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Abstract

Seed dormancy is the key factor determining weed emergence patterns in the field. Alopecurus
myosuroides (black grass) is a serious cereal weed in Europe that experiences two emer-
gence peaks affecting winter and spring cereals, respectively. Seedlings that emerge in autumn
encounter a period of cold winter temperatures, whereas those that emerge in spring do not.
In this work, we investigated the effects of this overwintering during vegetative growth on
the primary seed dormancy of the offspring. Alopecurus myosuroides plants were propagated
under controlled conditions where a proportion of the population was subjected to a simu-
lated winter period (vernalization) as seedlings. The offspring produced by vernalized plants
was significantly more dormant, requiring longer after-ripening and cold stratification treat-
ments to germinate at warm temperatures. However, there was no difference in the range of
temperatures under which dormant seeds germinated. We hypothesized that this difference in
dormancy was the result of an epigenetic memory of vernalization. Global changes in DNA
methylation of seeds were quantified using an ELISA-based approach. Imbibition in dormant
seeds produced by vernalized plants was associated with a global demethylation event that was
not observed in the offspring of plants that had not been vernalized. Taken together, these
results demonstrate the importance of temperature at different stages of the plant lifecycle in
determining dormancy levels and consequently weed emergence patterns in the field.

Introduction

Alopecurus myosuroides Huds. (black grass) is often cited as the most destructive agricultural
weed in Europe (Lutman et al., 2013) due to its high fecundity (Moss, 1985), multiple herbi-
cide resistance traits (Heap, 2019) and competitive ability against cereal crops (Maréchal and
Henriet, 2012). Alopecurus myosuroides has a typical winter annual life history (Fig. 1) whereby
diaspores (hereafter seeds) are dispersed in the summer with a high degree of primary dor-
mancy that prevents their germination until colder winter temperatures, and consequently, a
major peak of emergence occurs in winter cereals. A minor emergence also occurs in spring,
which coincides with the planting of spring cereals (Clarke et al., 2015). Previous studies have
shown that primary dormancy acts to narrow the range of temperatures permissive to germi-
nation, so that dormant A. myosuroides will only germinate at lower temperatures (Holloway
et al., 2024). In this way, A. myosuroides synchronizes its emergence with the cropping cycle
to avoid herbicide applications and maximize its competitiveness with the crop (Maréchal and
Henriet, 2012), ultimately conferring an evolutionary advantage compared to individuals that
emerge outside the crop and are easily controlled by non-selective herbicides.

A long-term trend for earlier sowing of winter wheat has led to increased A. myosuroides
infestations (Moss, 2017); hence, recent A. myosuroides management practices have shifted
from winter cereal production to spring cereals and oilseed rape in an attempt to avoid
the peak winter A. myosuroides emergence (AHDB, 2016, 2017, 2018). This system has
been successful in managing A. myosuroides infestations (Lutman et al, 2013); how-
ever, recent evidence has suggested that A. myosuroides is adapting to this strategy by
delaying emergence until the spring, leading to similar levels of emergence in the win-
ter and spring (Taylor-Davies, 2017). Models of A. myosuroides emergence recognize the
importance of seed dormancy in determining the timing and scale of emergence in

https://doi.org/10.1017/50960258525100019 Published online by Cambridge University Press

L)

Check for
updates


https://doi.org/10.1017/S0960258525100019
https://doi.org/10.1017/S0960258525100019
mailto:Thomas.holloway@syngenta.com
http://creativecommons.org/licenses/by/4.0
https://orcid.org/0000-0002-8753-7841
https://orcid.org/0000-0002-6802-205X
https://orcid.org/0009-0008-2002-3070
https://orcid.org/0000-0001-8024-7959
https://orcid.org/0000-0002-4186-541X
https://orcid.org/0000-0002-6045-8713
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0960258525100019&domain=pdf
https://doi.org/10.1017/S0960258525100019

Seed Science Research

Autumn

4" Emergence Flowering

Spring
Emergence‘

S O N D J F M A M J J A

Figure 1. The lifecycle phenology of A. myosuroides. Grey shaded areas represent
emergence; dotted and solid lines show the period during which flowering and seed
dispersal occur, respectively. Letters represent months of the year. Modified from
Clarke et al. (2015).

field (Colbach et al., 2006a, 2006b); however, these models focus
on the autumn emergence of A. myosuroides and do not consider a
potential shift to spring emergence.

There is a large body of evidence in crop and model species
to suggest that the environment experienced by the mother
plant modulates seed dormancy in the offspring (Penfield and
MacGregor, 2017). These effects are divided into those that affect
the developing zygote whilst it is maturing on the mother plant
(‘zygotic environment effects’) and those effects that are strictly
maternal before fertilization occurs, which are mediated by the
maternal genome or epigenome (‘true maternal effects’) (Penfield
and MacGregor, 2017). Whilst zygotic environmental effects are
well studied even in A. myosuroides (Swain et al., 2006), studies on
true maternal effects are much less common. For example, in Avena
fatua (wild oat, another grass weed of European cereal crops), it has
been demonstrated that varying the temperature experienced dur-
ing the vegetative growth can influence the seed dormancy of the
progeny (Sawhney et al., 1985).

Interestingly in A. myosuroides, although there are two peaks of
emergence, flowering and seed dispersal occur only once across the
year, suggesting that these two emerged cohorts of A. myosuroides
have similar zygotic environment; however, the true maternal envi-
ronmental conditions differ. The autumn-emerged cohort experi-
ences winter and the spring-emerging cohort does not.

In this study, we aim to investigate the relationship between
maternal vernalization and the seed production and seed dor-
mancy of the subsequent offspring in A. myosuroides. We investi-
gated the different responses of vernalized (V) and non-vernalized
(NV) seeds to different stimuli such as varying temperature, cold
stratification and germination stimulants to determine in which
ways the seeds from the different batches differ in their behaviour.
We also aim to understand whether the differences in vernalization
or dormancy influenced the global DNA methylation of the seeds.

Materials and methods
Seed material

A field collected parental population of A. myosuroides seeds from
Germany that was harvested in May 2015 (hereafter LH-170) was
used for most experiments. Two additional populations, one har-
vested in Cambridgeshire (UK) in 2018 (hereafter LH-161) and
one sourced from Berkshire (UK) in 2018 (hereafter LH-158) were
also included in some experiments. All three populations were
incubated at 20°C under constant light (white fiuorescent light at
100 umol m™ 57!, measured with a LI-250 Light Meter; Li-Cor,
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Germany) on moist filter papers for 10 days in an environmental
chamber (MLR-352-PE, Panasonic, Osaka, Japan). The resultant
seedlings were then transferred to 6 cm diameter pots contain-
ing a 10:1 mixture of John Innes Number 1 compost and perlite
(Westland Horticulture Ltd, Dungannon, Northern Ireland) and
grown for 14 days in a 16/8 h day/night cycle at 18°C. Half of this
crop was transferred to a Conviron™ Environmental Test Chamber
(Conviron Adaptis® CMP6010) set at the same conditions, where
the temperature and photoperiod were gradually reduced over the
course of 6 days from 18°C to a 8/16 h day/night cycle at 6°C and
4°C, respectively, whilst the other half of the population was prop-
agated under the original warm conditions. This condition was
maintained for 35 days, and then the temperature and day/night
cycles were increased up to the initial condition. Five V and five
NV plants were then transferred to a glasshouse bay maintained at
18°C with a 16/8 h photoperiod with supplemental lighting from
sodium lamps. The onset anthesis was counted over time as the
emergence of the tip of the panicle from the culm. All plants from
both batches reached maturity at a similar time (data not shown)
and were harvested at maturity on the same day by agitating the
mature panicles to ensure only mature seeds were collected. These
seeds were weighed for each plant separately and the resultant seed
batches were pooled into V and NV batches, dry-stored using silica
gel (<10% moisture content by weight) and stored at —20°C for the
duration of the experiments (<1 year). To determine the 100 seed
weight for each batch, triplicates of 100 randomly selected freshly
harvested (FH) seeds were weighed using a fine balance.

Germination kinetics

Germination assays were conducted in triplicate using the follow-
ing standard conditions unless otherwise specified: 30 seeds were
incubated in 3 mL distilled water in Petri dishes with two fil-
ter papers (Machery-Nagel™ MN-713) and maintained at 20°C
under constant light in environmental test chambers (MLR-352-
PE). Germination was regularly assessed following Holloway et al.
(2024) as the emergence of the coleorhiza (coleorhiza emergence)
through the margin of the glumes counted over time until there
was no further increase in the number of emerged coleorhizae.
This value was reported as the maximum number of germinated
seeds within the population (gMAX). For the production of seed
batches with different levels of dormancy, dormant FH seeds stored
in porous paper bags were incubated in a hermetically sealed
chamber containing saturated calcium nitrate, which generated
an equilibrium relative humidity of 53%. Incubation under these
conditions resulted in a seed moisture content of 19.3% (w/w).
Seeds were periodically removed monthly, and germination was
tested using standard conditions. For experiments involving the
endogenous application of gibberellin A, or fluridone (Duchefa
Biochemie, Haarlem, the Netherlands), compounds were first solu-
bilized in absolute dimethyl sulfoxide (DMSO), and consequently,
a solvent control of 0.1% (v/v) DMSO was used in these exper-
iments. Separate germination media were made with gibberellin
A, ; applied at 100 uM and fluridone applied at 10 and 100 pM.
To investigate the effect of imbibitional temperature on the germi-
nation of FH or 196 day after-ripened (AR), V and NV batches
were incubated across a gradient of temperatures from 5°C to
28°C under constant light conditions using a two-dimensional
thermogradient plate (GRANT GRD1-LH, Grant Instruments Ltd,
Cambridge, UK) and germination was scored using the stan-
dard conditions procedure. The temperatures across the plate were
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Figure 2. Propagation and description of seed batches. (a) Assessment of flowering time for V. and NV A. myosuroides plants. Accumulated day degrees were calculated with
a base temperature of 0°C. Flowering was counted by the emergence of panicles from the culms. (b) The difference in the seed weight produced by each plant for V and

NV treatments. Statistical significance from a Mann-Whitney test is represented by asterisks (

***p = 0.0079). (c) After-ripening timecourse showing the change in maximum

germination over storage time at 53% equilibrium relative humidity for V and NV batches. (d) Seed mass for triplicates of 100 seeds in V and NV batches. (e) Viability testing
of freshly harvested V and NV batches showing the proportion of diaspores containing no caryopsis (grey) and that had embryos stained (black) or non-stained (white) by
incubation in 2,3,5-triphenyltetrazolium chloride (TTC) solution. Error bars show standard error of the mean.

recorded using a handheld infrared thermometer (Robert Bosch
GmbH, Germany).

Seed viability testing

V and NV batches that had been AR for 196 days were imbibed
for 24 h at 20°C under constant light as previously described,
using the same set of LH-170 seeds as used in other assays. One
hundred diaspores in triplicate were dissected and the number of
diaspores that contained a fully formed caryopsis were recorded.
Intact caryopses were then transferred to a Petri dish containing fil-
ter papers as described before, with 3 mL of a medium containing
1% (w/v) 2,3,5-triphenyltetrazolium chloride (TTC). As negative
(dead) control, another set of caryopses were incubated at 90°C
in ultrapure water for an hour and then transferred to the TTC
medium. These plates were then incubated for a further 24 h at
20°C in the dark. Staining was assessed using a stereomicroscope.
Embryos were considered stained when the entirety of the visible
external portion of the embryo (underneath the testa and pericarp)
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was fully stained dark red. Caryopses with weak or patchy staining
were considered unstained.

Cold stratification

Triplicates of 30 FH V and NV LH-170 diaspores were imbibed
in Petri dishes as previously described with 1 mL of autoclaved
distilled water. These plates were incubated in the dark at 4°C
using a laboratory refrigerator for 3, 7, 14 and 21 days. No ger-
mination occurred during the stratification. After this time, an
additional 2 mL of autoclaved distilled water was added and the
plates were transferred to an incubator at 20°C under constant light
and germination was scored regularly as previously described.

ELISA-based quantification of DNA methylation

Forty milligrams (dry weight) of LH-170 V or NV seeds, which
were either dormant or AR and were either dry or had been
imbibed for 90 h under standard germination conditions, were
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homogenized by pestle and mortar in liquid nitrogen. DNA
was extracted using a DNeasy™ Plant Mini Kit (Qiagen, Venlo,
the Netherlands) following the manufacturer’s recommendations
with modifications (5% (v/v) B-mercaptoethanol in lysis buffer).
DNA yield and quality were quantified using a NanoQuant
Plate™ (Tecan, Minnedorf, Switzerland). Quantification of 5-
methylcytosine (5-mC) was performed using a fluorometric
enzyme-linked immunosorbent assay (ELISA) kit (MethylFlash™
Methylated DNA Quantification Kit, EpigenTek, New York, USA)
following the manufacturer’s instructions for 10 ng of genomic
DNA. Fluorescence proportional to 5-mC concentration was mea-
sured for three biological and two technical replicates using a
microplate reader (Tecan SPARK™, Minnedorf, Switzerland) at
530gx/590gy nm and %5-mC was calculated from a standard
curve of synthetic 5-mC, as a relative quantification following the
manufacturer’s recommendations.

Statistical analysis

Statistical analysis of the data was conducted using GraphPad
Prism (version 10.4.2, GraphPad Software LLC, San Diego, CA,
USA). The specific statistical tests used are described in the Results.
Degree days were used to represent flowering time phenologi-
cal data (Fig. 2a) using the formula DD = T - T, where DD
is degree days, T is the mean daily temperature and T} is a
base temperature. For our calculations, we used 0°C as a base
temperature.

Results

Vernalization of plants had a strong impact on A. myosuroides
plant morphology, flowering and seed production. V plants were
shorter than NV plants with more dense culms (data not shown).
The initiation of flowering in both V and NV plants occurred
simultaneously (130-140 days after germination); however, when
expressed as degree days there was a delay in the flowering of NV
plants (Fig. 2a) yet V plants produced approximately 3-fold more
panicles (Fig. 2a) which equated to a 3-fold increase in seed mass
per plant (Mann-Whitney U(40,15), p = 0.0079) (Fig. 2b). There
was no significant difference in the 100 seed weight produced by
V and NV plants (Mann-Whitney U(12,9), p = 0.7) (Fig. 2d)
and there was no difference in the viability of seeds produced by
either treatment as measured by presence of a caryopsis or by tetra-
zolium staining (two-way ANOVA, F(2,12) = 0.225, p = 0.8018).
The absence of a caryopsis contributed more to the non-viable
population than a lack of staining by incubation in TTC solution
(Fig. 2e).

The seeds produced by NV plants AR more rapidly than seeds
produced by V plants, reaching a fully AR state after approximately
200 days. In the fully AR state, seeds from NV plants reached
~75% maximum germination (Fig. 2c), reflecting the number of
tetrazolium-stained embryos (~80%) (Fig. 2e). The V seed batch
did not reach a fully AR state even after a year of after-ripening
treatment (Fig. 2¢). Interestingly, after 250 days of after-ripening,
the maximum germination of seeds produced by NV plants was
steadily reduced, indicating that seeds were losing germinability
during after-ripening (Fig. 2c).

In the dormant state, seeds produced by V and NV plants germi-
nated over a similar range of temperatures between 5°C and 15°C
(Fig. 3a). A low proportion of seeds (~20%) from the V batch ger-
minated under this temperature range, whereas a larger proportion

https://doi.org/10.1017/50960258525100019 Published online by Cambridge University Press

129

of seeds (~50%) from NV plants germinated under these condi-
tions (Fig. 3a). This effect was most pronounced at 7°C (Fig. 3¢).
After 196 days of after-ripening, the temperature range permis-
sive to germination was greater in seeds produced by both V and
NV plants (Fig. 3b). Seeds from NV plants reached high germi-
nation percentages (60-75%) over a broad range of temperatures
between 5°C and 22°C, whereas this level of germination was only
achieved in AR seeds produced by V plants at a single temperature
of 12°C (Fig. 3e). AR seeds from NV plants also germinated to a
higher maximum proportion at 5°C, the coldest temperature tested
(Fig. 3d).

Seeds produced by V and NV plants also differed in their
response to cold stratification. Whilst in the dormant state there
was low germination of both batches when imbibed at 20°C
under constant light (<5%), cold stratification at 4°C in the dark
increased the germination of both batches when transferred to
20°C under constant light in a dose-dependent manner (Fig. 4).
However the effect of cold stratification was consistently ~2-fold
greater in seeds from NV plants (Fig. 4). After 21 days of cold
stratification, the NV treatment reached similar final germination
proportions (mean = 68%) as their respective fully AR seed batch
(mean = 73%). Cold stratification of seeds produced by V plants
for 21 days reached lower germination proportions (mean = 27%),
particularly when compared to their respective 196 day AR batch
(mean = 40%) (Fig. 4e).

Incubation of V and NV batches of LH-170 in gibberellin A, ,
(GA,,,) did not show a strong response, with only the NV batch
showing a slight increase in germination in response to GA,,
(Fig. 5a,b). However, the both the V and NV batches of LH-170
showed increased germination in response to 10 uM and 100 uM
fluridone.

Quantification of global DNA methylation levels in both dor-
mant and AR batches of dry and imbibed seeds produced from V
or NV plants identified a pattern of differential methylation only
in the V condition. There was no significant difference between the
dry dormant and AR seeds of V and NV batches. Whilst there was
no change in methylation between 0 and 90 h in the AR batch, a sig-
nificant demethylation was observed in the dormant batch during
comparing the dry and 90 day imbibed seeds (two-way ANOVA,
F(1,15) = 5.12, p = 0.0377) (Fig. 6a). No significant changes in
methylation were observed in seeds from the NV batch associated
with after-ripening or imbibition (Fig. 6b).

Discussion

Vernalization has a clear effect on A. myosuroides morphology and
seed production as previously discussed by other authors (Chauvel
et al., 2002). The original result from this study is that vernaliza-
tion modulates the dormancy of the offspring of A. myosuroides
plants, as demonstrated by an increase in after-ripening and cold
stratification requirement. The implication of this finding is that
winter emerging A. myosuroides may produce offspring that have
higher dormancy levels than spring emerging populations. We
might therefore hypothesize that spring emerging populations are
likely to produce low dormancy seeds which emerge early (i.e. dur-
ing winter) and autumn emerging plants might produce high-
dormancy seeds with delayed germination that are more likely to
germinate in the spring of the following year - further studies in
the field would be required to confirm this. This would be in con-
trast to some previous examples, where maternal effects have been
reported to synchronize the emergence timing of seeds produced
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Figure 3. The effect of dormancy and vernalization on the response of A. myosuroides seeds to temperature. (a,b) The effect of imbibition of dormant (a) and 196 day
after-ripened (b) LH170-V and NV seeds across a gradient of temperatures. (c-e) Germination curves for LH-170 V and NV batches at selected temperatures: (c) dormant seeds
incubated at 7°c, (d) after-ripened seeds incubated at 5°C and (e) after-ripened seeds incubated at 12°C. Germination was scored as coleorhiza emergence for triplicates of

>30 seeds. Error bars show standard error of the mean.

by plants shedding seeds at differing times of year (Gutterman,
1992). Both of the A. myosuroides cohorts flower and set seed at the
same time in the field (Clarke et al., 2015), yet the dormancy of the
seed returned to the seedbank is likely to be heterogeneous. This
could serve as a bet-hedging strategy in the constantly changing
environment of an agricultural field where herbicide application,
cultivation and crop rotation could drastically change year on
year. Such seed progeny bet-hedging strategies have recently been
reviewed by Bezodis and Penfield (2024), who propose that bet
hedging maximizes the fitness of the mother plant when seeds are
dispersed into a risky environment for plant mortality. This strat-
egy has also been described for heteromorphic seeds, where the
fitness benefit of heteromorphy correlates with the unpredictabil-
ity of the environment (Arshad et al., 2019). It is also interesting to
note that total seed production in NV plants was much lower than
V plants, indicating a fitness disadvantage for spring germinating
A. myosuroides mother plants. We might therefore hypothesize that
the fitness advantages of a bet-hedging strategy might outweigh

https://doi.org/10.1017/50960258525100019 Published online by Cambridge University Press

the reduction in fitness of the parents due to low seed produc-
tion caused by a lack of vernalization. Further research in the field
over multiple generations would be required to test this hypothesis,
for example tracking the seed production of autumn and spring
emerging A. myosuroides over several years.

Although seeds produced from V and NV plants differed in
their dormancy levels, the range of temperatures under which these
batches germinate in the dormant state did not differ; in contrast
to established physiologically dormant species, where differences
in dormancy level are typically associated with changes in the tem-
perature window permissive to germination (Baskin and Baskin,
2004). This indicates that is unlikely that the two emergence peaks
described by previous authors (Fig. 1) are driven by differential
temperature preferences of the offspring of previous autumn or
spring emerging A. myosuroides. Additionally, these two dormant
batches did not differ greatly in their responses to the classical
dormancy breaking treatments of exogenous gibberellin and fluri-
done application, although the NV batch was more sensitive to
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Figure 4. Cold stratification of dormant A. myosuroides seeds produced by LH-170 V or NV plants. The effect of imbibition of seeds produced by LH-170 V and NV plants at
4°C in constant darkness prior to transferal to 20°C in constant light where seeds were incubated in the cold for (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 days.
Germination was scored as cumulative coleorhiza emergence. Error bars show standard error of the mean.

gibberellin application. Fluridone is an inhibitor of phytoene desat-
urase, an enzyme involved in the biosynthesis of the carotenoid
precursors of abscisic acid (ABA), the phytohormone associated
with the enforcement of dormancy (Bartels and Watson, 1978;
Nambara et al., 2010). These results indicate some involvement of
de novo ABA biosynthesis in the enforcement of dormancy in A.
myosuroides; however, this process cannot explain the difference we
see in the dormant seeds from V and NV plants. These results agree
with recent transcriptomic studies, which indicate a role for both
gibberellin and abscisic acid in the regulation of seed dormancy
and germination in A. myosuroides (Holloway et al., 2024).

True maternal effects on seed dormancy are rare in litera-
ture, typically involving temperature changes during plant growth
(Auge et al., 2017). These effects are linked to genes controlling
flowering timing, such as FLOWERING LOCUS C (FLC), circa-
dian clock genes, FLOWERING LOCUS T (FT) and MOTHER
OF FT AND TFL1 (MFT), which also regulate vernalization and
day length responses in Arabidopsis thaliana (Chen and Penfield,
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2018). Disrupting these genes alters seed dormancy, hormone
metabolism and seed coat pigmentation (Penfield et al.,, 2005;
Chiang et al., 2009; Macgregor et al., 2015). Signals during veg-
etative development are ‘remembered’ through epigenetic gene
silencing, with the Arabidopsis vernalization response being a well-
understood example (Song et al., 2012). DNA methylation plays
a crucial role in vernalization-induced flowering, embryo matu-
ration and cold-stratification induced bud dormancy breaking in
forestry, with global DNA demethylation patterns preceding devel-
opmental transitions (Santamaria et al., 2009; Viejo et al., 2010;
Pérez et al., 2015).

The analysis of patterns of histone modifications and DNA
methylation at the gene level that are performed in model
species are challenging for agricultural weed species such as A.
myosuroides. What we sought to achieve with the quantification of
5-mC was to investigate the general trends in genomic methyla-
tion that are associated with the interaction between vernalization,
dormancy level and imbibition. Our results for the V batch show
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Figure 5. The effect of gibberellin and fluridone application on dormant seeds from LH-170 V and NV plants. (a,b) The effect of 100 pm gibberellin A;,; on dormant seeds
from (a) V and (b) NV plants. (c,d) The effect of application of 10 or 100 pm fluridone on dormant seeds from (c) V and (d) NV plants. Germination was counted as cumulative
coleorhiza emergence for triplicates of >30 seeds incubated at 20°C under constant light. Error bars show standard error of the mean.
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Figure. 6. Changes in DNA methylation associated with the enforcement of dor-
mancy. Results from ELISA-based quantification of global DNA methylation from
dormant (D) and after-ripened (AR) LH-170 batches of seeds produced by (a) ver-
nalized and (b) non-vernalized plants either dry or after 90 h of imbibition at 20°C
under constant light. Error bars show standard error of the mean for >3 biological
replicates of 30 seeds. Asterisks show significance at p < 0.01 from a two-way ANOVA
where ‘ns’ shows no significant effect.

demethylation in response to imbibition only in the D state and
no changes in the NV batch. This indicates that, rather than seed
dormancy being a ‘quiescent state’ in A. myosuroides, a develop-
mental program may be induced to prevent germination and that
this program may be associated with environmental cues through-
out the plant lifecycle. Transcriptomic analysis of A. myosuroides
seeds have observed large numbers of up- and down-regulated
genes after 90 h of imbibition (Holloway et al., 2024). In Capsella
bursa-pastoris (Shepherd’s purse), differential patterns of global
methylation have also been observed between dry and imbibed
dormant seeds (Gomez-Cabellos et al., 2022). These patterns were
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observed to be dynamic over time and tissue specific, indicating
that further work would be required to better understand how
global methylation influences the seed dormancy program in A.
myosuroides.

Our results clearly demonstrate that vernalization modulates
offspring seed dormancy in A. myosuroides. This is a strong exam-
ple of phenotypic plasticity in agricultural weeds and a mechanism
by which A. myosuroides can increase the heterogeneity of its soil
seedbank as a potential bet-hedging strategy against the constantly
changing environment of the agricultural field. Models for predict-
ing weed emergence should consider the plasticity of weed seed
dormancy, especially in the context of changing weed management
practice and climate change.

Conclusions

Our results show the first demonstration that vernalization of A.
myosuroides plants increased the offspring seed dormancy. This
was evidenced by an increased after-ripening and cold stratifica-
tion requirement for germination but had no effect on the window
of temperatures permissive to germination in the dormant state.
After-ripening widened the temperature window more slowly in
seeds produced from V plants. The enforcement of dormancy in
seeds from V plants was associated with a global DNA demethyla-
tion event that was not observed in seeds produced by NV plants.
In the context of autumn and spring emergence peaks in the lifecy-
cle of A. myosuroides, these results indicate that vernalization acts
to increase the heterogeneity of dormancy in the weed seedbank.
Consequently, models should consider the effect of temperature
throughout the lifecycle of weeds to more effectively predict weed
emergence in the field. Better models for predicting the emer-
gence of weeds in a changing climate will have an important role
in improving future integrated weed management strategies for
farmers.
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