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Successful germination and seedling establishment are important determinants of crop
yields and plant survival in natural environments. Germination potential is compromised
by suboptimal environmental conditions that result in seed ageing and high levels of
genome damage. However, the mutagenic and growth inhibitory potential of DNA
damage accumulated in seeds on subsequent seedling growth remains largely unknown.
Arabidopsis seeds deficient in the chromosomal break repair factors DNA LIGASE 4 and
DNA LIGASE 6 exhibited hypersensitivity to the effects of natural ageing, with reduced
germination vigour and seedling biomass relative to wild type seed. Here, we identify that
aged Arabidopsis seed display elevated levels of programmed cell death (PCD) in the
root meristem which persists into seedling establishment, with higher levels of cell death
in lines deficient in DNA double strand break repair. Reporter lines determined the effects
of seed ageing on mutation levels and intrachromosomal recombination frequencies.
Seed deterioration resulted in strikingly elevated levels of frameshift mutations and
genome instability in germinated seedlings. Thus, elevated levels genome damage
incurred in the seed stage of the plant life cycle potentially impacts significantly on sub-
sequent plant development. Furthermore, the mutagenic effects of seed ageing has
potentially long-term implications on the genome stability of plant populations and eco-
system fitness. Collectively, we identify genome damage accumulated in suboptimal
quality seed impacts on subsequent plant growth and genome stability, with associated
implications for crop yields and plant survival under changing climates.

OPEN ACCESS

Introduction

Seed longevity is an important factor which determines crop yields, and plant survival in natural eco-
systems. Desiccation tolerant (orthodox) seed undergoes programmed maturation drying following
development and maturation on the mother plant. Low levels of cellular metabolism in the quiescent
embryo of the desiccated seed function to prolong seed viability. The transition from quiescent seed
to germinated seedling is a critical stage of the plant lifecycle that is particularly vulnerable to environ-
mental perturbation [1]. The low activity of cellular maintenance pathways during extended periods of
quiescence is associated with deterioration (ageing) of cellular structures and biological macromole-
cules, including nucleic acids and proteins [2-5]. This accumulation of cellular damage is exacerbated
by suboptimal environmental conditions including drought and high temperatures during seed devel-
opment and subsequent quiescence, impacting on seed quality [6]. Loss of seed viability is preceded
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emergence of the radicle from the seed coat [10], coincides with the initiation of cell cycle activity including
DNA replication and cell division [11]. DNA damage accumulated in the quiescent embryo must be repaired
prior to cell division in order to minimise mutagenesis and inhibition of seedling growth and development
[12]. Cellular DNA damage response pathways and DNA repair activities are initiated early in seed imbibition,
before cell cycle activity initiates [3, 9]. DNA double strand breaks (DSBs) represent highly cytotoxic forms of
DNA damage, potentially resulting in chromosome fragmentation, loss of genetic information and cell death.
Repair of DSBs is important to seed quality illustrated by the markedly reduced vigour and viability in seed ger-
mination under stress displayed by Arabidopsis mutants deficient in DSB repair factors DNA LIGASE 4 (LIG4)
and DNA LIGASE 6 (LIG6) [3]. LIG4 and LIG6 operate in pathways of non-homologous end joining (NHE])
that mediate sequence-independent repair of DSBs, with LIG4 catalysing the final step of the canonical NHE]
pathway initiated by the DNA-end binding protein complex of KU70 and KU80 [13]. These mutant lines are
viable and display wild type phenotypes under standard growth conditions, but are hypersensitive to treatments
that result in chromosomal breaks, including X-irradiation [14].

Rapid fluctuations in environmental conditions during seed maturation and quiescence arising from climate
change may significantly impact on seed quality through increasing genome damage at the seed stage of the
plant lifecycle. In addition, environmental stresses result in decreased genome stability and elevated recombin-
ation frequencies [14, 15]. Particularly high levels of genotoxic stress are associated with the transition from
desiccated seed to germinated seedling, relative to other stages of the plant lifecycle [8]. However, the impact of
genome damage in seeds on the subsequent growth and genome stability of the germinated seedling is
unknown. Furthermore, stresses experienced during vegetative growth can result in mutations that are passed
on to progeny, as meristems give raise to reproductive tissues late in plant development [15]. As a result,
genome maintenance mechanisms in plant cells are important not only for growth and development, but also
in preserving the longer term stability of plant germplasm at the level of populations and species. Previously we
demonstrated that experimental application of stresses to seeds, including X-irradiation or accelerated ageing
(at 35°C and 83% relative humidity), resulted in PCD in early post-germination [16]. We hypothesised that
similar effects occur in natural seed ageing and that cell death persists throughout seedling establishment, indi-
cative of genome instability carried over from DNA damage incurred in the seed. Here, we shown that natural
seed ageing over ten years results in prolonged DNA damage responses that persist into the first week of post-
germinative seedling growth. Furthermore, we find that the increased levels of genotoxic stress incurred in aged
seeds result in increased spontaneous recombination and mutation rates in the genome and thereby negatively
influence plant genome stability. The effects of rapidly changing climates on seed quality could therefore sig-
nificantly impact on the genome stability and mutational frequency of plant populations in the natural
environment.

Results

Our previous work found that seeds were surprisingly resistant to X-ray induced DNA damage [16]. In particu-
lar, seeds maintained post-germinative growth after irradiation, with levels of programmed cell death (PCD)
that were both delayed and attenuated relative to irradiated seedlings. This led to the hypothesis that delayed
responses to DNA damage incurred naturally during seed ageing could have negative effects extending beyond
germination, resulting in reduced genome stability, increased cell death and inhibition of early plant growth.
These hypotheses were tested through analysis of seedlings germinated from seeds aged naturally or by acceler-
ated ageing.

Naturally aged Arabidopsis lig6 lig4 mutant seed display reduced germination
vigour

Our previous analysis of DSB-repair deficient Arabidopsis lig6 lig4 mutant seed established the requirement for
chromosomal break repair in seed longevity, revealed through the hypersensitivity of the mutant lines to accel-
erated ageing [3]. Here we analysed the germination performance of naturally aged wild type and DSB repair
deficient seed lots to determine the roles of genome repair in the longevity of seeds after 10 years’ storage
under ambient conditions. High quality seeds (2020 harvest) of both wild type Arabidopsis (Col-0) seeds and
lig6 lig4 lines displayed no significant differences in germination (Figure la). Naturally aged seed (2012 harvest)
of both the mutant and wild type seed lots displayed reduced germination vigour relative to unaged counter-
parts. However, comparison of the germination of aged wild type and NHE] mutant lines revealed that the
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Figure 1. Naturally aged lig6 lig4 mutant seed display reduced germination and seedling vigour.

(@) Germination vigour of naturally aged lig6 lig4 mutant seed is reduced compared with wild type. Analysis of germination
vigour of 2021 and 2021 harvests of wild type and lig6 lig4 mutant seed. Seeds were plated and stratified at 4°C for 48 h
before transfer to a growth chamber at 22°C and seeds scored for radical emergence. Standard error of the mean of three
replicates of 30 seeds. (b) Fresh weight biomass of seedlings germinated on from unaged and aged wild type and lig6 lig4
mutant 14 days post stratification. Seeds were plated onto MS plates and stratified at 4°C for 48 h before transfer to a growth
chamber at 22°C and seedlings harvested at 14 days. Error bars are SEM of three replicates of 10 plants (** P <0.01, t-test).

DSB repair deficient lines displayed significantly reduced vigour (mean germination time 3.8d (Col-0) and 4.4d
(lig6 lig4), P < 0.01) and viability (98% Col-0, 87% lig6 ligd, P < 0.05).

Deficiency in NHEJ impacts on seedling development

We next evaluated the impact natural seed ageing on subsequent seedling development of lines deficient in
chromosomal break repair. The biomass of seedlings grown on half strength Murashige and Skoog media for two
weeks post-stratification from unaged Col-0 and lig6 lig4 mutant seed was similar, with no significant difference
between the lines (Figure 1b). However, the biomass of seedlings derived from aged lig6 ligd was significantly
lower that aged wild types (P <0.01), demonstrating the requirement for effective chromosomal break repair in
germination for robust seedling establishment. Furthermore, these results indicate that genome damage sustained
in the seed stage of the plant lifecycle can significantly impact on subsequent plant growth and development.

Arabidopsis ku80 mutant seed display an elevated incidence of PCD which

persists in seedling growth
Accelerated ageing is a widely used procedure which simulates the natural ageing process by incubating seeds
at elevated temperature and relative humidity (RH) (Rajjou 2008). We used accelerated ageing of Arabidopsis
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lines deficient in the non-homologous end joining (NHE]) factor KU80, which functions in an early step of
DSB repair by binding and stabilsing the DNA end, in addition to recruiting repair factors [13]. As previously
reported for KU70, the protein partner of KU80 [16], ku80 mutants displayed hypersensitivity to accelerated
ageing for 10 days at 35°C and 83% relative humidity [16] (Figure 2a). The persistence of ageing-induced
genome instability and cell death in subsequent seedling growth was investigated by quantification of dead cells
in the root meristem using propidium iodide (PI) staining and confocal microscopy for up to 8 days post-
stratification. At two days post-stratification unaged high quality seeds had germinated, while aged seeds exhib-
ited delayed germination (Figure 2a). Cell death was not apparent in either aged or control seeds at this time
point (Figure 2b,c). However, at 4 days post-stratification aged seeds germinated and elevated levels of cell
death were observed consistently in the ku80 mutant line and sporadically in wild type seedlings, consistent
with induction of PCD by genome damage accumulated in aged seeds. Significantly, we found high levels of
ageing-induced cell death at 8 days post-stratification in both wild type and DNA repair mutant seeds
(Figure 2b,c). Seedling biomass was reduced in both wild type and ku80 mutants after ageing, but the mutant
lines displayed significant hypersensitivity to the ageing treatment (Figure 2d). These results are consistent with
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Figure 2. ku80 mutant seed display elevated incidence of PCD which persists into seedling growth.

Germination and ageing-induced cell death in Col-0 and ku80 mutant lines. Germination of ku80 mutant seed is hypersensitive
to aging. Germination of ku80 seeds was analysed after accelerated aging at 35°C and 83% RH relative to unaged control
seed. Seeds were stratified at 4°C for 2 days before transfer to 23°C 16 h day and scored for radicle emergence each day
post-stratification. (a) Germination of aged and unaged Col-0 and ku80 mutant lines. Error bars represent the SEM of the mean
of three replicates of 30 seeds. (b) PCD in wild-type and DNA repair ku80 mutant seed was analysed by viability staining.
Embryos were isolated from aged seeds for 10 days and control (unaged) seeds and PCD assayed at the time point indicated
post-germination. Roots analysed by Pl staining and confocal microscopy. Bar is 50 um. (¢) PCD was quantified as the area of
cell death in aged seeds. Ctrl: control (unaged) seeds. Aged: seeds aged for 10 days. Significance groups are indicated by
letters (P <0.05, n > 10 per treatment, Kruskal-Wallis with Bonferroni post hoc correction for multiple tests). (d) Fresh weight
biomass of seedlings germinated on from unaged and aged wild type and ku80 mutant 14 days post stratification. Seeds were
plated onto MS plates and stratified at 4°C for 48 h before transfer to a growth chamber at 22°C and seedlings harvested at 14
days. Error bars are SEM of three replicates of 10 plants (** P < 0.01, t-test).
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the persistence of DNA damage accumulated in suboptimal seed lots into seedling growth, and supports the
hypothesis that ageing induced genome damage negatively affects seedling growth and development.

Analysis of mutagenesis in seeds

Increased levels of genome stress can arise from suboptimal environmental conditions during seed development
whilst attached to the mother plant or storage and is associated with increased frequencies of chromosomal
abnormalities [12]. We therefore evaluated the impact of seed deterioration on the accumulation of mutations
in seedlings after accelerated ageing using the G16 reporter line in which frameshift mutations in a run of 16
guanidine nucleotides (a microsatellite) restore translation of a downstream GUS reporter gene [17] (Figure 3a).
Mutation frequencies were quantified in the first true leaves in seedlings at an equivalent developmental stage
germinated from aged seeds and controls. The first two true leaves represent new cell division arising from the
embryonic meristem from within the seed. Accelerated ageing for 7 days resulted in reduced seed vigour but
little loss of final viability, whereas 14 days ageing reduced viability to ~50% (Figure 3b). Histochemical stain-
ing was used to determine the number of GUS-positive clonal sectors in control and aged seeds (Figure 3c-f).
Ageing for 7 days was associated with a 3-fold increase in frameshift mutations in seedlings (Figure 3c), whilst
surviving seedlings germinated from seed lots deteriorated for 14 days exhibited a 4-fold increase in blue
sectors (Figure 3c—f). This indicates that seed deterioration is associated with progressively increased mutagen-
esis in the resulting seedling.

Effects of seed ageing on genome stability

Assessment of genome stability was performed by quantifying intrachromosomal recombination frequencies.
The reporter line pDGU.US carries 5" and 3’ regions of B-glucuronidase (GUS) with an overlapping 557 bp
direct repeat which, upon recombination, results in reconstitution of a functional GUS gene [18] (Figure 4a).
As previously reported, control pDGU.US plants demonstrated low levels of blue sectors (1-5 per seedling) in
around half the control plants (Figure 4). Recombination frequencies notably increased upon seed ageing, with
a 5-fold increase (P < 0.01) as seed lots begin to lose vigour, and increasing to 12-fold increase in spot numbers
(P <0.01) as seed viability is compromised (Figure 4b-f). These results are consistent with significant genome
instability induced by seed ageing, and support early cytogenetic analysis of the loss of seed longevity.

Discussion
Germination performance is a major determinant of seedling establishment, with significant impact on crop
yield and plant survival in natural ecosystems [7]. Seed quality and seedling establishment are particularly vul-
nerable to environmental fluctuations arising from changing climates [1]. The seed stage of the plant lifecycle is
associated with high levels of genome stress which increases as seeds deteriorate [19]. However, the impact of
this damage on subsequent plant growth and genome stability remains little characterised to-date. Here we iden-
tify that mutants defective in chromosomal break repair display reduced seedling vigour after natural seed
ageing. Moreover we reveal that seedlings germinated from aged seeds additionally show elevated levels of
recombination and mutagenesis, likely to impact on plant genome stability. Increased recombination frequencies
may be indicative of activation of DNA damage response pathways, or genome instability that results from for-
mation of di-centric chromosomes, a potential product of NHE] repair. During mitosis, di-centric chromosomes
can form anaphase bridges where centromeres are partitioned into a different daughter cells, as observed after
seed ageing in multiple studies [12, 20]. Seedlings germinated from aged seeds display elevated levels of PCD in
the root meristem that persist through to the early stages of seedling growth. Collectively, this provides evidence
of prolonged genome stress post-germination which is a likely contributing factor to the low growth vigour and
poor establishment of aged seeds. These results provide new evidence for the importance for DNA repair
mechanisms in seeds and seedlings for plant growth and development in the recovery from natural seed ageing.
Our previous studies identified established that the seed stage of the plant lifecycle is associated with high
levels of genome stress and revealed important roles for chromosomal break repair and response mechanisms
in seed longevity [3]. DNA damage in seeds is extensive leading to chromosomal aberrations visible in ~1% of
anaphases at the cytological levels and rising ~3-fold in low vigour but viable seeds, with similar frequencies
reported in a range of crop species [8, 12]. Here, quantitative analyses of genome instability in seedlings germi-
nated from aged seeds was performed using established reporter lines [17, 18]. Quantification of
ageing-induced microsatellite instability identified a 2.5-3-fold increase in frameshift mutations in seedlings
germinated from low vigour seed lots. The increasing incidence of mutations observed in seedlings germinated

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 465

€20z dunr G| uo Jasn 3N Aq Jpd-9000-£202-a/rS0SY6/19%/L/08Y/iPpd-aloNe/Wwayooiq/wod ssaidpuepiod)/:dpy woly papeojumoq


https://creativecommons.org/licenses/by/4.0/

<. = PORTLAND Biochemical Journal (2023) 480 461-470
Q.. PRESS https://doi.org/10.1042/BCJ20230006

(a) G16
ATGHGsH G U S +

—e—0days
—e—7 days
—&—14 days

0o 1 2 3 4 5 6 7 8

Time of imbibition (days)
C
€ o _
“(E % %k %k
2 40
ah) % %k %
[oX
o 30
°
@20
2
o 10
0 -—-
0 7 14

Time of seed ageing (days)

(e) "
J E

Figure 3. Effects of accelerated ageing on G16 microsatellite frequency.

Microsatellite stability was assessed using GUS preceded by 16 guanine residues that disrupt the reading frame of the reporter
(@) Nucleotide insertion or deletion can lead to restoration of the GUS reading frame and GUS activity. (b) Germination
performance of G16 microsatellite reporter line after 0 day, 7 days and 14 days accelerated ageing at 35°C and 82%. Seeds
were plated and stratified at 4°C for 48 h before transfer to an environmental growth chamber at 22°C and seeds scored for
radicle emergence each day post-imbibition. Error bars show the standard error of the mean of three replicates of 50 seeds. (c)
Freguency of spots on abaxial surface of first true leaves in plants germinated from G16 reporter line after O day, 7 days and 14
days accelerated ageing at 35°C and 82%. Seeds were stratified at 4°C for 48 h before transfer to soil. (d—f) Representative
image of mutations frequencies of seedlings germinated from seeds after accelerated ageing for (d) O days, (e) 7 days and (f)
14 days.

(d)

from aged seed may reflect both increased levels of DNA damage, decreased repair capacity and impaired DNA
damage signalling, arising as a consequence of cellular deterioration (Figure 5) [20, 21]. Similarly, intrachromo-
somal recombination frequencies increased dramatically as seed germination vigour declined. Stresses result in
elevated plant recombination frequencies which may promote adaption and influence plant genome stability at
the population level [22].
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Figure 4. Genome stability in aged seeds.

Genome stability was assessed using the intrachromosomal recombination marker line DGU.US which consists of two
overlapping fragments of the GUS gene with 557 bp of direct repeat (a) [16]. Recombination between the GUS fragments
results in full length GUS and GUS activity. (b) Germination performance of DGU.US recombination reporter line after O day, 7
days and 14 days accelerated ageing at 35°C and 82%. Seeds were plated and stratified at 4°C for 48 h before transfer to an
environmental growth chamber at 22°C and seeds scored for radicle emergence each day post-imbibition. Error bars show the
standard error of the mean of three replicates of 50 seeds. (c) Frequency of spots and sectors in plants germinated from DGU.
US reporter line after 0 day, 7 days and 14 days accelerated ageing. Seeds were stratified at 4°C for 48 h before transfer to soil.
(d—f) Representative images of GUS-stained leaves taken from plants after ageing for (d) 0 days, (e) 7 days and (f) 14 days.

We previously identified that imbibed Arabidopsis seeds display high resistance to the effects of DNA
damage, arising from combination of low cell cycle activity, cell cycle checkpoints and DNA repair that reduces
meristem disruption and programmed cell death. However, here we show that the effects of seed ageing on
genome stability persist through to seedling establishment. Until the emergent seedling has developed root and
shoot systems and become autotrophic, plants in the early stages post-germination are particularly susceptible
to multiple abiotic and biotic stresses. Germination vigour determines the success of seedling establishment
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Figure 5. Genome stress and seedling vigour.

Summary of seedling responses to genome damage accumulated in seed ageing. Seed ageing is associated with increased
levels of DNA damage including chromosomal breaks [3]. Seedlings germinated from aged seeds show decreased genome
stability (Figures 3, 4) and increased mitotic defects [12]. PCD in the root apical meristem (RAM) persists throughout seedling
establishment in seedlings germinated from aged seeds, in particular from NHEJ mutants, and aged seeds produce low vigour
seedlings (Figures 1, 2).

and lower vigour seed give rise to young plants with increased rates of mortality, negatively affecting crop
yields [7]. These early stages of the plant lifecycle are therefore vulnerable to climate change and threaten food
security. In addition, natural plant populations need to adapt to rapidly changing environmental conditions
including warming and drought in order to maintain ecosystem fitness [23]. Our findings highlight the
increased incidence of mutagenesis in aged seeds, including significantly elevated levels of recombination and
indels, with important implications for long-term seed storage and genetic stability of plant populations under
changing climates [1]. Furthermore, understanding the DNA repair processes important to seed germination
performance and viability has potential applications in the development of predictive markers for seed lot
quality and genetic improvement of crop resilience to seed stresses. For example, lines with enhanced repair
capacity would be predicted to display increased germination vigour and improved, stress-tolerant seedling
growth, thereby promoting successful seedling establishment and improved crop yields even in suboptimal
climate conditions.

Materials and methods

Plant material and growth conditions

Arabidopsis plants were raised in growth chambers under constant humidity (30%), with 16 h light and 8 h
dark cycles at 23°C. Arabidopsis Col-0 and mutants were obtained from Nottingham Arabidopsis Stock Centre
(NASC). Plants were grown on half strength Murashige and Skoog Basal Medium (MS), 1% sucrose, 0.5 g 17"
MES and 0.8% plant agar (Duchefa) pH 5.7 on 16 h: 8 h light dark cycles at 22°C. For each experimental repli-
cate, seeds from all lines were harvested simultaneously and stored at 15°C and 15% humidity for 2 months to
allow after-ripening. For natural ageing experiments seed harvests dated from 2012 and 2020 were stored at
ambient temperature and humidity. Germination tests and accelerated ageing performed according to published
protocols [3, 24, 25] and mean germination time was calculated as described previously [26]. Arabidopsis lines
were as previously described ku80-1 [12], lig4-5, lig6-1 and lig6-1 ligd-5 [3].

B-Glucuronidase assay

B-Glucuronidase assays were performed on plant tissues fixed for 1 h in ice cold 80% acetone and then incu-
bated for 6 h at 37°C in GUS staining solution (10 mg/ml 5-bromo-4-chloro-3-indolyl B-D-glucuronide cyclo-
hexylammonium salt in dimethlyformamide diluted 1:20 in 50 mM sodium phosphate buffer pH 7.0
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containing 0.1% triton X-100, 1 mM potassium ferrocyanide and 1 mM potassium ferricyanide). Colour devel-
opment was stopped by transferring samples to 70% ethanol.

Statistical analyses

Data were analysed using R. KS tests (P > 0.05) were used to test for normality and homogeneous variance was
determined using Levene’s test (P> 0.05). Student’s ¢-test were used for pairwise comparisons and analysis of
variance (ANOVA) with post hoc Tukey tests was used for multiple comparisons.

PCD

Programmed cell death was analysed by confocal microscopy using a Zeiss LSM 880 after staining with propi-
dium iodide (10 mg/ml). The z-section with maximal cell death was used for quantification of cell death area
using the microscope operating software (Zen, Zeiss).

Data Availability
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Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
Financial support was provided from the UK Biotechnology and Biological Sciences Research Council (BB/
S002081/1) and the EU (FP7-KBBE EcoSeed grant number 311840) to W.M.W. and C.E.W.

Open Access

Open access for this article was enabled by the participation of University of Leeds in an all-inclusive Read &
Publish agreement with Portland Press and the Biochemical Society under a transformative agreement with
JISC.

CRediT Author Contribution

Chris West: Conceptualization, Supervision, Funding acquisition, Writing — review and editing. Wanda
Waterworth: Conceptualization, Formal analysis, Investigation, Writing — original draft, Writing — review and
editing.

Acknowledgments

We thank Holger Puchta (Karlsruhe Institute of Technology) for the DGU.US lines and Francois Belzile (Université
Laval) for the G16 lines. The confocal microscope was funded by the Wellcome Trust (WT104918MA). For the
purpose of open access, the author(s) has applied a Creative Commons Attribution (CC BY) licence to any
Author Accepted Manuscript version arising. Both authors designed and performed the research, analysed data
and wrote the paper.

Abbreviations

DSBs, DNA double strand breaks; GUS, B-glucuronidase; LIG4, LIGASE 4; LIG6, LIGASE 6; MS, Murashige and
Skoog Basal Medium; NHEJ, non-homologous end joining; PCD, programmed cell death; PI, propidium iodide;
RH, relative humidity.

References

1 Cochrane, A., Daws, M.l and Hay, F.R. (2011) Seed-based approach for identifying flora at risk from climate warming. Austral. Ecol. 36, 923-935
https://doi.org/10.1111/j.1442-9993.2010.02211 x

2 0Ogé, L., Bourdais, G., Bove, J., Collet, B., Godin, B., Granier, F. et al. (2008) Protein repair |-isoaspartyl methyltransferase1 is involved in both seed
longevity and germination vigor in Arabidopsis. Plant Cell 20, 3022—3037 https://doi.org/10.1105/tpc.108.058479

3 Waterworth, W.M., Masnavi, G., Bhardwaj, R.M., Jiang, Q., Bray, C.M. and West, C.E. (2010) A plant DNA ligase is an important determinant of seed
longevity. Plant J. 63, 848-860 https://doi.org/10.1111/.1365-313X.2010.04285.x

4 Sano, N., Rajjou, L., North, H.M., Debeaujon, 1., Marion-Poll, A. and Seo, M. (2015) Staying alive: molecular aspects of seed longevity. Plant Cell
Physiol. 57, 660—674 https://doi.org/10.1093/pcp/pcv186

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 469

€20z dunr G| uo Jasn 3N Aq Jpd-9000-£202-a/rS0SY6/19%/L/08Y/iPpd-aloNe/Wwayooiq/wod ssaidpuepiod)/:dpy woly papeojumoq


https://doi.org/10.1111/j.1442-9993.2010.02211.x
https://doi.org/10.1111/j.1442-9993.2010.02211.x
https://doi.org/10.1105/tpc.108.058479
https://doi.org/10.1111/j.1365-313X.2010.04285.x
https://doi.org/10.1111/j.1365-313X.2010.04285.x
https://doi.org/10.1093/pcp/pcv186
https://creativecommons.org/licenses/by/4.0/

470

PORTLAND
PRESS

10
1

12

13

14

15

16

17

18

19

20

21

22

23
24

25

26

Biochemical Journal (2023) 480 461-470
https://doi.org/10.1042/BCJ20230006

Chatelain, E., Satour, P., Laugier, E., Ly Vu, B., Payet, N., Rey, P. et al. (2013) Evidence for participation of the methionine sulfoxide reductase repair
system in plant seed longevity. Proc. Natl Acad. Sci. U.S.A. 110, 3633-3638 https://doi.org/10.1073/pnas.1220589110

Rajjou, L., Duval, M., Gallardo, K., Catusse, J., Bally, J., Job, C. et al. (2012) Seed germination and vigor. Annu. Rev. Plant Biol. 63, 507-533
https://doi.org/10.1146/annurev-arplant-042811-105550

Finch-Savage, W.E. and Bassel, G.W. (2016) Seed vigour and crop establishment: extending performance beyond adaptation. J. Exp. Bot. 67, 567-591
https://doi.org/10.1093/jxb/erv490

Waterworth, W.M., Bray, C.M. and West, C.E. (2015) The importance of safeguarding genome integrity in germination and seed longevity. J. Exp. Bot.
66, 3549-3558 https://doi.org/10.1093/jxb/erv080

Elder, R. and Oshorne, D. (1993) Function of DNA synthesis and DNA repair in the survival of embryos during early germination and in dormancy. Seed
Sci. Res. 3, 43-53 https://doi.org/10.1017/S0960258500001550

Bewley, J.D. (1997) Seed germination and dormancy. Plant Cell 9, 1055-1066 https://doi.org/10.1105/tpc.9.7.1055

Masubelele, N.H., Dewitte, W., Menges, M., Maughan, S., Collins, C., Huntley, R. et al. (2005) D-type cyclins activate division in the root apex to
promote seed germination in Arabidopsis. Proc. Nat/ Acad. Sci. U.S.A. 102, 15694—15699 https://doi.org/10.1073/pnas.0507581102

Waterworth, W.M., Footitt, S., Bray, C.M., Finch-Savage, W.E. and West, C.E. (2016) DNA damage checkpoint kinase ATM regulates germination and
maintains genome stability in seeds. Proc. Nat/ Acad. Sci. U.S.A. 113, 9647-9652 https://doi.org/10.1073/pnas. 1608829113

Zahid, S., Seif EI Dahan, M., lehl, F., Fernandez-Varela, P., Le Du, M.H., Ropars, V. et al. (2021) The multifaceted roles of Ku70/80. Int. J. Mol. Sci.
22, 4134 https://doi.org/10.3390/ijms22084134

Waterworth, W.M., Drury, G.E., Bray, C.M. and West, C.E. (2011) Repairing breaks in the plant genome: the importance of keeping it together. New
Phytol. 192, 805-822 https://doi.org/10.1111/].1469-8137.2011.03926.x

Ries, G., Heller, W., Puchta, H., Sandermann, H., Seidlitz, H.K. and Hohn, B. (2000) Elevated UV-B radiation reduces genome stability in plants. Nature
406, 98-101 https://doi.org/10.1038/35017595

Waterworth, W.M., Latham, R., Wang, D., Alsharif, M. and West, C.E. (2022) Seed DNA damage responses promote germination and growth in
Arabidopsis thaliana. Proc. Natl Acad. Sci. U.S.A. 119, €2202172119 https://doi.org/10.1073/pnas.2202172119

Azaiez, A., Bouchard, E.F, Jean, M. and Belzile, F.J. (2006) Length, orientation, and plant host influence the mutation frequency in microsatellites.
Genome 49, 1366—1373 https://doi.org/10.1139/g06-099

Orel, N., Kyryk, A. and Puchta, H. (2003) Different pathways of homologous recombination are used for the repair of double-strand breaks within
tandemly arranged sequences in the plant genome. Plant J. 35, 604—612 https://doi.org/10.1046/j.1365-313x.2003.01832.x

Waterworth, W.M., Bray, C.M. and West, C.E. (2019) Seeds and the art of genome maintenance. Front. Plant Sci. 10, 706 https://doi.org/10.3389/fpls.
2019.00706

Dourado, A.M. and Roberts, E.H. (1984) Chromosome aberrations induced during storage in barley and pea seeds. Ann. Bot. 54, 767—779 https://doi.
org/10.1093/oxfordjournals.aob.a086849

Kranner, 1., Minibayeva, F.V., Beckett, R.P. and Seal, C.E. (2010) What is stress? Concepts, definitions and applications in seed science. New Phytol.
188, 655-673 https://doi.org/10.1111/.1469-8137.2010.03461 .x

Boyko, A. and Kovalchuk, 1. (2011) Genome instability and epigenetic modification-heritable responses to environmental stress? Curr. Opin. Plant Biol.
14, 260-266 https://doi.org/10.1016/j.pbi.2011.03.003

Anderson, J.T. (2016) Plant fitness in a rapidly changing world. New Phytol. 210, 81-87 https://doi.org/10.1111/nph.13693

Hay, F.R., Mead, A., Manger, K. and Wilson, F.J. (2003) One-step analysis of seed storage data and the longevity of Arabidopsis thaliana seeds. J. Exp.
Bot. 54, 993-1011 https://doi.org/10.1093/jxb/erg103

Nguyen, T.P., Keizer, P., van Eeuwijk, F., Smeekens, S. and Bentsink, L. (2012) Natural variation for seed longevity and seed dormancy are negatively
correlated in Arabidopsis. Plant Physiol. 160, 2083—2092 https://doi.org/10.1104/pp.112.206649

Ranal, M.A., Santana, D.G.D., Ferreira, W.R. and Mendes-Rodrigues, C. (2009) Calculating germination measurements and organizing spreadsheets.
Revista Brasil Bot. 32, 849-855 https://doi.org/10.1590/S0100-84042009000400022

© 2023 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).

€20z dunr G| uo Jasn 3N Aq Jpd-9000-£202-a/rS0SY6/19%/L/08Y/iPpd-aloNe/Wwayooiq/wod ssaidpuepiod)/:dpy woly papeojumoq


https://doi.org/10.1073/pnas.1220589110
https://doi.org/10.1146/annurev-arplant-042811-105550
https://doi.org/10.1146/annurev-arplant-042811-105550
https://doi.org/10.1146/annurev-arplant-042811-105550
https://doi.org/10.1146/annurev-arplant-042811-105550
https://doi.org/10.1093/jxb/erv490
https://doi.org/10.1093/jxb/erv080
https://doi.org/10.1017/S0960258500001550
https://doi.org/10.1105/tpc.9.7.1055
https://doi.org/10.1073/pnas.0507581102
https://doi.org/10.1073/pnas.1608829113
https://doi.org/10.3390/ijms22084134
https://doi.org/10.1111/j.1469-8137.2011.03926.x
https://doi.org/10.1111/j.1469-8137.2011.03926.x
https://doi.org/10.1038/35017595
https://doi.org/10.1073/pnas.2202172119
https://doi.org/10.1139/g06-099
https://doi.org/10.1139/g06-099
https://doi.org/10.1046/j.1365-313x.2003.01832.x
https://doi.org/10.1046/j.1365-313x.2003.01832.x
https://doi.org/10.3389/fpls.2019.00706
https://doi.org/10.3389/fpls.2019.00706
https://doi.org/10.1093/oxfordjournals.aob.a086849
https://doi.org/10.1093/oxfordjournals.aob.a086849
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1111/j.1469-8137.2010.03461.x
https://doi.org/10.1016/j.pbi.2011.03.003
https://doi.org/10.1111/nph.13693
https://doi.org/10.1093/jxb/erg103
https://doi.org/10.1104/pp.112.206649
https://doi.org/10.1590/S0100-84042009000400022
https://doi.org/10.1590/S0100-84042009000400022
https://creativecommons.org/licenses/by/4.0/

	Genome damage accumulated in seed ageing leads to plant genome instability and growth inhibition
	Abstract
	Introduction
	Results
	Naturally aged Arabidopsis lig6 lig4 mutant seed display reduced germination vigour
	Deficiency in NHEJ impacts on seedling development
	Arabidopsis ku80 mutant seed display an elevated incidence of PCD which persists in seedling growth
	Analysis of mutagenesis in seeds
	Effects of seed ageing on genome stability

	Discussion
	Materials and methods
	Plant material and growth conditions
	β-Glucuronidase assay
	Statistical analyses
	PCD

	Data Availability
	Competing Interests
	Funding
	Open Access
	CRediT Author Contribution
	References


