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Abstract

Gene drives are genetic elements that can rapidly spread through populations, offering potential
solutions for controlling disease vectors and pests. In some scenarios, it is necessary to utilize drives
that can be confined to only target populations. The success of these threshold-dependent gene drives,
which require a minimum local frequency to establish, depends critically on the spatial strategy used
for introduction. Here, we use a reaction-diffusion model to systematically identify optimal release
patterns that maximize the per-capita efficiency for four distinct gene drive designs as well as use of
Wolbachia bacteria, which spread similarly to frequency-dependent gene drives. We find that the most
efficient release strategy is highly dynamic, transitioning from a broad “everywhere” release for short
timeframes to a “multiple-ring” pattern for intermediate times, and finally to a focused “center”
release for longer timeframes. These timeframes depend on the specific type of drive, with more
powerful variants transitioning more quickly to center releases. Our results demonstrate that these
optimized, variable release strategies can be substantially more effective than simple uniform releases.
This study provides a quantitative framework for designing effective gene drive implementations,
highlighting that a carefully planned spatial strategy is essential for maximizing impact, making
optimal use of available resources.

Introduction

Gene drives are genetic elements that can bias their inheritance and spread through populations [1-4].
This property makes them powerful potential tools for addressing major public health and ecological
challenges. Modification drives can modify vector populations to prevent disease transmission, and sup-
pression drives can suppress target pest species [5-7].

Gene drive systems can be broadly categorized based on their invasion dynamics into non-threshold
and threshold drives [4, 8, 9]. The introduction threshold is the critical frequency above which the drive
has to be released to spread successfully in a panmictic population. Zero-threshold drives, such as most
CRISPR homing drives [10, 11], can invade a population from an arbitrarily low initial frequency. In
contrast, threshold-based drives have a nonzero minimum introduction frequency, which can arise both
from the intrinsic property of the drive mechanism itself or from any fitness cost imposed by the drive
construct. Underdominance drives are a major type of confined drives that have a nonzero introduction
threshold even in ideal form [9, 12-22]. The principle behind this is that drive/wild-type individuals
are less fit than either wild-type or drive homozygotes, though the mechanism of this can vary between
drives. Many additional drives lack an introduction threshold in ideal form, but gain one if they have any
fitness cost (most real world drives are expected to have at least a small fitness cost due to the presence
of the drive itself, regardless of drive mechanism). Examples of gene drives that have a threshold only
with a fitness cost include Medea [23] and TARE [24, 25]/CIvR [26, 27], the latter of which belong to
the family of CRISPR-based toxin—antidote drives. Only some of these drives can be used for population
suppression, but all could potentially be used as part of a tethered drive system, allowing them to
provide confinement for a homing suppression drive [22, 25, 28-30]. Maternally inherited Wolbachia has
similar properties, though it usually has a substantial fitness cost and thus in practice would usually have
population dynamics closer to underdominance systems [31, 32]. It has the benefit of often being able to
block transmission of certain diseases on its own, unlike gene drives that require a cargo gene. It has thus
had some success in the field [31, 32]. On the other hand, it is also less flexible due to lack of methods
for engineering its genome.
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The existence of an introduction threshold provides a highly desirable form of biocontainment, as the
drive is less likely to invade non-target populations when migration rates are sufficiently low. On the
other hand, it presents a significant implementation challenge: a release that is too small will fail, with
the drive being rapidly eliminated by selection. This can be easily understood in a panmictic population,
but in a spatial population, the dynamics of the drive are more complicated in situations where the
threshold is exceeded in only some of the total area.

The theoretical basis for the spatial spread of such systems was established early, describing the
advance of an alleles as a traveling wave [33]. Analysis of the dynamics of systems with a frequency
threshold showed that the wave front of a threshold-based drive is “pushed” by dispersal from high-
frequency areas behind it, in contrast to the “pulled” wave of a non-threshold drive [34]. This makes
the spread of confined drives highly sensitive to spatial factors, such as density gradients and dispersal
barriers, which can halt or even reverse their advance [35, 36]. Consequently, the spatial pattern of
the initial release is not merely a logistical detail but an essential determinant of whether the drive
can establish a self-sustaining wave of advance, which is possible only if the release exceeds a “critical
bubble” [34, 36, 37]. Thus, some modeling work has investigated the release pattern for different systems,
often aiming to find the least number of drive individuals required for success of a gene drive [16, 38-40].
However, such a “critical” gene drive release is not the optimal release strategy. It provides only the
minimum required release for the drive to persist, not to ensure optimal spread. A true optimal release
strategy would maximize the per-capita efficiency of the drive individuals released, defined as the final
number of drive alleles for a given release effort, given a particular timeframe, These previous studies have
shown significant variation in drive spread efficiency with different release patterns. Therefore, choosing
the optimal release strategy can save considerable resources that can be deployed elsewhere.

In this study, we systematically identify the release patterns that maximize drive spread efficiency
for four threshold-dependent gene drive systems and Wolbachia. Using a reaction-diffusion model, we
find that the optimal release strategy is highly dynamic, transitioning from a broad “everywhere” release
for short timeframes to a multiple-ring pattern for intermediate times, and finally to a focused single-
region release for longer timeframes. Our results provide a quantitative framework for designing release
strategies and demonstrate that an optimized spatial configuration can dramatically increase the efficiency
of confined population genetic engineering systems.

Methods

Overview

To identify release strategies that maximize efficiency, we assessed the population dynamics of four gene
drives plus Wolbachia bacteria with a reaction-diffusion model. These were selected to include both
modification and suppression drives with a range of introduction threshold frequencies. We defined a
“spread efficiency” metric based on the number of drive alleles generated (for modification drives) or
population size reduction (for suppression drives) per released individual over a fixed time period. We
then used numerical optimization to find the radially symmetric release pattern that maximized this
efficiency for a given operational timeframe.

Drive types

Toxin- Antidote Recessive Embryo (TARE) consists of a drive element inserted into a haplosufficient
but essential gene [24, 25, 29]. The drive’s Cas9 and gRNA constitute the toxin and cleave the wild-type
allele of the gene, while a recoded, cleavage-resistant rescue is provided in the drive itself. In germline cells,
drive allele will cleave wild-type alleles, forming disrupted alleles, which are then inherited by offspring. If
an individual has a drive mother, any wild-type alleles can be similarly cleaved at the early embryo stage.
Disrupted alleles are recessive lethal, meaning that homozygotes for this allele are nonviable (Figure 1A).
Any individual with at least one drive or wild-type allele is viable. Hence, TARE drive increases in
frequency by eliminating wild-type alleles, which are turned into disrupted alleles and lost in disrupted
homozygotes. Previous modeling studies found that TARE drive has an introduction threshold of zero,
but gains a nonzero threshold whenever the drive allele has any fitness costs [24, 25, 41]. In this study,
we assume an ideal TARE drive. It has no fitness costs for drive alleles and 100% germline and embryo
cut rate.

2-locus TARE is a drive that comprises two types of TARE constructs, each at different unlinked
genetic loci [22]. Each drive allele provides rescue for the gene at its own site and cleaves the wild-type
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allele at the site of the other drive allele type (Figure 1B). Unlike TARE drive, 2-locus TARE has a
moderate introduction threshold of 18% even without fitness costs for the drive alleles [22, 41]. We model
ideal 2-locus TARE drive with no fitness costs and 100% germline and embryo cut rate.

Toxin-Antidote Dominant Embryo (TADE) suppression targets a haplolethal gene, where two
functional copies are required for viability [25]. A recoded rescue of the target gene is also contained in
the drive construct. Thus, if the number of drive and wild-type alleles in a genotype is less than two,
the organism will be nonviable. TADE modification drive does not differ in any other respects from
TARE drive in terms of its design. Unlike TARE drive, embryo cleavage is not desired in TADE because
it would render some drive-carrying individuals nonviable. This would create a nonzero introduction
threshold, even if all other performance aspects are ideal. A TADE suppression specifically disrupts a
haplosufficient but essential female fertility gene, making females sterile if they lack a wild-type copy
of the gene [22, 25, 41-43]. In distant-site TADE suppression, the version of the drive that we model
in this study, female fertility gene disruption is achieved by locating the drive itself inside the female
fertility gene (not via gRNA targeting). This means that the haplolethal target gene that the drive
cleaves is at a distant site to the drive. Because drive homozygous females are sterile, strong population
suppression is achieved with this drive. However, it still only has a nonzero introduction threshold if
there are fitness costs or cleavage in the embryo form due to maternal Cas9/gRNA deposition. Our ideal
TADE suppression drive has no fitness costs, 100% germline cleavage, and no embryo cleavage. All the
possible genotypes in our model are listed in Figure 1C.

CifAB utilizes the toxin-antidote mechanism of two genes in prophage WO of Wolbachia: CifA and
CifB. It thus has the same cytoplasmic incompatibility mechanism as Wolbachia, but on the genetic
level rather than with a bacterial infection [38]. A male with the CifB gene can cause cytoplasmic
incompatibility (the toxin), while a female with the CifA gene (sometimes also requiring the CifB gene)
produces an antidote [44-46]. The absence of the antidote in the presence of the toxin prevents offspring
from being produced (Figure 1D). For this drive, we assume that CifA and CifB are both in the drive
allele. We assume that all crosses produce normal offspring, except wild-type females crossed with any
drive carrier male, which produces no offspring. This “CifAB drive” is a highly confined system with an
introduction threshold of 37% [38, 41] in the ideal form that we model (100% cytoplasmic incompatibility
and no fitness costs).

Wolbachia bacteria can spread through a population in a similar manner to a gene drive [32].
They are vertically transmitted by infected females to all their progeny, whereas infected males do not
transmit the bacteria. However, cytoplasmic incompatibility results in no offspring if wild-type females
mate with Wolbachia-infected males. Wolbachia exhibits an introduction threshold whenever infection
imposes a fitness cost. In this study, rather than an ideal system, we use a fitness of 0.75 (affecting
female fertility and male mating success) for Wolbachia-infected individuals based on field observations
and experiments [47]. This gives Wolbachia an introduction threshold of approximately 31%.
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Figure 1 Schematic of gene drive mechanisms. A TARE. In the germline, the drive cleaves wild-
type alleles, converting them to disrupted allele. In the progeny of drive females, maternally deposited
Cas9 and gRNA will further cleave wild-type alleles. Disrupted allele homozygotes are nonviable. B
2-locus TARE. There are two TARE drive, and each cleaves the wild-type allele that the other rescues.
C TADE suppression. Individuals with less than two copies of the target gene (either in the drive or
wild-type allele) are nonviable. The drive construct is inserted into and disrupts a haplosufficient but
essential female fertility gene. This makes female drive homozygotes sterile. D Wolbachia CifAB.
A wild-type female mating with a male containing at least one copy of the drive allele will produce no
offspring. Other types of mating have normal inheritance. For Wolbachia, wild-type females produce no
offspring when mating with infected males, and Wolbachia infection is inherited maternally.

Reaction-diffusion system

We use a reaction-diffusion system to simulate population dynamics:
U _ pAu+ f(u) (1)

here u is the vector of population sizes for each genotype, D is the dispersal coefficient (the average
dispcrsal set to 1 by default), and f(u) is the reaction term. Assuming radial symmetry, the Laplacian

is A = a s+ 1 = 3 . The reaction term is as previously reported [48]:

T
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where N = > w; is the total population size, p is a vector of probabilities, and its j-th entry is the
probability of getting an offspring of genotype j given the current population composition including type
of gene drive or Wolbachia system (see supplemental section egs. (8), (9), (10), (11) and (12) for details).
A is the intrinsic growth rate (by definition one lower than the relative “low-density growth rate” used
in some other models), and 7 is the death rate (set to 1 by default, so 1 is the generation time at
equilibrium). Model parameters are listed in Table 1.

Table 1 Parameters used in the reaction-diffusion system.

Variable | Name Value
D Dispersal coefficient | 1
A Intrinsic growth rate | 9
y Death rate 1

Release pattern and spread efficiency

In general, a release pattern can be any function supported on a two-dimensional area. However, in real-
world scenarios, executing a precisely variable release pattern is often impractical due to complexities in
topography and transportation logistics. Furthermore, optimizing over a two-dimensional variable release
shape is computationally expensive. With these two considerations, we simplify the problem to finding
the optimal release pattern among all patterns that are centered at an origin and are radially symmetric
(Figure 2). This will contain the actual optimal release pattern while minimizing the computational
intensity of the problem.

A B

7

Distance to origin

Figure 2 Schematic of release strategy. A A larger region of wild-type individuals (blue) to be
controlled by multiple gene drive releases (red). Each release is responsible for spreading the gene drive
into one hexagon (with possible contribution from the surrounding drive releases). B A view of one gene
drive release site. The gene drive release is centered at an origin and is radially symmetric. C The gene
drive release frequency as a function of radius in the single release zone.

Under the radial symmetry assumption, the problem is 1-dimensional. We drop drive individuals at
time tg = 0, which serves as the initial condition:

u(0,r) = g(r) 3)

We only release drive individuals of a single genotype, say genotype i. Therefore, all but two entries in g
are zero (the population size of wild-type individuals starts at its equilibrium of 1). We refer to the i-th
entry of g as the release pattern:

h(r) = gi(r) (4)

We will optimize this function.
Now we introduce the objective function in our optimization, the spread efficiency of a gene drive.
For modification drives (TARE, 2-locus TARE, CifAB and Wolbachia), we define spread efficiency as:

# drive alleles at t1
Erodification (P, t1) = : 5
moditication (R 1) # drive alleles released at tg 5)
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For suppression drives (TADE suppression), spread efficiency is:

(# individuals at tg) — (# individuals at ¢;)
# drive individuals released at tg

Esuppression(h7 tl) = (6)
In other words, the spread efficiency of a modification drive is the number of drive alleles we can obtain
on average by releasing one drive allele, and the spread efficiency of a suppression drive is the number of
individuals we can eliminate on average by releasing one drive individual.

Numerical computation

We use the explicit finite difference method for numerical simulation of the reaction-diffusion equation.
The radius of the whole arena R is set large enough so that the wave never reaches the boundary of the
whole arena (R = 400 for all sections except the long term release pattern section, which uses R = 10000).
The maximum radius of the release area is kept at L = 200. A spatial-temporal mesh of Ax = 0.5 and
At = 0.05 is used throughout. While a finer spatial mesh would improve resolution, the Von Neumann
stability criterion for heat equations requires the time step to scale quadratically with the spatial step
(At ~ Az?) to avoid numerical instability. This means that the computational cost scales cubically with
the inverse of the spatial resolution (O(Axz~3)). We arrive at Az = 0.5 because further reduction in Az
would result in a prohibitive increase in runtime for the iterative optimization process. We find that this
resolution produces sufficiently smooth curves for our variable shape release patterns.

Optimal constant-density circle releases

We first restrict the optimization to circle releases that have the same release density throughout the
circle. A circle release is parameterized by the release radius rg and release frequency fo.

f07 OSTSTO
Pare(r) =9 ro<r<R

We investigate this for two reasons. (i) In some real-world scenarios, it may be difficult to release the gene
drive in a complicated shape, while a constant-density release in a single area is relatively simple. (ii) The
drive spread efficiency of an optimal circle release serves as our baseline for the drive spread efficiency of
the optimal variable release discussed in the next section. We denote the set of all circle release patterns
as Heircle, and for a set of times 7, we find the corresponding optimal circle release pattern:

hoptimal circle (t) = argmaXE(h, t), teT
h€Hcircle

Optimal variable releases
We next extend the optimization to variable release curves. Under our spatial mesh, a variable release
pattern is any piecewise constant step function on the interval [0, L].

h(r) = fi, 1 <r <ri1, wherer; = iR7 0<i<n (7)
n

We denote the set of variable release patterns as Hyariable, and for a set of times 7T, we find the
corresponding optimal variable release pattern:

hoptimal variable (t) = argmax E(h7 t), teT
h€Hvariable

Data generation and software

Simulations and optimizations were performed in MATLAB R2025b. All code used in this study is
available at https://github.com/Zii-yyE/gene-drive-optimal-spatial-release.
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Results

Drive efficiency of circular releases

Before comparing optimal release strategies, we first asked how much spread efficiency can vary between
circle releases. To do so, we calculated the spread efficiency (see methods) of circle releases with varying
release radii and introduction frequencies at an intermediate timeframe for each drive system where the
optimal release would not be an "everywhere” release (see below). The resulting heatmaps reveal that
spread efficiency is highly sensitive to the release pattern. Even under this restricted class of releases,
different choices of radius and frequency can lead to markedly different outcomes, ranging from highly
efficient spread to poor performance, and in some systems spanning several orders of magnitude. Releases
below the introduction thresholds for 2-locus TARE, CifAB, and Wolbachia always failed, of course, and
releases close to the failure threshold also had poor performance. However, if releases were too wide or
too high, efficiency also suffered. The highest efficiency would usually found in a band moderately above
release requirements in both radius and release frequency. We can thus conclude that optimization of the
drive release pattern can substniually improve the overall efficiency of a drive release.

TARE (T=40) 2-locus TARE (T=40) TADE Suppression (T=100)
| [
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Figure 3 Spread efficiency for circular releases. Simulation times are chosen as indicated for
different systems. Each panel shows spread efficiency for a circle release as a function of release frequency
and release radius. Black points indicate the most efficient release within each heatmap. Note the different
scales for efficiency and release radius for different systems.

Optimal circle release pattern

We performed optimization on circle release patterns for TARE, 2-locus TARE, TADE suppression,
CifAB, and Wolbachia bacteria (Figure 4, see also Figures S1 to S5). In most cases, we used ideal drive
forms, but for Wolbachia, we used a fitness cost of 0.25 to match real-world releases (see methods). The
optimal pattern for modification drives is one that results in the most alleles at the final timepoint for
each drive allele released. For the suppression drive, the optimal pattern is the one that results in greatest
population reduction for each drive individual released. The optimal circle release pattern changes based
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on the final timepoint. With a short timeframe, the optimal circle pattern will cover the whole area
allowed for release (note that this doesn’t represent the entire arena in this model, but the optimal
release would indeed cover the entire region). This is because the drive does not have time to form a
wave and advance and spread to new areas. It can only somewhat increase in frequency in the release
area. As time increases, the radius of the optimal circle pattern suddenly shrinks to no longer occupy the
whole release area, while the release frequency within the release area somewhat increases. As the time
further increases, the radius of the release gradually decreases and the introduction frequency becomes
stable, usually but not always increasing asymptotically.
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Figure 4 Optimal circle release pattern. Graphs show the optimal release radius and frequency
for three total simulation times (in generations) for each drive (note that different drives have different
simulation times displayed). Units of distance correspond to the average dispersal in one generation. The
maximum possible release radius is 200.

As expected, the more powerful drives required lower release sizes (Figures S6 and 7) and release
radii (Figure 4, Figures S1 to S5), also transitioning more quickly from “everywhere” releases to releases
in a restricted region. TARE did this most quickly, followed by 2-locus TARE and TADE suppression.
Note that despite the lower introduction threshold of TADE suppression compared to 2-locus TARE;, it
is still a slower drive due to its suppression effect [41]. These were followed by Wolbachia, which was
substantially slowed by its fitness cost, and finally by CifAB drive, which has a high threshold and slow
wave of advance.

Optimal variable release pattern

We next fully optimized the release patterns for each drive, allowing for a variable release shape across
the entire release area (Figure 5, see also Figures S1 to S5). The pattern also changes with time, going
through several stages. For the shortest timeframes, the optimal pattern is an “everywhere release”,
similar to the circle releases. However, the release density tends to be slightly larger near a radius of 200,
which is a minor artifact of this maximum radius. This higher release near the boundary between drive
and wild-type is also seen in some other release patterns for systems with higher introduction thresholds.
It allows for higher drive density where dispersion may otherwise reduce drive density due to proximity
of nearby wild-type, thus allowing the drive to remain above its introduction threshold and continue
to spread. For relatively longer timeframes, the optimal pattern smoothly but quickly transitions to a
“multiple-ring release” (with a central release zone included in some cases). Unlike the “everywhere”
release, the multiple-ring release covers only some of the territory using several rings of drive release
and leaving wild-type rings between them. This occurs when the drive is able to slightly spread out
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due to dispersal in the simulation timeframe, covering all the space between the release rings. For even
longer timeframes, the optimal variable release eventually transitions to a single ring (which will cover
the middle area within the simulation timeframe) and ultimately to a single central release. With these
longer times, the gene drive has sufficient time to form a full wave of advance and spread a substantial
amount, so it is no longer necessary to release it across the whole region. A single release covers less
territory, but multiple releases could be used to efficiently cover the whole arena if needed. The drive
wave advance now significantly increases the amount of drive alleles present in not just the release area,
but well outside of it.
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Figure 5 Optimal variable release pattern. Graphs show the optimal release radius and frequency
for three total simulation times (in generations) for each drive (note that different drives have different
simulation times displayed to show the different release pattern forms). Units of distance correspond to
the average dispersal in one generation. The maximum possible release radius is 200.

Long term optimal release pattern

As the timeframe of the simulation increases to an arbitrarily large level, the drive will expand outward,
forming a circle. In a small circle, surrounding wild-type will cause the drive to be at a geometrical
disadvantage due to its frequency-dependent performance [21], slowing its advance. As the circle expands,
though, this effect will be reduced. Eventually at the edge of the circle, it will advance nearly as quickly as
a flat wave of drive advancing into wild-type, asymptotically reaching this peak speed. When this phase
of drive advance dominates the timeframe, then further increases in the timeframe should not significantly
affect the optimal release pattern. This is consistent with our results thus far, where we observed that
the optimal release pattern does not substantially change for longer times for higher threshold drives.
We thus sought to assess this long-term optimal release pattern by optimizing our drive release for a
very long time window (7' = 10000). This was performed both for circular constant-frequency releases
and variable pattern releases (Figure 6). In all these releases, the frequency is about 5-20% above the
threshold over most of the release area. The lowest threshold drives have the smallest total release size,
despite 2-locus TARE having a greater wave advance speed than TADE suppression.
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Figure 6 Long term optimal release pattern. Graphs show the optimal release radius and frequency
for both circular constant-density and variable release patterns for each drive. All drives have the same
simulation time 7' = 10000 generations. Different drives have different axis scales. Units of distance
correspond to the average dispersal in one generation.

We note that the constant-density circular releases and variable releases are highly similar in shape
and usually have a less than 1% difference in release size (CifAB with the highest threshold has a less than
5% difference). For the lower threshold systems, the variable release pattern has a higher concentration
in the center to allow for a strong core of drive establishment, followed by outward expansion. For the
higher threshold systems (CifAB and Wolbachia), the optimal shape has lower density near the very
center, which will be covered by outward migration for further toward the edge of the release circle. The
outer region of the release circle has a release frequency well above the introduction threshold, allowing
it to withstand dispersal from wild-type individuals surrounding the circle, thus helping to overcome the
geometrical disadvantage from a central release.

Optimal spread efficiency

We next examined the spread efficiency achieved by optimal release patterns (Figure 7). The release size,
if not overall efficiency, in these strongly correlated with the general class of release pattern (everywhere,
multiple ring, central release). For short timeframes, the highest efficiency is achieved by releasing a large
number of drive individuals, which corresponds to the “everywhere release”. As the timeframe declines,
the number of released individuals drops rapidly in “ring release” patterns, with the rings becoming more
spread out. This particular phase is not present for constant-density circular releases. After a critical
point in time, the release size drops to a low level and afterward only modestly declines (Figure S6),
representing a single central release.
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Figure 7 Drive spread efficiency and release size. For constant-density circle and variable optimal
drive release patterns, we show the total release size on the left axis, which is the fraction of wild-type
individual density in one unit area, defined by the average dispersal distance. On the right axis, we
display drive spread efficiency. Figure S6 more clearly shows release sizes at larger timescales for each
drive.

The type of drive plays a significant role in overall efficiency. In general, the overall efficiency is
correlated with the introduction threshold, though TADE suppression is the exception again, with its
slower wave advance reducing efficiency compared to 2-locus TARE, despite its lower release level. The
faster drives also more quickly transition from an everywhere release to a single point release. Interestingly,
with optimized releases, the efficiency does not always strongly correlate with release pattern (constant-
density vs. variable, everywhere vs. ring vs. single central). In TARE drive, for example, the shape
of the efficiency curve does not significantly deviate between low and high timescales, and the variable
release pattern is only marginally more efficient than the constant-density circle release. For the other
drives, variable vs. circle efficiency is also similar at higher timescales (single central release) and very
short timescales (everywhere release). In between, the ring release in the variable pattern can provide
a substantial efficiency improvement (in particular CifAB, and only marginally for TADE suppression)
compared to a constant-density circular release. For these drives, the variable release efficiency tends to
linearly increase, before eventually following a square law at higher efficiency (in the long term, the drive
circle expands its radius at a near-constant rate). This is in contrast to the smoother efficiency curves
for the constant-density circular release.

Drive efficiency compared to panmictic models

In some cases, it may be possible to do a widespread gene drive release, or in some species, populations
may be better represented as panmictic. In these cases, optimized gene drive release is simplified, requiring
only a single parameter: the introduction frequency (which will be above its threshold, with the exact
amount depending on the timescale). In panmictic models, there is also a maximum gene drive frequency,
rather than the potential to continue expanding in spatial models of large arena. This provides a maximum
possible efficiency for threshold-based drives, which must be released above the threshold to succeed. On
the other hand, spatial models create a more difficult situation for the gene drive at first, with dispersal
from wild-type outside the release areas. We were thus interested in comparing drive spread efficiency
between optimal spatial and panmictic releases.

To assess this, we ran simulations to optimize drive release in the panmictic model and calculated
drive spread efficiency in the same way as in our spatial models (Figure S7). We then plotted the ratio
of drive spread efficiency from our variable release in the spatial model to the same efficiency in the
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panmictic model (Figure 8). At first, the pattern shows lower efficiency in the spatial models, especially
for TADE suppression, which is particularly vulnerable to frequency-dependent effects. This is the region
of the “everywhere” release in the spatial model, but the maximum release area is still smaller than
the total arena size. Thus, wild-type dispersal still reduces efficiency compared to the panmictic model,
albeit only a small amount. However, with an expanded timeframe, the spatial release changes to other
patterns, and drive spread to new areas allows efficiency to be substantially higher in spatial populations
than for panmictic populations.

TARE 2-locus TARE

TADE Suppression

Drive Spread Efficiency Ratio (Spatial/Panmictic)

40 - Wolbachia

30

20

10 ~

1 | e
0IIIIIIIIIII
SSSSSSSSSSS
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Figure 8 Drive efficiency comparison between spatial and panmictic models. The plots
show the efficiency ratio for each system as a function of the simulation timeframe. This is the drive
spread efficiency for the optimal variable release pattern in the spatial model divided by the drive spread
efficiency for the optimal release level in a panmictic model.

Discussion

In this study, we optimized release strategies for four different gene drives—TARE, 2-locus TARE, TADE
suppression, and CifAB, plus Wolbachia, using a reaction-diffusion model. Our goal was to identify re-
lease patterns that maximize drive spread efficiency over a given timeframe. Results reveal that the
optimal release strategy depends critically on both the type of the gene drive and the intended oper-
ational timeframe. A key finding is that optimal release strategies follow several distinct patterns: an
“everywhere” release for short timeframes, a “multiple-ring” release for intermediate times, and a central
release for longer timeframes. This transition from broad coverage to a focused core reflects a strate-
gic logic that leverages the drive’s own dispersal capabilities to maximize the effect per released drive
individual. The “multiple-ring” pattern is a particularly non-intuitive and powerful strategy, effectively
seeding a large area and relying on dispersal to fill the intervening gaps, thereby achieving control with
a smaller investment of engineered organisms.

While we did not compare optimal release strategies to a variety of non-optimal patterns, previous
work has shown that substantial efficiency advantages are accrued [38], making these optimal releases
patterns valuable. Compared our optimal circular and variable pattern releases, we see that the degree
to which different drives benefit from the variable release pattern. For a highly efficient drive like TARE,
the performance gain from a variable release over a simple optimized constant-density circle release is
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modest. While such an optimized release can still be better than alternatives, there will usually be no need
for more advanced strategies for such a drive. In contrast, for confined drives with higher introduction
thresholds, such as 2-locus TARE and CifAB, an optimized variable release can be significantly more
efficient than the best circle release unless the timeframe for the intervention is very long. This highlights
a critical principle: for drives that are inherently difficult to establish and spread, a well-planned spatial
release strategy is beneficial and may be essential for success.

In analyzing the release pattern, we noted that for the higher threshold CifAB drive and Wolbachia,
the optimal release frequency is lower near the origin and higher toward the edge of the release area. This
represents an efficient strategy that concentrates release efforts at the propagating wave front, which will
suffer from an initial influx of wild-type individuals during initial dispersal. However, we did not observe
this pattern for the central releases of lower threshold drives. These systems are still frequency dependent,
but their lower threshold means that the edges are in far less danger of being overwhelmed by influx of
wild-type alleles. This effect still slows the drives, but outward migration is enough to stabilize the initial
condition without needing a higher frequency of drives on the edge of the release area. Interestingly,
we did observe this release pattern for central releases of 2-locus TARE for intermediate times, but it
disappeared when the timeframe became larger. This may be because after a sufficiently long time, the
optimal release does converge to a critical bubble. This is why the zero-threshold drives (with a zero-size
critical bubble) continue to slowly reduce release size after an extended period of time, while the higher
threshold drives asymptotically converge on the critical bubble.

This work potentially fills a useful niche in analysis of frequency-dependent gene drives and other
genetic population engineering systems. While previous studies have investigated strategies for releasing
gene drives, they have mostly focused on unconfined systems such as homing drives. Those that evaluated
frequency-dependent drives usually did not investigate continuous space models (or models producing
analogous results), and those that did focused mainly on the critical release, which is different from the
optimal release we seek in a real-world scenario, at least for most meaningful timescales. Even panmictic
studies tend to focus on thresholds rather than optimized releases for a specific timeframe. Our study
also investigates some promising new types of drives, which have different spatial properties than systems
assessed in older studies [40, 41]. Moreover, previous studies have often been limited to comparing a few
simple, pre-defined release patterns [16, 38]. Our study systematically optimized the release pattern over
a continuous, radially symmetric space, providing a more rigorous answer to the question of how to best
release a drive. Our findings support the notion that spatial dynamics are of paramount importance to
the population dynamics of confined gene drives.

While a potential starting point for planning a gene drive release, our study necessarily makes several
simplifying assumptions. We assumed radial symmetry, which neglects the environmental heterogeneity
of real-world landscapes, which can influence density and have a large effect on spread [21, 32, 49]. Our
model is also deterministic and assumes ideal drive characteristics, such as 100% drive efficiency, no fitness
costs, and the same dispersal coefficient everywhere in the landscape. Stochastic events in particular may
be highly important when predicting the outcome of a suppression drive [42, 50, 51]. These considerations
can influence drive performance and should be considered [38, 40]. Individual-based, stochastic models
may be crucial for validating their applicability to real-world scenarios, where chance events can play a
significant role at the low-density wave front. Extending this optimization framework to spatial models
with heterogeneous landscapes would be a valuable next step. Furthermore, future work could explore
alternative optimization objectives, such as minimizing the time to modification/suppression for a fixed
release budget or vice versa. Logistical costs could also be incorporated if such data were available.
Even in a simple situation, with a maximum release level in a certain timeframe, but with possible
ongoing releases, the optimization problem would become considerably more complicated, especially if
the available release capacity was insufficient to form at least one or more optimized release patterns in
a single release event. Indeed, it might be that a release over a few generations is more optimal for high
threshold drives because of less reproduction loss at high densities. For a specific real world application,
use of region-, species-, and drive-specific models should be evaluated together with these considerations
for determining if a gene drive release is a suitable strategy and how such a drive should be deployed.

In conclusion, this study demonstrates that the spatial arrangement of a gene drive release is a
critical and optimizable parameter. Suitable strategies, such as the multiple-ring release, can increase
the efficiency of a drive release over simpler circular releases, particularly for highly confined gene drives.
This work underscores the necessity for careful strategic planning for field implementations of gene drive
technology, where an optimized release pattern could mean the difference between success and failure.
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Figure S1 Optimal release patterns for TARE. Solid lines are optimal variable release patterns.
Dashed lines are optimal circle release patterns. T shows the number of generations for the optimization

timeframe.
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Dashed lines are optimal constant-density circle release patterns.
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Figure S4 Optimal release patterns for CifAB. Solid lines are optimal variable release patterns.
Dashed lines are optimal constant-density circle release patterns. T shows the number of generations for
the optimization timeframe.
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Figure S6 Drive spread efficiency and lower release size. Identical to Figure 6, but with rescaled
axis to provide a clearer view of lower release sizes.
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Figure S7 Drive spread efficiency for spatial variable and panmictic releases. For panmictic
and variable optimal drive release patterns, we show the drive spread efficiency as a function if simulation
timeframe.
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Reaction terms in the reaction diffusion system

We list for each gene drive the p in the reaction term f(u) = 0 AN___p — ~yu. Let f; denote the

N—1)N+I
frequency of genotype i in the local population (i.e., f; = u;/N). p; in p denotes the probability of
getting an offspring of genotype 7 in the next generation. p;’s are not normalized and do not necessarily

sum to 1.

TARE
1 1 1
Pww = fww (fww + ifwr) +fwr (ifww + wa'r) (83)
Pwd = fwd (%fww + ifwr) + fdd (fww + %fwr) + fdr (%fww + ifwr) (Sb)
1 1 1 1 1 1
Pwr = fuw (§fwr +f'rr> + fuwd (gfww + war) + fuwr (ﬁfww + Efw'r + §f'rr>
1 1 1
+ fdr (5fww + wa'r) + f’l"!‘ (fww + 5fw7‘> (SC)

Paa = Fua wad 5 faat ifdr) + faa (%fwd t faat %fdr)

4 far (Ghoa+ 3 faa+ v ) (s4)
Par = Fuw (%fwd +faat %fd,.) + fud (%fwd + Lhur+ L faa S far %f)

+ fur (%fw t faa+ %fdr) + faa (%fwd 3 furt L fart fw>

+ far (%fwd + JFor+ S haat S hant %f) + for (%fwd + faa+ %fdr) (se)

1 1 1 1 1 1
Prr = fww (5fwd + Efdr) + fwd (wad + wa?“ + Zfdr + gfr'r)

1 1 1 1 1 1 1 1
+ fwr (5fwd + war + Efdr + Efrr) + far (wad + war + Zfd'r + 5frr>

1 1 1
+ frr (5fwd+§fwr+§fdr+frr> (Sf)

2-Locus TARE

p2locustare

1 1 1
Puwwww = fwwww (fwwww + Efwww'r + §fw'rww + warw'r)

1 1 1 1
+ fwwwr (5fwwww + *fwwwr + *fwrww + *fwrwr

4 4 8 )
1 1 1 1
+ fwrww (5fwwww + wawwr + warww + gfwrwr)
1 1 1 1
+ f’wrwr (wawww + gf’w’wwr + gf’wrww + T6fwrwr> (ga)
1 1 1 1 1 1
Pwwwr = fwwww (5fwww'r + wa'rw'r) + fwwwr (Efwwww + *fwwwr + wa'rww + warw'r)

2
wdww www wwwr T Jwrww wrwr

1 1 1 1
+ fuldwr (ifww'ww + 7fwww7' + 7fwr'ww + *fwrwr)

4 4 8
1 1 1 1 1 1
+ fwrww waww'r + gfw'rw'r + fw'rwr wawww + wawwr + gfw'rww + gfwrw’r (Qb)

1 1 1 1
Pwdwd = fwdwd (wawww + gfwwwr + gfwrww + Twarwr)

1 1 1 1
+ fwddd Efwwww + wawwr + warww + gfw'r‘wr)

1 1 1 1

+ fwddr (wawww + gfwwwr + gfwrww + Efw'rw'r)
1 1 1 1
(5fwwww + wawwr + warww + gfwrwr)

1 1 1
+ fdddd (fwwww + 5fwwwr + Efwrww + warwr)
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+ fdddr (;fwwww + ifwwwr + if’wrww + fwrwr)
1 1 1
+ fdrwd (wawww + gfwwuw + gfwrww + Efwrwr)
1 1 1 1
+ farad (5fwwww + wawwr + warww + gfwrwr)
1 1 1 1
+ farar (Z wwww wawwr + warww + — fwrwr) (9¢)

Pwdwr = fuwdww

1 1 1
2f’wwww + 4f'LU’Luw’r + 4fwT'Luw + f’wrwr)

/_\

1 1 1
(4fwwww + wawwr + Bfwrww + 6fwrwr)
1 1 1 1
(7fwwww + wawwr‘ + warww + gfwrwr)

2
+ Fudar (3 Fuwn + = Fuwr + = Furu + 1
wddr 1 WWWW ] wwwr ] wrww 16 wrwr

1 1 1
fu;www + wawwr + warww + gfwrwr)

TN TN
N | =

1 1 1
f’wwww + Ef'www'r + Efw'rww + Zf’wrwr)

1 1 1
+ fdddr fwwww + wawwr + wav‘ww + gfw’rwr)

N
N | =

1 1 1 1
+ fd’!"LU’Ll) (2fwwww + wawwr + war‘ww + *fwrwr)

1 1 1

+ de‘wd (4fwww'w + 8fww’w’r + 8fwrww + f’ll)’!’w’l)
1 1 1

+ fdrw'r wawww + 4f'LU’LU'Lu’r + 4fw7"LU’Lu + f’wer

1 1 1
4f’wwww + wawwr + 8fw7‘ww + 6fw’rwr) (gd)

ool =

1
Pwddr = fwdwd ( fwwwr + fwdww + fwdwr + fwrwr)

1 1 1

+ fwddd (4fwww'r + 4fwdww + 4fwdwr + - fwrwr)
1 1 1 1

+ fwddr 8fww'w’r + gfwdww + gfwdwr + 6fw7‘wr
1 1 1 1

+ fddwd 7fwwwr + wadww + 4fwdwr + warwr

N

1 1 1
+ fdddd fwww'r + *fwdww + *fwdwr + *fwrwr)

2 2 4

N |

+
=
u
L
3
7 N N

> =

1 1 1
fwwwr + wadww + wadwr + gfwrwr)

1 1 1 1
+ fdv‘wd gfwwwr + wadww + wadwr + — fuw‘wr)
1 1 1
+ fdrdd wawwr + wadww + wadwr‘ + gfwrw'r
1 1 1 1
+ fardr gfwwwr + gfwdww + gfwdw'r + Efwrwr (9e)
(1

1 1 1 1 1
Pwrww = fwwww *fwrww + warwr) + fwwwd (Efwwww + waww’r + warww + gfwrw'r‘)
1 1 1 1 1
+ fwwwr (4 wrww T fw'rw'r) + fwrww <§fwwww + ifwww'r + §fw7'ww + qun'w'r')

1
8
1 1 1 1
+fw7w ( fwwww+4fwwwr+4fwrww+8fwrw'r>
1 1
8 4

flUT’LU’LU + 1 fwrwr) (gf)

+ fwrwr (4fwwww + fwwwr + 8

1 1
Pwrwd = fwwwd (ifwwww + ifwwwr + warww + gfwrwr)
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1 1 1
+ fwwdd (fwwww + Efwwwr + §fwrww + warwr)

1 1 1 1
+ f’w’wd’r (ifwwww + wawwr + wa’rww + gfw’rw'r)

1 1 1 1

+ fwdwd (wawww + waww'r + Bfw'rww + fwrwr)
1 1 1 1

+ fwddd 5 wwww + wawwr + warww + *fwrwr
1 1 1

+ fwdd'r- wawww + wawwr + warww + f'Lu'r'Lu'r

1 1 1
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1 1 1
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1
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1 1
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4 4
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8 8

1

2
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1 1
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1
4
2 4 4

1
fw7'ww + *fwrwr) + fwdwd

=

+ fwdww

8
1 1 1 1 1 1
+ fwwwr (warww + warwr) + fwwd'r ( fwwww + *fwwwr + 7fw7’ww + *fwrwr)
; (

1 1 1
4fwwww + Sf’www’r + 8f’w’rw’w + 6fw7w’r)

+ Fadur (3 forws + 3 furur ) + fuaer (3 o + § fuar + 5 furn + g Furor
1 1 1 1
+ fwrww wawwr + warw'r) + fwrwd (wawwr + gf’wr‘wr)
1 1 1 1
+ fwrwr (wawww + 4fwwwr + 4fwrww + 4fwrwr)
1 1 1 1
+ fwrd'r (5fwwww + 4fwww'r + 4fwrww + Sf’wrwr)
1 1 1
+ fdrww (2fwwww + 4fwwwr + 4fw7”ww + warwr)
1 1 1 1
+ fdrwd (wawww + 8fwwwr + 8fwrww + fwrw'r)
1 1 1
+ fdrwr (ifwwww + 4fwww'r + 4fwrww + f’wrwr)

1
f’wwu)w + = fwww'r +

1
+ fdrd'r g warww + — fwrw'r) (gh)

Pwrdr = fuwwd fwwwr + fwdww + fwdwr + fwrwr)

/\/\
= e =

1 1 1 1
+fwwdd (2fwwwr+ 2fwdww+ 2fwdwr+4fw'rwr>
1 1 1 1
+fwwdr wawwr+1fwdww+4fwdwr+8f’UJ7"w7‘
1 1 1 1
+ fwdwd gfwwwr + gfwdww + wadwr + fwrwr
1 1 1
+ fwddd waww'r' + wadww + 4fwdwr + - fw'rwr
1 1 1
+ f’wdd7 gfwwwr + wadww + Sf’wdwr + fwrwr
1 1 1 1
+fw7‘wd Zf’w'ww’l“"" wadww"' 4fwdwr+ 8fw7”w7‘
1 1 1 1
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S-9


https://doi.org/10.64898/2026.03.04.709515
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.04.709515; this version posted March 25, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

+ Furdr waww + 3 Fudws + 3 Fudur + éfwm)
1 1 1 1
+ farwd (gfwwwr + gf’wdww + gf’wdwr + Efwrwr>
1 1 1 1
+ fardd (waww'r + wadww + waduw + gfwrwr)
1 1 1 1 .
+ fardr (gfwwwr + gfwdww + gfwdwr + Twarwr) (91)

1 1 1 1 1 1 1 1 1
Pdddd = fwdwd (Efwdwd + gfwddd + Efwddr + gfddwd + Zfdddd + gfdddr + Efdrwd + gfdrdd + derdr)

1 1 1 1 1 1 1 1 1
+ fwddd (gfwdwd + waddd + gfwddr + Zfddwd + Efdddd + Zfdddr + gfd'rwd + Zfdrdd + gfdrd'r)

1 1 1 1 1 1 1 1 1
*6.fwdwd + gfwddd + Efwddr + gfddwd + Zfdddd + gfdddr + Efdrwd + gfdrdd + Efdrdr)

oo | =

4 8 4

TN T N
—
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=
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3
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fwdwd + gfwddd + Tﬁfwddr + gfddwd + Zfdddd + gfdddr + Tﬁfdrwd + gfdrdd + TGfdrdr)
1 1 1 1 1 1 1 1
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1 1 1 1 1 1 1 1
+ fwdwd (gfwdww + gfwdwd + gfwdw'r + gfwddd + gfwddr + Zfddww + Zfddwd + Zfddwr
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+Zfdddd + Zfdddv" + gfdv"ww + gfdrwd + gfdrwr + gfdrdd + gfdrdr)

1 1 1 1 1 1 1 1 1
+ fwdwr (gfwdwd + — fwddd + = fwddr + Zfddwd + 5f¢iddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)

4 8
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8
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2 4
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+ fadwr (wadwd + - fwddd + ~ fwddr + 5fddwd + faddad + 5fdddr + Zfdrwd + = farda + Zfdrdr)

2 4 2
1 1 1 1 1 1
+ faddd §fwdww + wadwd + ifwdwr + waddr + fadww + 5fddwd + fadwr + 5fdddr

1 1 1 1
+§fdrww + Zfdrwd + §fdrwr + Zfdrdr)
1 1 1 1 1 1 1 1
+ fadar wadww + wadwd + wadwr + waddd + waddr + Efddww + 5fddwd + 5fddwr
1 1 1 1 1 1 1
+5fdddd + EfdddT + Zfdv"ww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrdr)

1 1 1 1 1 1 1 1 1
+ farww (gfwdwd + waddd + gfwddr + Zfddwd + Efdddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)
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1 1 1 1 1 1 1 1
+ fdrwd (gfwdww + gfwdwd + gfwdwr + gfwddd + gfwddr + Zfddww + Zfddwd + Zfddwr
1 1 1 1 1 1 1
+Zfdddd + Zfdddr + gfdrww + gfdrwd + gfdrwr + gfdrdd + gfdrdr

1 1 1 1 1 1 1 1 1
+ fdrwr (gfwdwd + — fwddd + = fwddr + Zfddwd + Efdddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)

4 8
1 1 1 1 1 1 1 1
+ fdrdd wadww + gfwdwd + wadwr + gfwddr + Efddww + Zfddwd + ifddwr + Zfdddr

+%fdrww + éfdrwd + ifdrwr + éfdrd'r)
1 1 1 1 1 1 1 1
+ farar (gfwdww + gfwdwd + gfwdwv“ + gfwddd + gfwddr + Zfddww + Zfddwd + Zfddwr
1 1 1 1 1 1 1
+Zfdddd + *fdddr + *fdrww + *fdrwd + gfdrwr + gfdrdd + gfdrdr) (9k)

1
Pdrwd = fwdwd ( Ffwwwd + 2 fwrww + fwv"wd + fwrwr)

1 1
+ fwddd ( fwwwd + 4fwrww + 4fwrwd + = fwrwr)
1 1 1 1
+ fwddr 8fwwwd + 8fwrww + 8fwrwd + warwr
1 1 1 1
+ fddwd wawwd + Zf’wrww + *fwrwd + gfwrwr
1 1 1 1
+fdddd 5fwwwd+§fwrww+ 2fwrwd+ 4fwrwr
1 1 1 1
+ fdddr wawwd + 4fw7‘ww + 4fwrwd + warwr
1 1 1 1
+ fdrwd gfwwwd + gfwv'ww + 8fwrwd + fw’lw’r
1 1 1
+ fdrdd wawwd + wa'rww + 4fwrwd + fwrwr
1 1 1 1
+ fdrd'r gfwwwd + Bfw’rww + 8fw'rwd + f’wT’LUT‘ (91)

1
fwwwd + *fwrww + *fwrwd + *fwrwr)

Pdrwr = fwdww 1

A~
AAW\A |

N |

1 1 1

+ fwdwd éfwwwd + gfwrww + 8fwrwd + fwrw'r)
1 1 1

+ fwdwr wawwd + Zf’uﬂ‘ww + 4fwrwd + fwTwT
1 1 1

+ fwddv‘ gfwwwd + gfwrww + 8fwrwd + fu)'rw'r

1 1 1
+ fddww fwwwd + f’wrww + - fwrwd + 4fwrwr>

2 2

1 1 1 1
+ fddwd (Z,fwwwd + warww + wa'rwd + gfwrwr)
1 1 1 1
+ fddwr ifwwwd + Efwrww + ifwrwd + warwr
1 1 1 1
+ fdddr wawwd + wa'rww + warwd + gfwrwr
1 1 1
+ fdrww wawwd + ZfT.UT"LU’LU + 4fwrwd + f’UJ’I"wT
1 1 1 1
+ dewd gfwwwd + gfwrww + wade + fwrwr
1 1 1
+fdrwr wawwd"" 4fw7ww+ 4fwrwd+ fw7w7
1 1 1 1
+ fd’!'d’l gf’wwwd + warww + 8f'w7'wd + 16 f’w’l"wT (gm)
1 1 1 1 1
Pdrdd = fwwwd wadwd + - fwddd + fwdd'r + fddwd + fdddd + 4fdddr + derwd + 4fdrdd + derdr
1 1 1 1 1
+ fwwdd wadwd + §fwddd + waddr + 5fddwd + fadda + §fdddr + Zfdrwd + §fdrdd + Zfdrdr
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1 1 1 1 1 1 1 1 1
+ fwwdr (gfwdwd + waddd + gfwddr + Zfddwd + Efdddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)

1 1 1 1 1 1 1 1 1
+ f’wd’wd (gfwwwd + wawdd + gfwwd'r + gfwdwd + Zf’wddd + gfwdd'r + gf'w'rwd + wa'rdd + gfw'rd'r

+éfddwd + ifdddd + %fdddr + %fdrwd + ifdrdd + %fdrdr)
1 1 1 1 1 1 1 1 1
+ fwddd (wawwd + §fwwdd + waw(ir + wadwd + §fwddd + waddr + warwd + §fwrdd + wardr
1 1 1 1 1 1
JFZfddwd + 5fdddd + Zfdddr + Zfdrwd + Efdrdd + Zfdrdr)
1 1 1 1 1 1 1 1 1
+ fwddr (gfwwwd + wawdd + gfwwdr + gfwdwd + waddd + gfwddr + gfwrwd + wardd + gfw'rdr
+éfddwd + ifdddd + %fdddr + %fdrwd + ifdrdd + %fdrdr)
1 1 1 1 1 1 1 1 1
+ fwrwd (gfwdwd + waddd + gfwddr + Zfddwd + Efdddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)
1 1 1 1 1 1 1 1
+ fwrdd (*fwdwd + = fwddd + < fwddr + < fadwd + fadda + = faddr + < farwd + = fardd + 7fdrd7“)
4 2 4 2 2 4 2 4
1 1 1 1 1 1 1 1 1
+ fwrdr (gfwdwd + waddd + gfwddr + Zfddwd + Efdddd + Zfdddr + gfdrwd + Zfdrdd + gfdrdr)

1 1 1 1 1 1 1 1 1
+ fddwd (qu)wwd + §fwwdd + wawd'r‘ + gfwdwd + waddd + gfwddr + warwd + §fw7‘dd + quw‘dr

1 1 1
+§fdrwd + Zfdrdd + gfdrd'r)
1 1 1 1 1 1 1
+ fdddd §fwwwd + fwwdd + ifwwdr + wadwd + §fwddd + waddv‘ + ifwrwd + fw'rdd + gfw'rd'r
1 1 1
+Zfdrwd + §fdrdd + Zfdrdr)

!

1 1 1 1 1 1
4fwwdr + gfwdwd + waddd + gf’wdd'r + Zf’wrwd + Efwrdd + ward'r

+ faddr (ifwwwd + %fwwdd +
+éfd'rwd + ifdrdd + éfdrdr)
1 1 1 1 1 1 1 1 1
+ farwd (gfwwwd + wawdd + gfwwdr + gfwdwd + waddd + gfwddr + gfwrwd + wardd + gfwrdr
1 1 1 1 1 1
+§fddwd + Zfdddd + gfdddr + gfdrwd + Zfdrdd + gfdrdr)
1 1 1 1 1 1 1 1 1
+ fardd (wawwd + Efwwdd + wawdr + wadwd + 5fwddd + waddT + warwd + 5fwrdd + wardr
+ifddwd + %fdddd + ifdddr + ifdrwd + %fdrdd + ifdrdr)
1 1 1 1 1 1 1 1 1
+ fdrd'r‘ (gfwwwd + wawdd + gfwwdr + gfwdwd + waddd + gfwddr + gfwrwd + wardd + gfwrdr
1 1 1 1 1 1
+§fddwd + Zfdddd + gfdddr + gfdrwd + Zfdrdd + gfdrdr) (9n)
1 1 1 1 1 1 1 1
Pdrdr = fuwww (wadwd + §fwddd + qu)ddT + ifddwd + faddd + Efdddr + Zfdrwd + Efdrdd + ZfdrdT)
1 1 1 1 1 1 1 1 1 1
+ fwwwd (wadww + wadwd + wadwr + waddd + waddr + §fddww + 5fddwd + §fddw + §fdddd + §fdddr
1 1 1 1 1
+Zfdrww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrd'r)
1 1 1 1 1 1 1 1
+ fwwwr (wadwd + Efwddd + waddr + 5fddwd + fadda + 5fdddr + Zfdrwd + §fdrdd + Zfdrdr)

1 1 1 1 1 1
+ fwwdd (gfwdww + wadwd + §fwdw7‘ + ifwddr + fddww + Efddwd + fddwr + §fdddr
1 1 1 1
+§fd7'ww + Zfdrwd + 5fdrw7' + Zfd?'d'r)
1 1 1 1 1 1 1 1 1 1
+ fwwdr wadww + wadwd + wadwr + waddd + wadd'r + Efddww + 5fddwd + 5fddwr + 5fdddd + Efddd'r

1 1 1 1 1
+Zfdrww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrdr)


https://doi.org/10.64898/2026.03.04.709515
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.04.709515; this version posted March 25, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

1 1 1 1 1 1 1 1 1
+ fwdww (wawwd + §fwwdd + wawdr + wadwd + §fwddd + waddr + warwd + gfwrdd + wardr

1 1 1 1 1 1
JFZfddwd + Efdddd + Zfdddr + Zfdrwd + Efdrdd + Zfdrdr)

1 1 1 1 1 1 1 1 1 1
+ fwdwd (gfwwwd + wawdd + wawd'r + gfwdww + wadwd + gfwdw'r + waddd + waddr + gfwrwd + Efw’l‘w’r

1 1 1 1 1 1 1 1 1 1 1 1
+wardd + wardr + Zfddww + Zfddwd + Zf{idwr + Zf(i(idri + Zfdddr + Zfdrww + Zfdrwd + Zfdrwr + Zfdr(i(i + Zfdr(ir)

1 1 1 1 1 1 1 1 1
+ fwdwr (wawwd + §fwwdd + wawdr + wadwd + §fwddd + waddr + warwd + Efwrdd + wardr

1 1 1 1 1 1
+Zfddwd + Efdddd + Zfdddr + Zfdrwd + 5fdrdd + Zfdrdr)

1 1 1 1 1 1 1 1 1 1
+ fwddd (ifwwd'r + wadww + wadwd + wadwr + waddr + gfwrw'r‘ + ward'r + 5fddww + Zfddwd + Efddwr
1 1 1 1 1
+Zfdddr + §fdrww + Zfdrwd + 5fdrwr + Zfdrd'r

1 1 1 1 1 1 1 1 1 1
+ fwddr (gfwwwd + wawdd + wawd'r + gfwdww + wadwd + gfwdw'r + waddd + wadd'r + gfw'rwd + T6fwTwT

1 1 1 1 1 1 1 1 1 1 1 1
+wardd + ward'r + Zfddww + Zfddwd + Zfddwr + Zfdddd + Zfdddr + Zfdrww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrdr)

1 1 1 1 1 1 1 1
+ fwrww (wadwd + Efwddd + waddr + ifddwd + faddad + 5fdddr + Zfdrwd + 5fdmld + Zfdrdr)

1 1 1 1 1 1 1 1 1 1
+ fwrwd (wadww + wadwd + wadwr + waddd + waddr + ifddww + 5fddwd + Efddwr + Efdddd + ifdddr
1 1 1 1 1
+Zfd7‘ww + Zfdrwd + Zfdrwv‘ + Zfdv‘dd + Zfdv‘d'r)

1 1 1 1 1 1 1 1
+ fwrwr (wadwd + - fwddd + ~ fwddr + §fddwd + faddd + §fdddr + Zfdrwd + - farda + Zfdrdr)

2 4 2
1 1 1 1 1 1
+ fw'rdd 5fwdww + wadwd + Efwdwr + waddr + fddww + Efddwd + fddw'r + Efdddr

+%fd'rww + ifdv“wd + %fdv"wr + ifdrdr)
1 1 1 1 1 1 1 1 1 1
+ fwrdr (wadww + wa(iwd + wadwr + waddd + waddr + Efddww + Efddwd + §fddwr + §fdddd + §f¢iddr
1 1 1 1 1
+Zfdrww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrdr)
1 1 1 1 1 1 1
+ fadww (Efwwwd + fwwdd + E.fwwdr + wadwd + Efwddd + waddT + Efwrwd + fwrdd + ifwTd'r
+ifdrwd + %fdrdd + ifdrdr)
1 1 1 1 1 1 1 1 1 1
+ fddwd (wawwd + gfwwdd + Efwwdr + wadwd + waddd + wadd'r + warwd + gfw'rwr + Efwrdd + §fw'rdr
+ifdrww + ifdrwd + ifdrwr + ifdrdd + ifdrd'r)
1 1 1 1 1 1 1
+ fadwr (ifwwwd + fwwdd + Efwwd’!‘ + wadwd + ifwddd + waddr + Efwrwd + fwrdd + §fwrdr
+%fdrwd + %fdrdd + ifdrdr)

1 1 1
+ fdddd (5fwwd'r + wadwd i
1 1 1 1 1 1 1 1 1
Efwwdd + Efwwdr + wadwd + waddd + waddr + warwd + gfwrwr + ifwrdd + Efw'rdr

1 1 1 1 1 1
f’wddr + Zf’wT’wT‘ + gf’wrd'r + 5fd'rww + Zfdrwd + gfdrwr + Zfdrd'r)
1
+ fdddr (wawwd +
1 1 1 1 1
+Zfdrww + Zfdrwd + Zfdrwr + Zfdrdd + Zfdrdr)

1 1 1 1 1 1 1 1 1
+ fd?'ww (wawwd + ifwwdd + wawd'r' + wadwd + ifwddd + waddr + warwd + ifw’r'dd + wa'r'dr

1 1 1 1 1 1
+Zfddwd + Efdddd + Zfdddr + Zfdrwd + 5fdrdd + Zfdrdr)

1 1 1 1 1 1 1 1 1 1
+ fdrwd (gfwwwd + wawdd + wawdr + gfwdwd + waddd + gfwddr + gfwrwd + Efwrw'r + ifw'rdd + wa'r‘d'r


https://doi.org/10.64898/2026.03.04.709515
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.04.709515; this version posted March 25, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

+%fddww + %fddwd + ifddwr + ifdddd + ifdddr + %fdrww + ifdrwd + ifdrwr + ifdrdd + ifdrdr)
1 1 1 1 1 1 1 1 1
+ farwr (wawwd + Efwwdd + wawdr + wadwd + Efwddd + waddr + warwd + gfwrdd + ward?“
+ifddwd + %fdddd + ifdddr + ifdrwd + %fdrdd + ifdrdr)
1 1 1 1 1 1 1 1 1 1
+ fardd (wawdr + wadwd + waddd + waddr + waddr + gfwr'wr + wardr + §fddww + Zfddwd + gfddwr

1 1 1 1 1
+Zfdddr + §fdrww + Zfdrwd + 5fdrw7' + Zfdrd'r)
1 1

1 1 1 1 1 1 1 1
+ fdrd'r (gfwwwd + wawdd + wawdr + gfwdwd + waddd + gfwdd'r + gfwrwd + 16fw’r’w7‘ + wa'rdd + wa'rdr

1 1 1 1 1 1 1 1 1 1
- ww - w - wTr - - i - TWW - W - rwr - i - rdr 9
+4fdd +4fdd d+4fdd +4fdddd+4fddd +4fd +4fd d+4fd +4fd dd+4fd d ) (90)

TADE Suppression

ptadesuppression

Pww,ww = fiw,ww (10a)
Pwd,wr = f’ww,ww (fwd,wr + fwd,ww + fdd,ww + fdd,wr + fdd,r'r) (IOb)
1 1 1 1 1
Pdd,rr = fwd,wr 7fwd,wr + 7fwd,ww + 7fdd,rr + 7fdd,wr + 7fdd,ww
4 2 2 4 2
1 1 1 1
+ f’wd,ww wad,ww + 5fdd,7“'r + Efdd,w'r + 5fdd,ww (106)
CifAB
pcifab
2 1 1 2
Pww :fww+5fwwfwd+1fwd (11a)
1 1
pwd=fwwfdd+5fwwfwd+§f3,d+fwdfdd (11b)
_ 2 1.2
Pdd = faq + fddfwd + 4fwd (11c)
Wolbachia
pwolbachia
pw = f2 (12a)
pa = fi+ fafw (12b)
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