from our
findings. On one hand, growing active nematics bear many of
the signatures of their fixed-size counterparts: not only do
disclinations arise in +1/2-winding number pairs, but the +1/2
defects behave like active quasiparticles that preferentially
move along their “comet-head” direction, with an
accompanying pair of counter-rotating vortices (for isolated
defects) as predicted by hydrodynamic theory [14]. On the
other hand, the active self-propulsion of +1/2 defects is
generally small compared to the colony’s radial expansion
flow, so that the trajectories of +1/2 and -1/2 defects
appear very similar. Most importantly, +1/2 defect
trajectories do not braid around each other; relatedly, we
find no chaotic mixing in the flow field of bacterial cells.

Despite the absence of chaos, we find, with measures
inspired by population genetics, that active nematic colonies
of high-aspect ratio cells mix themselves more efficiently than
active isotropic colonies of rounder cells. Self-mixing quality
improves with increasing aspect ratio up to around = 7, a trend
seen both in the typical time since common ancestry 7 for
spatially nearby cells as well as in the heterozygosity Ho, the
probability for a cell to have a neighboring cell of different
type. Because this physical self-mixing opposes the process of
genetic demixing, our results are consistent with the
hypothesis that active nematic dynamics measurably alter
evolutionary trends associated with colony growth for
bacterial species with elongated cell shapes. We therefore
expect that loss of deleterious alleles and fixation (complete
takeover) of advantageous alleles will occur more quickly in
colonies of higher aspect ratio cells (all other parameters being
equal) [40, 41], a prospect that we intend to investigate in
future studies.

It is worthwhile to compare the relatively weak mixing that
we observe in our simulated colonies with known results for
coexistence of spatially structured populations that passively
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undergo reorganization, such as through diffusion or external
advection. For aquatic species such as phytoplankton,
hydrodynamic flows that are chaotic but not turbulent have
been found in simulation to mix competing species imperfectly
and heterogeneously, in a manner that promotes genetic
diversity: Populations that would be out-competed to
extinction in a well-mixed system are instead spatially
isolated by the flow dynamics and thus maintained in the
steady state [53]. When the competing species are antagonistic
(suppress each other’s growth where they are in contact), fluid
flow modifies an effective line tension between gene-
segregated domains [54]. Conversely, when multiple
spatially ~ structured  populations  have  mutualistic
interactions, their ecology as a whole may be stabilized by
the imperfect mixing effects of diffusion, which impedes
extinction by enabling rare types to reproduce faster—an
effect hypothesized to have been important to the origin of
life [55].

These observations lead us to conjecture that, for internally
driven flows in growing active nematics, weak mixing of the
kind we observe may often be optimal, with regard to genetic
diversity, by inhibiting both the local demixing of flow-free
systems and the rapid extinction dynamics characteristic of
well-mixed populations. Given the benefits of weak mixing to
mutualistic ecologies [55], it will be interesting to explore
whether communities of symbiotic species benefit from
active nematic mixing if cells of one or both species have
high aspect ratio.

The model presented here includes only the birth of new
particles; in future work we aim to also include cell death and
removal. For an equal birth and death rate, the model then
becomes a typical active nematic (as in the simulations of Ref.
[7]); interpolating between that limit and the one studied here
parametrizes a family of possible active nematic models.
Additionally, the view of our system as a nematic fluid
ignores orientational discontinuities along linear grain
boundaries, which have been shown to play in important
role in confined, two-dimensional smectic liquid crystals of
hard rods [56]. Applying this perspective and including grain
boundaries into analysis of particle-based active nematics
simulations might give new insights into the structure and
growth of bacterial colonies. Further, it will be of both
biological and physical interest to study growing active
nematics in complex environments [57] such as a porous
medium [58], and in particular with respect to dynamics of
cell avalanches [59, 60].

There is also a broad range of questions inspired by
population genetics that can be probed with this model,
which we have used here to examine only the simplest
scenario of neutral evolution without mutation or
competition for nutrients. Inspired by studies on lattice
models and reaction-diffusion-type models [41, 42, 45],
other topics of interest to address with this model include:
the fixation time of an advantageous allele; the survival time of
a deleterious allele; the stability of a colony against “mutational
meltdown” in the presence of both mutation and selection
[43]; growth rate heterogeneity due to differential uptake of
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finite nutrient resources; and robustness of a genetically
heterogeneous colony against a spatially or temporally
heterogeneous [61-64]. Agent-based
simulations incorporating these genetic scenarios alongside
mechanics are a promising tool for combining the perspectives
of population evolution and active matter dynamics, providing
insights into the evolutionary consequences of emergent
collective motions.
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