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Seed dormancy shapes gene drive dynamics 
in plants
 

Isabel K. Kim    1,5, Leqi Tian    1,2,5, Ryan Chaffee    3, Benjamin C. Haller    1, 
Jackson Champer    4,6, Philipp W. Messer    1,6 & Jaehee Kim    1,6 

Gene drives offer revolutionary potential for the management 
of problematic plant populations, such as invasive weeds and 
herbicide-resistant species, by rapidly spreading desired genetic alterations. 
Two recent studies have provided experimental demonstrations of 
engineered CRISPR gene drive systems in plants (CAIN and ClvR). However, 
the successful application of such systems in the field will critically depend 
on an accurate understanding of plant-specific life-history traits, especially 
seed dormancy, a ubiquitous yet frequently overlooked eco-evolutionary 
force. In this study, we develop a comprehensive modelling framework for 
gene drives in plant populations that incorporates a persistent soil seed 
bank. We show how the presence of a seed bank can substantially slow gene 
drive spread but also reduce the genetic load required to achieve population 
elimination. Furthermore, we show that seed banks substantially increase 
the required introduction frequency of threshold-dependent gene drives, 
which could prevent establishment in some cases, yet also provide an 
intrinsic biosafety mechanism for confining a highly efficient drive to a 
target population. Our study highlights the need to incorporate seed-bank 
dynamics into gene drive strategies to ensure realistic predictions and 
successful field applications.

Weeds are among the major biological threats to global agriculture, 
causing annual yield losses in major crops that result in substantial 
economic damage and threaten food security1–5. Globally, weeds are 
responsible for around 10% of crop losses1, and in the USA alone, they 
account for more than US$26 billion a year in control expenses and lost 
crop yield6. The intensive and widespread use of chemical herbicides 
has historically provided the primary means of weed control; how-
ever, the rapid evolution of herbicide resistance poses an escalating 
challenge7–11. There is thus an urgent need to develop novel, effective and 
evolutionarily robust weed management tools. One promising avenue 
for next-generation weed management is the use of gene drives—selfish 
genetic elements that can quickly propagate through populations, even 

if they confer a fitness cost to individual organisms12–14. Gene drives 
could be used for either population suppression or population modi-
fication of problematic weeds15–20. A suppression drive, for example, 
could spread deleterious traits (such as sterility or non-viability) to 
eradicate an invasive weed population, whereas a modification drive 
could reverse herbicide resistance by propagating susceptibility alleles. 
This raises the possibility that engineered gene drives could one day 
provide lasting, inexpensive solutions for controlling weeds that are 
otherwise difficult or costly to manage.

Recently, two toxin–antidote gene drive constructs were success-
fully developed and experimentally validated in the model plant Arabi-
dopsis thaliana21–23: CRISPR-Assisted Inheritance using NPG1 (CAIN24; 
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Results
We developed a comprehensive simulation model of CAIN24 and ClvR25 
(Fig. 1), the only experimentally demonstrated gene drive constructs 
in plants to date, using the individual-based forward-time simulation 
framework SLiM v.4.0.1 (ref. 36). Our baseline models focused on dioe-
cious, annual, diploid weed species, but we also explored hermaphro-
ditic species with varying selfing rates. Detailed model descriptions are 
provided in the Methods, and major symbols, definitions and default 
values (where applicable) are summarized in Supplementary Tables 1–3.

Briefly, each drive was modelled as either a modification drive 
or a suppression drive: modification drives carried a desirable allele, 
and suppression drives induced sterility in drive-homozygous males 
or females, eliminating the population through pollen or ovule limi-
tation, respectively. Unless noted, drive parameters were fixed at 
experimentally derived default values (Supplementary Text 1 and 
Supplementary Table 1). Populations were initialized at carrying capac-
ity (K), equilibrated and then subjected to a single drive-release event. 
Unless stated otherwise, we implemented releases at the plant stage 
to set a controlled initial plant-stage drive allele frequency, p0. With 
selection, mating and demographic feedback acting at the plant stage, 
the realized plant-stage drive frequency provides a standardized and 
comparable baseline across drive designs and ecological regimes. It 
also defines the most feasible target for near-term monitoring (for 
example, plant census and genotyping) without requiring measure-
ment of the below-ground seed bank. To connect this baseline to 
operational seed-based deployment, we also explicitly modelled 
seed-drop releases and provide analytical and numerical mappings 
from seed introduction frequency to the realized plant-stage drive 
allele frequency.

We modelled the life cycle of dioecious, obligate outcrossing, 
annual plants with seed-bank dynamics, assuming wind pollination 
and considering only ‘effective’ gametes that contribute to reproduc-
tion (Fig. 2). New seeds enter a seed bank and undergo age-dependent 
survival and germination, yielding total germination probability γ 
and average seed-bank duration τ. These metrics depend on seeds’ 
baseline survival rate (d, first-year survival), baseline germination rate 
(b, first-year germination conditional on survival) and age-dependent 
declines in seed survival (q) and germination (m). Seeds older than L 
are removed from the seed bank.

Fig. 1a) and Cleave-and-Rescue gamete killer (ClvR25; Fig. 1b). Unlike 
traditional gene drives that depend on homology-directed repair (an 
inefficient mechanism in plants due to their strong tendency towards 
end-joining DNA repair pathways26), toxin–antidote gene drives avoid 
the need for homology-directed repair altogether. Instead, these drives 
spread by linking a toxin (Cas9 and guide RNAs (gRNAs) targeting an 
essential gene) to an antidote (a tightly linked, cleavage-resistant copy 
of the target gene), resulting in the elimination of genotypes carrying 
disrupted alleles but lacking the drive27. In experimental crosses, CAIN 
targeted NPG1, an essential gene required for pollen germination, achiev-
ing inheritance rates up to 97% through male gametes24. ClvR targeted 
YKT61, a gene required for viability in both pollen and ovules, achieving 
near-complete inheritance through males and substantial, though lower, 
inheritance rates through females25. Preliminary modelling in both stud-
ies indicated that such drives could spread rapidly and reliably eliminate 
populations under panmictic, outcrossing conditions24,25.

However, these initial plant gene drive studies left out a key aspect 
of plant life history: seed dormancy. Dormancy allows seeds to remain 
in the soil without germinating for extended periods. This trait leads 
to a persistent seed bank, which can provide a genetically diverse res-
ervoir of alleles in the soil that can buffer the population against rapid 
evolutionary or environmental changes28–31. In the presence of a seed 
bank, gene drive alleles might spread more slowly, extending the time 
to population modification or suppression16,32,33. Conventional models 
without seed banks assume that every individual reproduces in each 
generation, so they cannot capture these age-structured, time-delayed 
dynamics. Given how common seed banks are among weeds, there is 
a need to incorporate seed-bank dynamics into gene drive models, 
not only to improve theoretical accuracy but also to inform feasibility 
and risk assessment and to identify which ecological parameters most 
strongly affect spread, timelines and containment prior to any field 
deployment34,35. In particular, an understanding of seed-bank effects 
should inform the choice of drive architecture, help determine how 
many modified individuals should be released and set realistic expecta-
tions for the timeline and ultimate efficacy of a gene drive under field 
conditions. In this study, we address this critical knowledge gap by 
developing a detailed, individual-based model for the eco-evolutionary 
dynamics of gene drives in plant populations that includes realistic life 
cycles and seed-bank features.

a    CAIN

Wild-type
Drive

Undisrupted target

Disrupted target

b    ClvR

Viable pollenNon-viable pollen Viable ovuleNon-viable ovule

Germline Cas9 activity

Meiosis

Germline Cas9 activity
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Fig. 1 | Gene drive systems. a, CAIN drive24. In the germline of a drive carrier, 
the drive cleaves each wild-type target allele at a rate equal to the sex-specific 
germline cleavage rate. The target gene is essential only for pollen germination; 
thus, ovules of any genotype are viable. Pollen inheriting the drive construct are 
always viable, since the drive contains a cleavage-resistant recoded functional 
target allele. A pollen grain with a wild-type allele and a disrupted target gene 
(leftmost gamete, bottom row) is non-viable with a probability equal to the 
penetrance rate of the target gene (estimated at 96%). For suppression, we 
define the ‘CAIN male suppression’ drive as the CAIN drive inserted into an 
essential haplosufficient male fertility gene, such that males with two drive 

alleles are sterile. b, ClvR drive25. ClvR functions similarly to CAIN but targets 
a gene that is essential for viability in both pollen and ovules. However, ovules 
inheriting disrupted alleles and no drive allele from drive-carrying females 
(leftmost gamete, bottom row) remain viable with a probability equal to a 
maternal carryover rate (estimated at 20.7%); otherwise, they are non-viable. For 
suppression, we define two drives. ‘ClvR male suppression’ targets an essential 
haplosufficient male fertility gene, such that homozygous males are sterile, and 
‘ClvR female suppression’ targets an essential haplosufficient female fertility 
gene, such that homozygous females are sterile.
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We analysed drive outcomes across life-history parameters—
seed-bank durations, total germination probabilities and fecundity 
(baseline mean effective ovule and pollen counts, nbo and nbp)—and 
gene drive parameters. Suppression drive efficacy was quantified by 
genetic load (λ), defined as the proportional reduction in effective 
gamete production relative to wild-type populations, with the required 
genetic load (λ*) denoting the threshold necessary for population 
elimination. Formal definitions of seed-bank metrics and genetic load 
are provided in equations (1)–(4).

Effect of a seed bank on modification drives
We found that both CAIN and ClvR were effective modification 
drives across broad seed-bank regimes: with baseline germina-
tion b ∈ [0.05, 1] and age-dependent germination m ∈ [0, 2] (m = 0 
indicates age-independent; m = 2 indicates strong age-dependent 
decline), both drives consistently fixed. Here we define fixation as 
100% drive frequency in both plants and seeds to set a conservative 
upper bound because seed-bank germination can occur long after the 
management-relevant end-point (that is, a substantial shift in above-
ground composition). With b = 1 and the default baseline survival rate 
d = 1, all seeds survive and germinate in the first year, eliminating dor-
mancy beyond one year and making m irrelevant. Though fixation 
was always achieved, the average time to reach fixation from a 10% 
introduction frequency varied substantially across seed-bank param-
eters (Fig. 3 and Supplementary Fig. 1) and increased with the average 
seed-bank duration τ (Supplementary Fig. 2a and equation (2)). Fixation 
was fastest at high b and m (low τ, germination dominated by younger 
seeds) and slowest at low b with weak age dependence (high τ, more 
older germinants). Because τ sets the mean generation time and gene 
drive spread is inherently a generational process, increasing τ slows 
drive spread. This result is consistent with previous studies showing 
that seed banks reduce the rate of selection37,38.

Across all seed-bank parameter combinations under the default 
drive parameter values, ClvR spread faster than CAIN, and fixation-time 
differences were more pronounced at larger τ. Supplementary Fig. 3 
shows these differences under default and low-fecundity conditions. 
Changing fecundity did not affect the general patterns: both drives fixed 
across all germination rates, fixation time increased with τ and ClvR 
consistently reached fixation faster than CAIN (Supplementary Fig. 4). 
To identify drive parameters responsible for performance differences 
between CAIN and ClvR, we varied each parameter independently 
within assumed efficient ranges and measured fixation probability and 
mean time to fixation across b ∈ [0.1, 1] with m = 0; additional detailed 
results are provided in Supplementary Text 2. Both drives fixed reli-
ably, with fixation times largely insensitive to penetrance rates and 
to germline cleavage rates in either sex (Supplementary Fig. 5a–c). 
The maternal carryover rate, however, strongly affected ClvR speed: 
it spread fastest with no carryover but was still able to fix at 100% car-
ryover because of ClvR’s bias through males (Supplementary Fig. 5d). 
With matched drive and seed-bank parameters, ClvR consistently 
reached fixation faster than CAIN, indicating that the speed difference 
primarily reflects ClvR’s ability to bias inheritance through both sexes, 
whereas CAIN spreads only through males.

Effect of a seed bank on suppression drives
To evaluate suppression drive performance across seed-bank con-
ditions, we varied b and m while holding the drive parameters at the 
default values. We tracked the proportion of replicates achieving 
population elimination and the mean time to elimination after a 10% 
release in heterozygotes. Here, as with the modification drive, we 
conservatively define elimination as the complete loss of both above-
ground plants and the seed bank. Population elimination occurred 
only when the drive reduced the effective ovule or pollen pool by a 
critical amount, attaining the required genetic load λ* (equation (4); 
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Fig. 2 | Life cycle model of annual plants. Illustration of the life cycle modelled 
for a dioecious annual plant population. a, Plants to seeds: an ‘effective ovule’ is 
defined as an ovule capable of fertilization and subsequent seed development 
and an ‘effective pollen grain’ as a pollen grain that can successfully reach a fertile 
female plant via wind and germinate. Each fertile female plant produces a 
Poisson-distributed number of effective ovules with baseline mean nbo. Each 
fertile male plant produces a Poisson-distributed number of effective pollen 
grains with baseline mean np(t), which is proportional to the current number of 
fertile females. Effective pollen grains are randomly distributed among fertile 
female plants, and fertilized ovules develop into seeds. After reproduction, all 
plants are removed from the population. b,c, Into and out of the seed bank: 

age-dependent seed mortality and germination. A seed survives its first year at 
rate d, after which survival declines with seed age, such that a seed of age a 
survives at rate d/aq, where q modulates age-dependent mortality. Similarly, 
germination occurs initially at rate b and declines with seed age, such that a  
seed of age a germinates at rate b/am, where m modulates age-dependent 
germination. d, Seed to plants: seedling competition. Germinated seeds become 
seedlings, which experience density-dependent competition before becoming 
adult plants. Each seedling at year t survives to adulthood with probability 
c(t) = min( K

Nsdl(t)
, 1), where Nsdl(t) is the current number of seedlings,  

and K is the carrying capacity.
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Fig. 4). This threshold λ* depends on the total germination probability 
(γ; equation (1)) and the mean effective gamete count (nbo under ovule 
limitation; nbp under pollen limitation). Lower mean effective gamete 
production reduces the population’s low-density growth rate, lower-
ing the required drive strength. Likewise, when γ is low, many seeds 
fail to reach adulthood, so elimination occurs at a lower genetic load. 
We defined the genetic load at time t, λ(t), as the drive-induced pro-
portional reduction of the effective gamete pool (equation (3)) and 
evaluated which suppression-drive types and conditions achieved λ(t) 
> λ* for population elimination.

Under the default drive parameter values, the strongest 
suppression drive was the ClvR male suppression drive, where 
drive-homozygous males are sterile25. With high cleavage rates and 
a fully penetrant target gene active in both gametes, it eliminated 
populations across all germination regimes (Supplementary Figs. 6a 
and 7a–c). Mean elimination time (Fig. 5a) scaled with mean seed-bank 
duration (τ; Supplementary Fig. 2a). Genetic load trajectories are shown 
in Fig. 5b–d. When there is no seed bank (that is, b = 1), ~99% of effec-
tive pollen must be removed for the population to decline (Fig. 5d). 
The ClvR male suppression drive achieves this genetic load, causing 

population collapse once the threshold λ* is reached (at ~33 years). 
Lowering b (with m fixed) reduces the total germination probability γ 
(Supplementary Fig. 2b), so fewer seeds emerge from dormancy and 
λ* decreases (Fig. 5b,c). Although the drive can always reach this lower 
λ*, longer τ delays suppression. Reducing fecundity lowers λ* across all 
b and m (Fig. 4), allowing the drive to eliminate the population more 
quickly with less pollen reduction (Supplementary Figs. 8a and 9a–d).

When ClvR targets a haplosufficient essential female fertility gene, 
its performance declines. Although cleavage and target penetrance 
rates remain high, female-mediated inheritance is weakened by mater-
nal carryover: ovules with a disrupted target allele but no drive can 
remain viable via maternally deposited rescue protein25. Estimated car-
ryover of ~20.7% (Supplementary Text 1) increases the fraction of viable 
drive-free female gametes, lowering the drive frequency in the effective 
ovule pool relative to effective pollen. Thus, populations can tolerate 
greater loss of drive alleles through males than through females, so 
inducing sterility through drive-homozygous males is more effective 
than through drive-homozygous females. This asymmetry is evident in 
the successful suppression parameter regimes (Supplementary Fig. 6).

Unlike the ClvR male suppression drive, the ClvR female sup-
pression drive can only eliminate populations with very low γ (low b, 
high m). Elimination is faster at higher m (Fig. 5e), since τ decreases. 
Figure 5h shows λ* without a seed bank, where genetic load is the 
relative reduction in effective ovules induced by the drive. In the 
absence of a seed bank, λ* ≈ 97%. However, the ClvR female suppres-
sion drive cannot achieve this genetic load; instead, it spreads to a 
high equilibrium frequency, removing ~90% of effective ovules while 
still permitting enough seed production for the population to persist 
(Supplementary Fig. 7d–f). It is not until b is lowered to 0.05 that the 
ClvR female suppression drive can reach λ* and eliminate the popula-
tion around year 345 (Fig. 5f). Here, ~75% of seeds fail to germinate, 
lowering the required effective ovule pool elimination to ~87%, below 
the drive’s maximum attainable genetic load. Reducing fecundity 
lowers λ* across all b and m (Supplementary Fig. 9f–h), enabling popu-
lation elimination across a broader range of seed-bank parameters 
(Supplementary Fig. 8b).

The CAIN male suppression drive behaves like the ClvR female sup-
pression drive, lacking sufficient suppressive power to eliminate popu-
lations with high γ (Supplementary Fig. 10a). CAIN spreads exclusively 
through males and targets a gene with incomplete penetrance (96%), 
so ~4% of pollen carrying disrupted targets remains viable without 
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the drive allele. Thus, unlike ClvR, CAIN provides no female-mediated 
inheritance bias and exhibits slightly weaker male bias. Combined 
with the loss of drive alleles via sterile drive-homozygous males, 
elimination is limited to cases where the seed bank removes a large 

fraction of seeds (Supplementary Figs. 2b and 10a) or fecundity is 
low (Supplementary Fig. 10b). Without a seed bank, elimination 
requires removing ~99% of effective pollen at default fecundity, but 
the drive’s maximum load is ~96%, resulting in a high equilibrium 
drive frequency without population decline (Supplementary Fig. 11d). 
Reducing b to 0.05 lowers λ* to <96%, enabling population elimination 
(Supplementary Fig. 11b). Under reduced fecundity, the drive likewise 
attains λ* across a broader range of b and m (Supplementary Figs. 10b 
and 11e–h).

Given a large degree of uncertainty in CAIN and ClvR parameters in 
target weed populations, we systematically varied each drive parameter 
and examined population elimination rates across (b, m) (the detailed 
results are provided in Supplementary Text 2). Outcomes were highly 
sensitive to the target gene penetrance rate. Drives targeting genes 
essential in nearly all gametes eliminated populations far more often 
(Supplementary Fig. 12). Higher germline cleavage rates, especially 
in the sex for which sterility was induced, also increased population 
elimination rates (Supplementary Figs. 13 and 14). Lastly, the mater-
nal carryover rate strongly influenced the success of the ClvR female 
suppression drive (Supplementary Fig. 15). With zero maternal car-
ryover, the drive eliminated populations across all (b, m), often faster 
than the ClvR male suppression drive (Supplementary Fig. 16), since 
female-targeting drives have lower λ* than male-targeting drives (as 
nbo < nbp).

Effects of selfing and seed banks on drive dynamics
To assess gene drive potential in hermaphroditic weeds, we modelled 
individuals producing both effective pollen and effective ovules, with 
a constant selfing rate σ ∈ [0, 1.0]. We varied b and m while holding 
the drive parameters at the default values. Mechanistically, selfing 
reduces outcrossing, thereby limiting the encounters between drive 
and wild-type alleles and accelerating the formation of drive homozy-
gotes in self-fertilized seeds. A long-lived seed bank (high τ) further 
slows the drive since older wild-type seeds often germinate in the years 
immediately following the release.

As modification drives, CAIN and ClvR reached fixation across all 
seed-bank regimes for σ < 0.8. With very frequent selfing (σ > 0.8), 
however, fixation within 500 years was not guaranteed in long-lived 
seed banks (Extended Data Fig. 1a,b). For CAIN, when each ovule of a 
heterozygote is self-fertilized with probability σ and the baseline effec-
tive ovule count is nbo, the expected number of self-fertilized ovules is 
approximately equal to σnbo (all ovules are viable under CAIN). Because 
most viable pollen grains carry the drive, whereas only half of ovules 
do, selfing yields approximately σnbo

2
 drive heterozygotes and σnbo

2
 drive 

homozygotes, thereby modestly accelerating drive spread (Extended  
Data Fig. 1c). At high σ, however, reduced outcrossing limits drive–
wild-type matings, lowering heterozygote formation, thereby slowing 
spread and sometimes preventing fixation. For ClvR, heterozygotes 
already lose around half of their effective gametes in both sexes due  
to target disruption without rescue. With selfing, only around σnbo

2
 

ovules are self-fertilized, and because most viable pollen and ovules 
carry the drive, the resulting seeds are predominantly drive homozy-
gotes. Thus, relative to CAIN, selfing in ClvR produces fewer 
drive-carrying seeds and does not increase the production of drive 
heterozygotes, which are more effective in spreading the drive. As a 
result, ClvR fixation time increases monotonically with σ, and fixation 
fails at high σ (Extended Data Fig. 1b,d). Together, high σ and high τ 
further slow fixation.

For suppression drives, selfing increases the required genetic 
load λ* and reduces the drive’s maximum attainable load. At σ = 0, ClvR 
male suppression eliminated populations across seed-bank regimes 
(Extended Data Fig. 2a), whereas the ClvR female and CAIN male sup-
pression drives succeeded only at very low γ (Extended Data Fig. 2f,k). 
Increasing σ ∈ {0.03, 0.05, 0.08, 0.10} progressively constrained the 
elimination region in (b, m) to lower γ for the ClvR female and CAIN 

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000
G

en
et

ic
 lo

ad

Population size

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000

G
en

et
ic

 lo
ad

Population size

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000

Year

G
en

et
ic

 lo
ad

Population size

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000

G
en

et
ic

 lo
ad

Population size

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000

G
en

et
ic

 lo
ad

Population size

0

0.2

0.4

0.6

0.8

1.0

0

2,000

4,000

6,000

8,000

10,000

Year

G
en

et
ic

 lo
ad

Population size

0

0.4

0.8

1.2

1.6

2.0

b

0

0.4

0.8

1.2

1.6

2.0

0 200 4000 200 400

YearYear
0 200 4000 200 400

YearYear
0 200 4000 200 400

0.2 0.4 0.6 0.8 1.00.2 0.4 0.6 0.8 1.0

b

m m

b d f g h

e ClvR female suppressiona ClvR male suppression

b 

c 

d 

f 

g 

h 

Time to 
elimination

33

150

300

462

c

Fig. 5 | Dynamics of ClvR suppression drives under varying seed-bank 
parameters. a, Heat map of the mean time to population elimination for the ClvR 
male suppression drive across baseline germination rates (b) and age-dependent 
germination parameters (m); all other parameters were fixed at their default 
values (Supplementary Tables 1 and 2; see Supplementary Figs. 12–16 for the joint 
effect of drive parameters and germination rate parameters on drive spread). 
Population elimination is defined as the complete loss of both seeds and plants 
due to the drive. The drive succeeded for all tested parameters (Supplementary 
Fig. 6a). The colours represent mean elimination times across ten replicates; the 
lettered cells correspond to the subplots below. b–d, Trajectories of genetic load 
(green; left axis) and corresponding population size (blue; right axis) for the ClvR 
male suppression drive, assuming age-independent germination rates (m = 0), 
with b = 0.05 (b), b = 0.2 (c) and b = 1 (d). Genetic load is defined for this drive as the 
proportional reduction in total effective pollen grains in the population. The solid 
lines represent median trajectories; the shaded regions indicate the observed 
range (minimum–maximum) across ten replicates. The horizontal green dashed 
lines denote the required genetic load for population elimination (λ*; equation 
(4)). e, Heat map as in a but for the ClvR female suppression drive. The drive 
succeeded only for a subset of tested parameter sets (Supplementary Fig. 6b). The 
colours indicate mean elimination times among successful replicates; the grey 
cells denote parameter sets where elimination consistently failed. The letter labels 
in the bottom row indicate parameter sets analysed in the subplots below. f–h, 
Same as b–d but for the ClvR female suppression drive, with genetic load defined 
as the proportional reduction in total effective ovules in the population.
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male suppression drives (Extended Data Fig. 2g–j,l–o). The ClvR male 
suppression drive showed the same qualitative trend but retained the 
broadest elimination domain, with stochastic elimination persisting 
even at high σ and high b or m (Extended Data Fig. 2b–e). Mechanisti-
cally, selfing raises λ* for male sterility drives (equation (7)) because 
fertile plants generate additional selfed seeds that must be suppressed, 
while simultaneously lowering the maximal achievable load by reduc-
ing mating opportunities between drive-carrying pollen and wild-type 
ovules. Thus, in many cases, the realized genetic load saturates just 
below λ*, with occasional stochastic overshoots beyond λ* leading 
to elimination. When b or m is high (low τ), the seed bank is shallow. 
Few older seeds remain to rescue the population, so once the age-0 
cohort falls below the demographic replacement threshold, popula-
tions crash rapidly.

Effect of a seed bank on threshold-dependent gene drives
So far, we have assumed no fitness costs for CAIN or ClvR, making them 
effectively zero-threshold drives: despite slow initial spread, each will 
increase from low frequency provided it avoids early stochastic loss. 
With fitness costs, however, these drives become threshold-dependent 
and require introductions above an invasion threshold to spread25,27. 
We considered two fitness-cost types: (1) gamete-viability cost (sg), 
which reduces seed production in carriers and hinders invasion from 
low frequency; and (2) seed-survival cost (ss), which lowers the survival 
and germination of drive-carrying seeds in the seed bank and thus 
requires a higher initial release frequency.

We first examined the gamete-viability cost (sg > 0) with ss = 0, 
where sg is the probability a drive-carrying gamete is non-viable, impos-
ing a codominant fecundity cost; thus, homozygotes produce half as 
many viable gametes as heterozygotes. Let p̂ be the baseline invasion 
threshold without a seed bank (b = 1) and ̂pe be the effective invasion 
threshold with a seed bank. For simplicity, we considered a single 
release of the drive (not multi-year) and restricted this analysis to the 
dioecious model. Because some seeds die or fail to germinate, we 
expect ̂pe > ̂p, with the extent of this difference being dependent on 
seed-bank parameters. To estimate invasion thresholds for a given 
drive and fitness cost, we followed the protocol outlined in the Meth-
ods. To fully explore plant-stage introduction frequencies p0 (including 
p0 > 0.5), we introduced the drive by replacing a fraction p0 of plants 
with drive homozygotes.

We decreased the baseline germination rate b and estimated ̂pe 
for each b. The results (Supplementary Figs. 17 and 18) indicate that ̂pe 
scales roughly with τ: ̂pe ≈ ̂p × τ. When τ is low, younger seeds are more 
likely to germinate than older ones; hence, the drive can be introduced 
near p̂ because many drive seeds germinate soon after release. When 
τ is high, a longer temporal lag necessitates a higher introduction 
frequency. In the initial years following drive release, most germinants 
are pre-drive-release wild types, causing an initial decline in the 
plant-level drive frequency. As post-release seeds germinate, the frac-
tion of drive-carrying germinated seeds increases. Once the plant-level 
drive frequency exceeds p̂, the drive is on a trajectory to fixation, 
expected to rise in frequency each subsequent year. Thus, τ captures 
the temporal lag, and larger τ requires a higher initial drive frequency 
to offset the early influx of older wild-type seeds.

A key implication of this relationship is that with long-lived seed 
banks (high τ) or drives with high baseline invasion thresholds, p̂ × τ  
can exceed 1. In such cases, even a 100% plant-level release cannot 
prevent loss (for example, Supplementary Figs. 17k,l and 18k,l). 
Post-release germination is dominated by older wild-type seeds, pulling 
the drive frequency in plants below p̂ . Recovery requires 
later-germinated drive seeds to lift the drive frequency in plants above 
p̂; however, when p̂ × τ > 1, seed-bank dilution makes this impossible, 
and the drive is ultimately lost. Figure 6 compares predicted 
( ̂pe ≈ ̂p × τ ) and observed ̂pe for both CAIN and ClvR modification 
drives. The fit is good at lower sg but slightly underestimates thresholds 

of the highest sg explored. The same pattern also holds for suppression 
drives (Supplementary Fig. 19). For male-sterility drives, we introduced 
the drive by replacing a fraction p0 of the population with 
drive-homozygous females; for female-sterility drives, we used 
drive-homozygous males. With an equal sex ratio, the maximum attain-
able p0 in either case was 0.5. We found that if p̂ × τ < 0.5, the prediction 
holds, and if p̂ × τ > 0.5, the suppression drive cannot spread.

We next examined a seed-viability cost (ss > 0) with sg = 0, modelling 
ss as a codominant reduction of the baseline seed survival rate d. A seed 
of age a thus survives at rate d/aq if wild-type, (d − ss/2)/aq if 
drive-heterozygous or (d − ss)/aq if drive-homozygous, where q controls 
the age-dependent decline in d. Importantly, ss > 0 results in 
genotype-dependent variation in τ and γ. As d decreases, τ also 
decreases because older seeds are more likely to have died, shifting 
the distribution of germinated seeds towards younger ages. Similarly, 
γ declines with d due to reduced survival rates across all seed-age 
classes. Given these complex genotype-dependent shifts in τ and γ, the 
simple scaling ̂pe ≈ ̂p × τ  did not hold. Nonetheless, we still observed 
a consistent positive correlation between ̂pe and τ, along with drive 
failure at high p̂ and τ combinations (Supplementary Fig. 20). However, 
we expect the precise relationship among ̂pe, p̂ and seed-bank param-
eters to be more complex when drive fitness costs manifest in seeds 
rather than in plants.

Drive release strategy and seed bank
A drive can be released at either the plant or the seed stage. Our baseline 
plant-stage release directly sets the initial drive allele frequency p0 
in plants while avoiding transient changes in total seed output, pro-
viding a standardized and interpretable reference point to compare 
drive dynamics across parameter regimes. However, plant releases may 
be operationally impractical. Instead, a seed drop introduction may 
often better match deployment logistics (seed handling/dispersal) but 
introduces a germination lag before drive-carrying plants emerge. We 
therefore analysed both strategies and derived analytical and numeri-
cal mappings to establish their equivalence. Although our analyses 
focused on the CAIN and ClvR modification drives, these results are 
expected to generalize to suppression drives as well.

In our baseline plant replacement strategy, a fraction of wild-type 
plants were replaced with drive heterozygotes to set the initial 
plant-level drive allele frequency p0 = 0.1. Alternatively, we modelled 
a seed drop of age-0 drive-heterozygous seeds, varying the seed intro-
duction frequency ps (drive frequency in age-0 seeds post-release) 
and baseline germination rate b (with no age dependence in germina-
tion; m = 0), and recorded the resulting p0 in plants (after seed-bank 
survival and germination), fixation probability and time to fixation. 
The observed p0 matched the analytical predictions (equation (11)); 
achieving p0 = 0.1 required ps ≫ 0.1 at low b (where most drive seeds 
remain in the seed bank) but ps ≈ 0.1 as b → 1 (Extended Data Fig. 3a,b). 
Since CAIN and ClvR are both zero-threshold drives at the default drive 
parameters, once the initial frequency exceeded the stochastic loss 
barrier, both spread to fixation regardless of ps or seed-bank param-
eters. For fixed b (and m = 0), the mean fixation time under a seed drop 
aligned best with the baseline plant replacement results (Fig. 3a,b) 
when ps ≈ 0.1 (Extended Data Fig. 3c–f). Thus, with matched introduc-
tion frequency, drive outcomes are similar across introduction modes 
(plant replacement versus seed drop), provided the release enables 
drive establishment.

We assessed whether the empirical relationship ̂pe ≈ ̂p × τ  holds 
when sg > 0 under seed drop. Because seed drop temporarily increases 
total seed output in the release year, we also analysed a constant-output 
control, ‘seed replacement’, in which a fraction ps of release-year age-0 
wild-type seeds was replaced with drive homozygotes without chang-
ing the total seed output. Seed replacement served solely as a control 
to isolate the effect of seed-bank dilution and does not imply opera-
tional replacement of older, pre-existing seed-bank cohorts. We found 
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that for the seed drop, observed ̂pe values were below the p̂ × τ predic-
tion (Extended Data Fig. 4a–c,g–i), but for the seed replacement, the 
̂pe ≈ ̂p × τ  relationship held (Extended Data Fig. 4d–f,j–l). This is 

because when drive seeds are dropped into the population, early ger-
minants disproportionately originate from the release year, weakening 
seed-bank dilution and enabling drive spread even when the initial 
frequencies are below p̂ × τ, but when seeds are replaced, the realized 
germination rates remain the same as before the release.

Discussion
In this study, we developed a comprehensive gene drive modelling 
framework that explicitly integrates plant-specific life-history traits, 
including seed dormancy, and investigated the eco-evolutionary 
dynamics of the CAIN and ClvR drives under realistic ecological con-
ditions. Our results reveal the critical roles of seed banks in modu-
lating gene drive efficacy, suppression potential and confinement in 
plant populations.

In our model with the default drive parameters, the ClvR male 
suppression drive consistently outperformed both the ClvR female sup-
pression and CAIN male suppression drives, with the latter two achiev-
ing population elimination only under sufficiently low population 
fecundity or total germination probability (γ) (Supplementary Figs. 6, 
8 and 10). These results contrast with those of Liu et al.24 and Ober-
hofer et al.25, who reported successful population elimination by 
ClvR female suppression and CAIN male suppression, respectively, 
in models without dormancy. We attribute this discrepancy to the 
lower low-density growth rates (β) assumed in their studies than in 
ours. Indeed, decreasing β to their default values reduces the required 
genetic load, enabling even weaker constructs (ClvR female suppres-
sion and CAIN male suppression) to reach these thresholds and collapse 
the population. Our model employs relatively high β values because 
we assume complete fertilization of ovules when effective ovules are 
limiting and pollen is abundant, and complete utilization of pollen 

when effective pollen is limiting and ovules are abundant. Conse-
quently, when we evaluate our model without dormancy, all seeds 
germinate immediately, and at low densities below carrying capacity, 
all seedlings develop into plants. However, natural populations often 
experience seedling mortality due to external biotic and abiotic fac-
tors—such as interspecific competition, predation, fungal pathogens 
and physical disturbances—independent of seedling density39–41. Such 
factors would decrease β below our modelled values, thereby lowering 
the required genetic load of the drive and potentially allowing weaker 
drives to achieve population elimination. Our model thus provides 
a conservative estimate of suppression drive efficacy, and the for-
mula for required genetic load (equation (4)) may need adjustment 
to incorporate additional population-specific constraints on seedling 
establishment and survival. However, our gene drive parameter analysis 
suggests that suppression drives may be able to impose the highest 
genetic loads when the drive’s target gene is essential for the viability 
of all gametes (Supplementary Fig. 12) and germline cleavage rates 
are high, particularly in the sex for which the drive induces sterility 
(Supplementary Figs. 13 and 14).

Our results highlight three life-history metrics critical to the effec-
tive deployment of gene drives in weed populations: (1) average 
seed-bank duration τ, (2) total germination probability γ and (3) fecun-
dity (baseline mean effective ovule count nbo and mean effective pollen 
grain count nbp per individual). If a candidate population has a long 
average seed-bank duration under natural conditions and controlled 
experiments without seed banks indicate a high baseline invasion 
threshold ( p̂), the effective invasion threshold ( ̂pe) may exceed practi-
cal single-release frequencies (for example, Fig. 6c,f). In such cases, 
multiple consecutive releases could shorten time to fixation (or elimi-
nation) by accelerating establishment and reducing seed-bank dilution, 
and may also improve confinement within the target population. Fur-
thermore, pre-deployment efforts that reduce the resident wild-type 
seed bank can increase the effective introduction frequency, thereby 
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viability fitness costs. a–f, Baseline germination rate b and drive-associated 
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lowering ̂pe: for example, seed-bank-depletion measures that draw 
down the seed bank and limit seed rain42,43 and/or a large drive-seed 
drop (Extended Data Fig. 4). Even when establishment is feasible, 
long-lived seed banks can create a demographic lag that makes sup-
pression by the drive alone impractically slow. In such cases, gene drives 
are best considered as a part of integrated weed management that also 
reduces ongoing seed production and accelerates seed-bank 
depletion43, consistent with ‘sensitizing’ drive concepts intended to 
improve the efficacy of subsequent interventions15. Our model is also 
conservative in its demographic response to genetic load: population 
size is not substantially reduced until genetic load becomes sufficiently 
high, after which the population is rapidly eliminated. Real populations 
may begin to decline much earlier at intermediate genetic loads, 
depending on the form of density-dependent regulation in the target 
species. This could yield management-relevant control effects sooner 
and may also expedite population elimination through Allee effects 
and demographic stochasticity.

For modification drives, our results suggest that fecundity has min-
imal impact on drive success; however, long seed-bank durations can 
substantially delay drive fixation (Fig. 3 and Supplementary Fig. 4). For 
suppression drives, we found that population elimination is facilitated 
by reduced fecundity and lower total germination probability, as both 
decrease the required genetic load of the drive (Fig. 4). Low-fecundity 
populations also benefit from smaller population sizes, thus requir-
ing fewer drive individuals to achieve necessary release frequencies. 
Lastly, because selfing can slow or even prevent drive spread (Extended 
Data Figs. 1 and 2), we recommend prioritizing dioecious species (for 
example, Amaranthus palmeri and Amaranthus tuberculatus15,44,45) 
or strongly self-incompatible species (for example, Lolium rigidum 
and Alopecurus myosuroides15,46,47). Our analyses assumed a constant 
selfing rate, but previous studies indicate that selfing can evolve as 
a mechanism to avoid drive-imposed fitness costs32,48–50. Thus, for 
target species capable of selfing with low inbreeding depression, we 
caution against deploying suppression drives or modification drives 
with strong fitness costs.

Several limitations of our model present opportunities for fur-
ther investigation. We assumed a panmictic population, an annual life 
cycle, constant seed-bank parameters, wind pollination and no spatial 
dynamics. These assumptions underestimate the complexity of natu-
ral populations, where genetic variation, environmental fluctuations 
and spatial heterogeneity often influence seed survival, germination, 
pollen dispersal and drive dynamics. We also did not model functional 
resistance alleles that prevent drive cleavage but retain target gene 
function. Previous theoretical work shows that if functional resistance 
alleles confer fitness advantages against the drive, they can eventu-
ally outcompete the drive allele25,50,51. However, we expect functional 
resistance rates to be low for CAIN and ClvR due to their use of multiple 
gRNAs, increasing target cleavage redundancy52–55. Although resist-
ance alleles may eventually arise in sufficiently large populations, 
their establishment probability would probably be reduced in plant 
populations with low germination rates. Another phenomenon known 
to hinder the success of suppression drives is ‘chasing’, a recoloniza-
tion–extinction dynamic in spatially structured populations in which 
wild-type individuals repopulate areas previously cleared by the drive, 
often preventing population elimination50,56,57. Seed banks may con-
siderably influence chasing dynamics, especially when coupled with 
other plant-specific life-history traits, such as long-distance dispersal 
of pollen and seeds and reduced low-density growth rates of popula-
tions with low germination rates. Such interactions could be complex 
and warrant further investigation.

Although CRISPR-based gene drive systems have been stud-
ied extensively for controlling disease-vector mosquitoes58–62, their 
potential for agricultural weed control has remained largely unex-
plored. One reason for this gap has been the lack of experimentally 
validated gene drives in plants until the recent development of CAIN 

and ClvR24,25. Another is the assumption that key plant life-history 
traits (for example, high fecundity, self-pollination, polyploidy and 
seed dormancy) constrain drive efficacy15,16. Our findings challenge 
this assumption by demonstrating that seed banks can, in some cases, 
enhance both the efficacy and biosafety of gene drives in plant sys-
tems. Specifically, seed banks can lower the required genetic loads for 
suppression drives and introduce higher invasion thresholds under 
drive-associated fitness costs, substantially reducing the risks of 
unintended gene drive spillover into non-target populations. Highly 
efficient gene drive constructs can thus become inherently safer in 
populations with seed dormancy. Achieving comparable thresholds 
in populations without seed banks would require either complex 
gene drive architectures, which are often challenging to engineer in 
practice (for example, underdominance drives63–66), or substantially 
increased fitness costs of toxin–antidote drives, with reduced drive 
efficacy. Collectively, our work highlights seed dormancy not as a 
barrier but as an ecological trait that can be strategically leveraged 
for gene drive deployment, providing opportunities to optimize 
the feasibility, effectiveness and safety of genetic interventions in 
weed populations. More broadly, our study underscores the impor-
tance of explicitly integrating ecological and life-history complexity 
into genetic control strategies to enable safer and more targeted 
biotechnological solutions.

Methods
Gene drive systems
We parameterized our default CAIN and ClvR gene drives using 
experimentally derived values from their respective experimental 
studies24,25. Figure 1 illustrates the mechanism of each drive, and 
Supplementary Table 1 summarizes the corresponding model parame-
ters used in our simulations unless stated otherwise. We varied the drive 
parameters from these experimental defaults and studied the effects 
of the drive parameters (see Supplementary Text 2 for further details).

We modelled the germline cleavage rate as the probability that a 
wild-type target allele—located on a separate chromosome from the 
drive—is cleaved in the germline of an individual carrying at least one 
drive allele. This rate may differ depending on the sex of the individual. 
We assumed the drive carries multiple gRNAs that target conserved 
sites within the target gene, resulting in an extremely low functional 
resistance rate54; that is, the probability of a target allele becoming 
uncleavable at every gRNA target site while preserving the gene’s func-
tion is minimal. We thus did not model functional resistance; all cleav-
age events were assumed to produce a non-functional (disrupted) copy 
of the gene. We also excluded maternal or paternal Cas9 deposition 
(that is, embryo cleavage) and intrinsic drive-associated fitness costs by 
default, as these were not reported or explored in the referenced stud-
ies. However, we also considered drive fitness costs reducing gamete 
viability and seed survival when evaluating the effects of seed-bank 
parameters on threshold-dependent drives.

The CAIN study24 reported germline cleavage rates of 0.984 in 
males and 0.941 in females. The authors also observed a 96% penetrance 
rate of the NPG1 target gene, which we modelled as a 4% probability 
that a pollen grain lacking a functional copy of the gene remains viable. 
Because NPG1 affects only male gametes, ovules with disrupted tar-
get alleles are assumed to remain viable. For a modification version 
of CAIN, we assumed that a cargo gene is attached to the drive con-
struct, such that drive carriers have a desirable phenotype. We refer 
to the modification construct simply as ‘CAIN’. For suppression, we 
assumed that the CAIN drive is inserted into a haplosufficient essential 
male fertility gene in a manner that disrupts the gene, such that males 
with two drive alleles are sterile. We refer to this construct as ‘CAIN 
male suppression’.

For ClvR25, exact estimates for male and female cleavage rates 
are unavailable. We inferred these values from the male and female 
drive inheritance rates, averaged across experimental crosses and 
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weighted by sample sizes (Supplementary Text 1). We estimated a male 
germline cleavage rate of 0.974. In females, drive inheritance rates were 
lower than in males, a difference attributed to maternal carryover—the 
partial deposition of the rescue protein (encoded by the drive) into 
female gametes. Assuming female cleavage occurs at the same rate as 
in males, we estimated the maternal carryover rate to be approximately 
0.207. We modelled this as a 20.7% probability that a female gamete 
lacking a functional YKT61 allele remains viable when produced by a 
drive-carrying female. For population modification, we assumed that 
a cargo gene is attached to the ClvR drive, such that individuals with 
a drive allele have some desirable phenotype. We refer to the modifi-
cation version of the drive as ‘ClvR’. For population suppression, we 
considered two variants of ClvR: ‘ClvR male suppression’, in which the 
drive is inserted into a haplosufficient, essential male fertility gene in 
a disruptive manner such that male homozygotes are sterile, and ‘ClvR 
female suppression’, in which the drive is inserted into a haplosufficient, 
essential female fertility gene in a disruptive manner such that female 
homozygotes are sterile.

Life cycle model of annual plants
Our model is based on wind-pollinated weeds, a major group of poten-
tial gene drive targets15. While some species can be monoecious or 
hermaphroditic and self-fertilize to varying degrees, we focused on a 
strictly dioecious system to avoid the potential evolution of selfing as 
a protective mechanism against gene-drive-induced fitness costs48,49. 
An extension for hermaphroditic species capable of selfing is detailed 
in a later Methods section. We also assume a panmictic population 
with an annual life cycle (Fig. 2). The model employs a stochastic, 
agent-based framework that explicitly accounts for the plant life cycle 
and incorporates the CAIN and ClvR drive systems. Our model extends 
beyond the deterministic homing drive framework of Barrett et al.16, 
allowing for a more biologically and ecologically realistic representa-
tion of drive dynamics.

Reproduction. In our model, we do not explicitly track all ovules or 
pollen grains produced in the population; instead, we focus on effective 
gametes that actually contribute to reproduction (Fig. 2a). We define 
‘effective ovules’ as ovules capable of fertilization and subsequent 
development into viable seeds and ‘effective pollen’ as pollen grains 
that can reach a receptive female by wind and successfully germinate. 
Because the probability of pollen deposition on a receptive stigma is 
extremely low in wind-pollinated systems67, the expected effective 
pollen count is substantially lower than the total pollen production 
per male. This count varies among males due to differences in pollen 
production and transfer efficiency67–69. Analogously, the effective ovule 
count varies among females because of resource allocation, develop-
mental anomalies and other factors affecting ovule viability70–73. We 
account for this individual-level variation by sampling the number 
of effective gametes per individual from a Poisson distribution with 
sex-specific means.

We assume that pollen deposition is uniformly distributed among 
a female’s flowers, such that only the total number of effective ovules 
per female determines reproductive output. Let nbo denote the baseline 
mean effective ovule count per wild-type female, which was held con-
stant throughout the simulation. We draw each fertile female’s maxi-
mum number of effective ovules from a Poisson distribution with mean 
nbo. We then consider drive processes in the germline that created these 
gametes and whether any such gametes would have been rendered 
non-viable due to the drive. For the CAIN drive—whose target gene 
affects only male gametes—all ovules are viable, so a female’s effective 
ovule count will always equal her maximum effective ovule count drawn 
from the Poisson distribution. This is also the case for the ClvR drive 
when females lack a drive allele and a disrupted target allele. However, 
if a female carries a ClvR drive allele or disrupted target allele, some 
ovules will be non-viable if they inherit a disrupted target allele with 

no rescue (through co-inheriting the drive or through maternal carryo-
ver), thereby reducing her effective ovule count below her maximum 
number drawn. For suppression drives, sterile females are assumed 
to produce no effective ovules and are excluded from reproduction.

We define nbp as the baseline mean effective pollen count per 
male in a wild-type population at carrying capacity K. The probability 
that a pollen grain successfully reaches a receptive stigma at time t 
is assumed to be proportional to the number of fertile females Nf(t), 
with all stigmas equally likely to capture pollen. Accordingly, as Nf(t) 
increases, the per-pollen grain probability of successful deposition 
increases proportionally.

To model this dependency, we scale nbp by the ratio of Nf(t) to the 
expected number of fertile females at carrying capacity, K/2, yield-
ing the time-dependent mean number of effective pollen grains per 
male, np(t):

np(t) = nbp ×
Nf(t)
K/2 .

At carrying capacity, np(t) = nbp; however, as the number of fertile 
females declines, a greater fraction of pollen grains fails to reach 
receptive females, thereby reducing the effective pollen count. This 
scaling is especially relevant for suppression drives that reduce the 
number of fertile females. A similar procedure is conducted in males as 
in females: for each fertile male, we first sample the maximum effective 
pollen count from a Poisson distribution with mean np(t), then model 
drive processes in the germline that produced these pollen grains and 
lastly discard any pollen grains that were rendered non-viable due to 
the drive. Because of drive-associated loss of gamete viability, males 
carrying a CAIN or ClvR drive allele or disrupted target allele ultimately 
produce fewer effective pollen grains than wild-type males. For sup-
pression drives targeting male fertility genes, sterile males are assumed 
to produce no effective pollen and are excluded from reproduction.

Effective pollen grains are then collected from the Nm(t) fertile 
males and randomly allocated to the Nf(t) fertile females. The total 
number of effective pollen (Ntot

p (t)) has expectation Nm(t) × np(t). We 
model pollen allocation as a multinomial random variable with Ntot

p (t) 
trials and uniform category probabilities ( 1

Nf(t)
,… , 1

Nf(t)
), assuming each 

fertile female is equally likely to receive a pollen grain. The expected 
number of pollen grains per female is N tot

p (t)/Nf(t) =
Nm(t)×nbp

K/2
, though 

stochastic variation may lead to deviations from this mean.
Fertile females typically receive enough effective pollen to fertilize 

all their effective ovules, in which case each effective ovule randomly 
samples an effective pollen grain from the female’s effective pollen 
pool, assuming all effective pollen grains are equally likely to be cho-
sen. However, if a suppression drive reduces pollen availability (for 
example, CAIN male suppression or the ClvR male suppression drive), 
some females may not receive enough effective pollen to fertilize all 
effective ovules. In such a case, each effective pollen grain fertilizes a 
randomly chosen effective ovule from the female, assuming all effective 
ovules have an equal probability of being fertilized. Fertilized effective 
ovules become seeds, which have an equal probability of being male or 
female. Female plants that receive no effective pollen produce no seeds. 
Similarly, if a suppression drive reduces the number of effective ovules, 
fewer fertilization events occur, thereby reducing seed production.

Movement out of the seed bank via age-dependent seed mortal-
ity and germination. Newly produced seeds enter the seed bank and 
survive their first year with probability d (Fig. 2b,c). Thereafter, sur-
vival rates decline with seed age, such that the probability of an age-a 
seed surviving, given its persistence in the seed bank, is d/aq, where 
the parameter q determines the rate at which survival rates decrease 
with age. Surviving seeds have an opportunity to germinate each year, 
with age-dependent germination probabilities modelled similarly to 
survival probabilities. Newly produced seeds germinate with prob-
ability b, conditional on surviving their first year. For seeds of age a > 1,  
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germination rates decline with age, such that the probability of an 
age-a seed germinating, given its persistence in the seed bank, is b/am, 
where m determines the rate at which germination rates decrease with 
age. Germination rates are assumed to be genotype-independent. 
Seeds can persist in the seed bank for a maximum of L years74,75, after 
which they are assumed to be non-viable and are removed from the 
model. To simulate populations without seed banks, we set d = 1 and 
b = 1, such that all seeds survive and immediately germinate. In such 
a case, seed age never exceeds one year, making the parameters m, q 
and L have no effect.

Seedling competition. Germinated seeds develop into seedlings that 
compete for limited resources (Fig. 2d)41,76–78. We assume that seedling 
competition regulates the population size, maintaining the number 
of plants near the carrying capacity K at equilibrium. We denote the 
number of seedlings at year t as Nsdl(t). When Nsdl(t) ≤ K, all seedlings 
survive to adulthood. When Nsdl(t) > K, density-dependent competi-
tion reduces survival probability proportionally. The probability of a 
seedling surviving to adulthood at time t is given by:

c(t) = min ( K
Nsdl(t)

, 1) .

Surviving seedlings mature into adult plants, completing the life cycle. 
Each model time step corresponds to one year.

Average seed-bank duration and total germination probability
To obtain the average seed-bank duration (τ), we first derive the 
probability of germinating at age a (ga) for seeds of age a ∈ {1, …, L}, 
where L represents the maximum viable seed age, following previous 
approaches30,37,79. For a seed to germinate at age a, it must (1) remain 
dormant through the preceding a − 1 years without dying or germinat-
ing and (2) both survive and germinate in year a. Thus, ga is given by

ga =
d
aq

b
am

a−1
∏
k=1

[ d
kq

(1 − b
km

)] ,

where d and b are the baseline survival and germination rates, and q and 
m are shape parameters governing the age-dependent decline in sur-
vival and germination, respectively, as defined in the previous section.

We define the total germination probability γ as the cumulative 
probability of germination across all seed ages up to L:

γ =
L
∑
a=1

ga. (1)

With this, we derive τ, equivalent to both the expected age of germi-
nated seeds and the generation time of the population:

τ = 1
γ

L
∑
a=1

(a × ga). (2)

Implementation of gene drive simulation model with a  
seed bank
We implemented our model in SLiM v.4.0.1 (ref. 36), an individual-based, 
forward-time population genetic simulation framework. We initialized 
each simulation with K wild-type plants and allowed the plant and 
seed populations to equilibrate for 2L years (where L represents the 
maximum seed age) before introducing the drive. This burn-in period 
was sufficient for the empirical average seed-bank duration to match 
its analytical expectation derived in the previous section. We then 
introduced the drive at a frequency of p0 by replacing a fraction 2p0 of 
plants with drive heterozygotes. The drive was introduced only once 
per simulation. The simulation was run until one of the following out-
comes occurred: drive fixation, drive loss, population suppression or 
500 years elapsed after drive introduction.

Low-density growth rate
For modification drives, we evaluated the probability of fixation and 
time to fixation. For suppression drives, we evaluated the probability 
and timing of population elimination. In the latter case, the efficacy 
of suppression depends largely on the density-dependent dynam-
ics of the population80,81. As the suppression drive spreads, gamete 
production declines, but the few remaining gametes face reduced 
competition and an increased probability of successful fertilization. 
If the maximum per capita growth rate at low density, denoted β, is 
sufficiently high, population elimination may be prevented. To derive 
β for our suppression constructs, we first note that maintaining the 
population at carrying capacity K requires, on average, each female 
to produce at least two fertilized effective ovules (assuming abundant 
effective pollen grains) or each male to pollinate two effective ovules 
(assuming abundant effective ovules). These fertilized ovules become 
seeds, which then must survive the seed bank and germinate. The 
minimum required seed production per male or female is therefore 
nmin = 2/γ, where γ is the total germination probability, as defined in 
equation (1).

For suppression drives that generate sterile males, the male 
low-density growth rate βm can be derived by considering the limiting 
case in which a single fertile male remains, while the number of fertile 
females remains at K/2. This male produces, on average, nbp viable 
pollen grains. Given an excess of effective ovules and no competition 
from other males, all effective pollen is assumed to fertilize effective 
ovules successfully, producing nbp seeds per male at low density. The 
male low-density growth rate is thus βm = nbp/nmin = nbpγ/2. Alterna-
tively, if the suppression drive generates sterile females, the female 
low-density growth rate βf is derived by considering the limiting case 
in which a single fertile female remains, while the number of fertile 
males is K/2. This female produces nbo effective ovules on average. With 
abundant effective pollen and no competition among females, all of 
her effective ovules are successfully fertilized, resulting in nbo seeds 
produced per female. The corresponding female low-density growth 
rate is βf = nbo/nmin = nboγ/2.

Required genetic load
We focus on the low-density growth rate (β) that the suppression drive 
must overcome to achieve suppression. Let n denote the baseline 
number of effective gametes per wild-type individual. Because the 
parameters determining reproductive success differ according to 
which sex is rendered sterile by the drive, we set these parameters 
sex-specifically: for drives inducing sterile males, we set β = βm and n 
= nbp, and for drives inducing sterile females, we set β = βf and n = nbo. 
The suppressive effect of the drive can be quantified by its genetic 
load, which measures the reduction in population fitness induced by 
the drive80,82–85. We measure population fitness by the total number 
of effective gametes produced in a given year, relative to the number 
expected in a wild-type population of the same size. We define the 
genetic load λ(t) at time t as:

λ(t) = 1 − total number of effective gametes(t)
expected total numberof effective gametes

= 1 − total number of effective gametes(t)
nK/2

,
(3)

where nK/2 represents the expected number of effective gametes, 
assuming the population is at carrying capacity.

For the drive to suppress the population, it must reduce the effec-
tive gamete pool below the threshold necessary to produce nmin seeds 
per individual. The critical genetic load required for population decline 
is at least 1 − 1/β (ref. 83), which we define as the required genetic load λ*:

λ∗ = 1 − 1
β
= 1 − 2

nγ . (4)
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Fitness cost of gene drive
Our base model assumes no fitness cost associated with CAIN or 
ClvR. To investigate the impact of drive-associated fitness costs, we 
extended the model to incorporate drive-induced fitness costs on 
gamete viability and seed survival. We define sg as the probability 
that a drive-carrying gamete is non-viable, effectively representing 
a codominant fitness cost reducing gamete production. Thus, sg/2 
of drive-heterozygote gametes and sg of drive-homozygote gametes 
are non-viable in expectation. Similarly, we define ss as a codominant 
fitness cost reducing seed survival, modelled as a reduction in the 
baseline survival rate (d). Drive-heterozygous seeds have a baseline 
survival rate of d − ss/2, while drive-homozygous seeds have d − ss. Seed 
survival rates also decline with seed age (a), following the general form 
d/aq for wild types, (d − ss/2)/aq for drive heterozygotes and (d − ss)/aq 
for drive homozygotes, where q controls the rate at which survival 
probabilities decline with age.

We examined each fitness cost separately to quantify its impact 
on the effective invasion threshold ( ̂pe) of the drive. For a given set of 
seed-bank and drive parameters, we varied the introduction frequency 
(p0), ran ten replicates per p0 and recorded the proportion of runs in 
which the final drive frequency in plants exceeded p0. We then fit a 
logistic response of spread rate to p0 using the drc R package86 and 
defined ̂pe as the p0 at which the fitted curve equals 0.5 (that is, spread 
in half of replicates).

Gene drive parameter scan
Since CAIN and ClvR drive parameters may differ from experimental 
estimates in target weed populations, we systematically analysed 
how each drive parameter affects each drive’s performance across 
a range of seed-bank parameters. We assumed efficient drives and, 
unless varied, set the target-gene penetrance to 1 (essential target), 
the male germline cleavage rate to 0.97, the female germline cleavage 
rate to 0.97 and the maternal carryover rate (for ClvR) to 0.207. We 
imposed no drive fitness costs (sg = ss = 0) and released the drive at p0 = 
0.1 frequency in drive-heterozygous plants. We ran ten replicates per 
parameter combination.

To analyse the effect of the target gene penetrance rate, we set it 
to 0.96, 0.98 or 1 and recorded (1) the fraction of replicates achieving 
fixation (modification drives) or population elimination (suppression 
drives) within 500 years and (2) the average time to fixation or popu-
lation elimination among successful replicates. We define fixation as 
the drive reaching 100% frequency in all plants and seeds, and elimina-
tion as the drive causing the loss of all plants and seeds. We repeated 
these numerical experiments over baseline germination rates (b in 
[0.1, 1] with step 0.1) and age-dependence germination parameters 
(m in [0, 2] with step 0.2) for all CAIN and ClvR modification drives 
and suppression drives, with ten replicates per parameter combina-
tion. All other seed-bank parameters were set to their default values 
in Supplementary Table 2.

We applied the same procedure to the remaining drive parameters 
but with parameter-specific ranges. We varied the male and female 
germline cleavage rates over {0.9, 0.95, 1}, holding the opposite-sex 
rate at the default, and varied the maternal carryover rate (ClvR only) 
over {0, 0.207, 0.5, 1}. For each drive and parameter combination, we 
recorded the proportion of replicates achieving fixation (modification 
drive) or population elimination (suppression drive) within 500 years, 
and the mean time to fixation or elimination, conditional on success.

Hermaphrodite model with selfing
To examine the effect of self-pollination on the spread of modification 
and suppression drives, we constructed a hermaphroditic model in 
which each individual produces an average of nbo effective ovules and 
nbp effective pollen grains at equilibrium. Additional model parameters 
are listed in Supplementary Table 3. To match the total effective gamete 
counts to those in the dioecious model, we set the average effective 

gamete counts to half of their previous defaults: nbo = 30 and nbp = 90. 
Seed-bank dynamics remained the same across models, and each drive 
was parameterized using its experimentally derived default values 
(Supplementary Table 1).

In the hermaphrodite model, selfing occurs at a constant rate σ ∈ 
[0, 1] specified at initialization. An effective ovule is fertilized by self 
pollen with probability σ, independently across ovules. We assume 
that self pollen is not limited; that is, an effective ovule samples from 
the plant’s own pollen pool with replacement. After accounting for 
selfing, all remaining receptive ovules and outcross pollen are pooled 
and paired at random (panmictic outcrossing), as in the dioecious 
model. However, to ensure that self-pollination does not occur at a 
higher rate than intended, we remove an individual’s own pollen from 
its outcross pool.

CAIN and ClvR suppression drives act analogously to the dioec-
ious model. For the CAIN male and ClvR male suppression drives, drive 
homozygotes produce no effective pollen (male sterile), only ovules. 
For the ClvR female suppression drive, drive homozygotes produce 
no effective ovules (female sterile) and lack functional female repro-
ductive structures; hence, they cannot receive pollen. Consequently, 
any drive homozygote lacking one gamete class cannot self-pollinate.

Since we define ‘effective pollen’ as pollen grains that reach recep-
tive ovules and germinate, the mean effective pollen available for out-
crossing at time t is reduced by individuals lacking functional female 
reproductive structures (that is, homozygotes for the ClvR female sup-
pression drive) and ovules already fertilized via selfing. Let Nrecv(t) be 
the number of plants capable of receiving pollen (the total population 
minus ClvR-female homozygotes) and Nself(t) (≤Nrecv(t)) be the subset 
of receivers that are capable of selfing (the total population minus all 
suppression-drive homozygotes).

Following the classic mass-action “pollen-pool” mating framework87, 
outcrossing arises from random pairing between a population- 
level pool of effective pollen and a population-level pool of receptive 
ovules. We treat selfing as a per-ovule process that removes a fraction of 
ovules from the outcross pool on plants capable of selfing88,89. A pollen 
grain succeeds in outcrossing only if it (1) lands on a pollen-receiving 
plant and (2) encounters an ovule that has not been pre-empted by self-
ing. The first event occurs with probability Nrecv(t)/K, where K denotes 
the population’s carrying capacity. Among receivers, the fraction that 
can self is Nself(t)/Nrecv(t); on those plants, a fraction 1 − σ of ovules remain 
available to outcross pollen, whereas receivers that cannot self have all 
ovules available. The mean fraction of ovules on receivers available to 
outcross pollen is thus 1 − σNself(t)/Nrecv(t). Multiplying these factors by 
the baseline mean effective pollen nbp gives the mean number of effec-
tive pollen grains per individual available for outcrossing:

np(t) = nbp
Nrecv(t)

K (1 − σ Nself(t)
Nrecv(t)

) =
nbp

K (Nrecv(t) − σNself(t)) .

When all receivers can self (Nrecv(t) = Nself(t)), the above expression 
reduces to np(t) = nbp(1 − σ)Nrecv(t)/K. If σ = 1, all ovules of self-capable 
receivers are pre-empted, and np(t) = 0.

Unlike the dioecious model, where individuals of the limiting sex 
had to produce a minimum of two seeds that survive the seed bank for 
the population to sustain itself at K, a hermaphrodite must replace itself 
with one surviving seed on average; thus, nmin = 1/γ, where γ denotes the 
total germination probability of each seed.

If the suppression drive limits pollen production (for example, 
CAIN or ClvR male suppression), we derive the corresponding βm 
by considering the limiting case in which all but one individual are 
pollen-sterile (but ovule-fertile). Because self pollen is not limiting, the 
individual contributes on average σnbo seeds through selfing and nbp 
seeds through outcrossing. The total seed output in this limiting case 
is thus nbp + σnbo, giving a ‘male-analogous’ low-density growth rate:

βm = γ(nbp + σnbo). (5)
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For ClvR female suppression, where ovules are limiting, consider a sce-
nario in which all individuals lack ovules (and thus cannot self) except 
for one. That individual produces nbo seeds, which are all fertilized 
(by self or outcross pollen), giving a ‘female analogous’ low-density 
growth rate:

βf = γnbo. (6)

Genetic load is again defined as the proportional reduction in  
total effective ovules or pollen relative to a wild-type population of 
the same size. Because wild types produce both ovules and pollen 
grains in this hermaphrodite model, the expected numbers of effec-
tive ovules and pollen grains at equilibrium are Knbo ovules and Knbp 
pollen. Using the critical-load threshold 1 − 1/β (ref. 83), the required 
genetic loads are:

λ∗m=1 − 1
γ(nbp+σnbo)

(ClvRmale suppression andCAINmale suppression),
(7)

λ∗f = 1 − 1
γnbo

(ClvR female suppression). (8)

We set each drive to its experimental defaults (Supplementary  
Table 1) and, for a given selfing rate, varied b in [0, 1] (step 0.1) and m 
in [0, 2] (step 0.2), with ten replicates per parameter combination. For 
modification drives, we recorded the fraction of replicates reaching 
fixation (in both plants and seeds) within 500 years and the mean time 
to fixation among successful replicates. For suppression drives, we 
tracked the fraction of replicates achieving population elimination 
(of both plants and seeds) within 500 years.

Drive frequency in plants following a seed introduction
By default, in our dioecious model, we introduced the drive by replacing 
sufficient wild-type plants with drive heterozygotes, setting the initial 
drive allele frequency in the plant population p0 = 0.1. As a practical 
alternative, we modelled a seed introduction, in which drive-carrying 
age-0 seeds enter the seed bank and germinate alongside wild-type 
seeds. The resulting plant-level drive frequency after seed-bank sur-
vival, germination and density-dependent seedling competition can 
be obtained analytically as follows.

Assuming complete pollination of effective ovules at wild-type 
equilibrium, a baseline mean effective ovule count of nbo and a carrying 
capacity of K, the dioecious model produces S = nbo ×

K
2

 age-0 seeds 
per year. Let S0 denote the number of age-0 seeds in the release year. 
For a seed replacement in the release year (not a drop), S0 = S and the 
age-0 seed drive allele frequency is ps. However, if the drive is released 
as a drop of seeds, S0 > S during the release year. To achieve seed-level 
allele frequency ps, the required number of dropped seeds (Sd) is:

Sd =
⎧
⎨
⎩

2Sps

1−2ps
for a drive-heterozygote drop (0 < ps <

1
2
), (9)

Sps

1−ps
for a drive-homozygote drop (0 < ps < 1), (10)

such that S0 = S + Sd.
Age-0 seeds survive the seed bank and germinate at rates d and b, 

respectively, so age-0 seeds enter the seedling pool at expected count 
S0db. At wild-type equilibrium, older seed-bank cohorts contribute  
S(γ − db) seedlings. The total number of seedling competitors after the 
drive release is thus S0db + S(γ − db). Under density-dependent regula-
tion, the per-seedling survival rate to the plant stage is K

S0db+S(γ−db)
;  

hence, allele frequencies are preserved from the seedling pool to 
adults. The resulting initial drive allele frequency in the plant 
population is:

p0 =
psS0db

S0db + S(γ − db) , (seeddrop) (11)

which reduces under seed replacement (S0 = S) to:

p0 =
psdb
γ , (seed replacement). (12)

Descriptions of the variables introduced in this section are pro-
vided in Supplementary Table 3.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the simulation studies reported in this manu-
script are publicly available via Zenodo at https://doi.org/10.5281/
zenodo.15110717 (ref. 90).

Code availability
The code used for the simulation studies reported in this manu-
script is publicly available via Zenodo at https://doi.org/10.5281/
zenodo.15110717 (ref. 90).
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Extended Data Fig. 1 | Spread of CAIN and ClvR modification drives for 
different selfing rates. In the hermaphrodite model, we varied the selfing rate 
σ while holding each drive’s parameters at their experimental defaults and 
assuming no age-dependence in germination (m = 0). Curves are colored by the 

baseline germination rate b. a,b, Fixation rate of CAIN and ClvR, respectively, 
across (b, σ), estimated over 10 replicates per parameter set. c,d, Mean time to 
fixation for CAIN and ClvR, respectively, among successful replicates.
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Extended Data Fig. 2 | Effect of selfing on the success of ClvR and CAIN 
suppression drives. In the hermaphrodite model, we varied the selfing rate (σ), 
baseline germination rate (b), and age-dependent germination parameter (m), 
keeping drive parameters at experimentally derived defaults (Supplementary 
Table 1). For each parameter set, the elimination rate is defined as the fraction 

of 10 replicates in which all plants and seeds were eradicated. Heatmaps display 
elimination rate (color scale) across b and m. a–e, ClvR male suppression at 
selfing rates of 0, 0.03, 0.05, 0.08, and 0.10, respectively. f–j, ClvR female 
suppression (as in a–e). k–o, CAIN male suppression (as in a–e).
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Extended Data Fig. 3 | Spread of CAIN and ClvR modification drives when 
introduced via seed drops. Instead of the default plant replacement (replacing 
a fraction of wild-type plants with drive heterozygotes), the drive is introduced 
by dropping drive-heterozygous age-0 seeds into the seed bank. We vary the 
drive-carrying seed introduction frequency (ps) and the baseline germination 
rate (b), assuming germination rates do not decline with age (m = 0), and with 
10 replicates per parameter combination. a, CAIN: mean initial plant-stage 
drive frequency p0 after drive-carrying seeds have survived, germinated, and 

successfully established as seedlings in the first year (color scale at right). b, Same 
as a for ClvR. c, CAIN: average time to fixation among successful replicates (≤ 500 
years; color scale at right). For each b (with m = 0), the star marks the ps whose 
average time to fixation most closely matches that of the plant replacement at 
the same b and m. d, As in c for ClvR. e, CAIN: average time to fixation for the plant 
replacement with introduction frequency p0 = 0.1 in plants versus that of the seed 
drop at introduction frequency ps = 0.1 in age-0 seeds; points are colored by b, the 
gray line is y = x. f, As in e but for ClvR.
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Extended Data Fig. 4 | Effective invasion thresholds for CAIN and ClvR under 
seed drop versus seed replacement. We varied the baseline germination rate b 
and drive-associated gamete viability cost sg (probability a drive-carrying gamete 
is nonviable), holding all other drive and seed-bank parameters at their defaults 
(Supplementary Tables 1 and 2). Blue points denote observed effective invasion 
thresholds p̂e, defined as the minimum seed introduction frequency (ps) yielding 
drive spread in more than 50% of replicates; red triangles are predictions from 

p̂e ≈ p̂× τ. Points at b = 1 give the baseline invasion threshold p̂ without seed 
banks. a–c, CAIN released by dropping drive-homozygous seeds (seed drop): 
invasion thresholds for sg∈ {0.05, 0.1, 0.25} and b∈{0.05, 0.2, 0.5, 1}. d–f, CAIN 
released by replacing a fraction ps of age-0 seeds with drive homozygotes (seed 
replacement). Missing blue points indicate consistent failure to invade; missing 
red triangles indicate predicted p̂e > 1. g–i, As in a–c for ClvR. j–l, As in d–f for 
ClvR.
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