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Summary23
Seeds are the mode of propagation for most plant species and form the basis of both24
agriculture and ecosystems. Desiccation tolerant seeds, representative of most crop species,25
can survive maturation drying to become metabolically quiescent. The desiccated state26
prolongs embryo viability and provides protection from adverse environmental conditions,27
including seasonal periods of drought and freezing often encountered in temperate regions.28
However, the capacity of the seed to germinate declines over time and culminates in the loss29
of seed viability. The relationship between environmental conditions (temperature and30
humidity) and the rate of seed deterioration (ageing) is well defined, but less is known about31
the biochemical and genetic factors that determine seed longevity. This review will highlight32
recent advances in our knowledge that provide insight into the cellular stresses and protective33
mechanisms that promote seed survival, with a focus on the roles of DNA repair and response34
mechanisms. Collectively, these pathways function to maintain the germination potential of35
seeds. Understanding the molecular basis of seed longevity provides important new genetic36
targets for the production of crops with enhanced resilience to changing climates and37
knowledge important for the preservation of plant germplasm in seedbanks.38
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Introduction40
The ability of plants to produce desiccation tolerant seeds provides a highly successful survival41
strategy, prolonging embryo longevity and enabling survival under adverse environmental42
conditions such as extended drought and extremes of temperature. Seed longevity is a43
complex trait determined by the interaction of multiple genetic and environmental factors and44
can vary even between closely related ecotypes [1, 2]. Most plant species produce seeds that45
can withstand drying to low moisture content on the mother plant and harsh environmental46
stresses such as freezing are termed ‘orthodox’. In contrast, seeds that retain higher hydration47
levels at maturity and are unable to withstand desiccation and freezing storage conditions are48
termed ‘recalcitrant’, although some seeds display gradients of desiccation and freezing49
sensitivity [3]. Plant species that produce desiccation tolerant seeds predominate in temperate50
latitudes and represent the majority of crop plants, whereas recalcitrant seeds are more51
commonly found in tropical latitudes [4]. Survival in the dry state is termed anhydrobiosis and52
leads to metabolic quiescence, greatly extending the seed lifespan [5]. Orthodox seed53
longevity varies enormously between species, with the maintenance of seed viability54
extending from years to millennia [6]. For example, 2000 year old date palm seeds originating55
from the ancient site of King Herod’s Palace near Jerusalem were capable of germination and56
produced viable trees [7]. A specialised developmental programme prepares cells in the57
embryo for tolerance of extreme dehydration in orthodox seeds (Fig 1). However, the cycle of58
desiccation, quiescence and rehydration (imbibition) is nevertheless associated with high59
levels of cellular damage [3]. This review will highlight recent progress in our understanding of60
the factors that minimise damage and promote cellular repair in germinating orthodox seeds,61
with a particular focus on the roles of genome maintenance mechanisms.62

63
Desiccation tolerance and longevity64
Desiccation tolerance is established during seed maturation on the mother plant through the65
programmed expression of cellular factors that protect against stresses associated with66
dehydration and rehydration. Seed maturation is promoted by the plant hormone abscisic acid67
(ABA) and is under the control of LAFL transcription factors (LEC2, ABI3, FUS3 and LEC1)68
[8]. Production of late embryogenesis abundant (LEA) proteins and sugars in the final phase69
of seed development protects cytoplasmic components in the dry seeds and confers70
desiccation tolerance [9]. Later stages of seed maturation are important for increasing seed71
longevity, associated with the expression of genes involved in RNA processing, translation,72
and defence [10, 11]. The drying phase of seed maturation is characterised by reduction of73
seed water content to 5-15% fresh weight. The accumulation of sugar and protective proteins74
provides dry matter in the cytosol which limits cellular shrinkage and therefore may reduce75
viability loss [3]. The removal of free water leads to a phase transition as the cytoplasm76
reduces mobility from a fluid to glassy state [12]. This results in metabolic quiescence and77
increased longevity [13]. Seeds can retain desiccation tolerance over multiple cycles of78
hydration and desiccation but irreversibly lose desiccation tolerance as germination79
progresses [14]. Desiccation tolerance can be re-introduced by treatment with ABA or PEG80
[15, 16], which has been used in transcriptomic and proteomic studies to identify factors81
conferring resistance to dehydration stress. For example, the re-establishment of desiccation82
tolerance in pea was accompanied by increased levels of stress responsive proteins including83
peroxidases and glutaredoxins [17]. In Medicago truncatula, re-introduction of desiccation84
tolerance coincided with increased levels of ABA INSENSITIVE 5 (ABI5) transcripts, whereas85
Mtabi5-1 and -2 mutant lines remained desiccation sensitive [18]. Re-acquisition of86
desiccation tolerance in M. truncatula was preceded by a transcriptional programme with87
similarities to seed maturation and repression of metabolism and cell cycle activity [19] .88
Changes in gene expression associated with the re-acquisition of desiccation tolerance were89
reflected in chromatin accessibility and histone modifications [20]. Protein levels of cell cycle90
and glycolysis enzymes (e.g. phosphoglycerate kinase) were reduced as desiccation91
tolerance was re-established, as shown in seeds of Caragana korshinskii Kom [21]. Cellular92
events during maturation are important for seed survival and disruption of these processes,93
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either through genetic mutations or premature harvesting, can severely reduce seed longevity.94
In extreme cases, for example abi3 mutations, seed survival is dramatically reduced [22, 23].95
The presence of photosynthetic components in seeds may contribute to the poor longevity of96
early harvested seeds [24]. Defects in the formation of the protective seed coat also97
significantly reduce long-term seed survival, which may result from the increased permeability98
allowing greater access of water and moisture [25]. Genetic screens for seed longevity,99
including Quantitative Trait Loci (QTL) mapping, resulted in the identification of factors100
associated with seed maturation in a range of species. For example, in Arabidopsis,101
biosynthesis genes for the oligosaccharides galactinol and raffinose were identified as102
determinants of longevity [26].103

104
Seed germination105
Germination is initiated by water uptake (imbibition), resulting in activation of cellular106
metabolism, and is completed with the emergence of the young root (radicle) through the seed107
coat (testa) [4, 27, 28]. The embryonic plant is reliant on the storage reserves laid down during108
seed maturation to support germination and early seedling growth [4]. Once the seedling has109
established a root system, it can acquire nutrients from the soil. Emergence of the shoot from110
the soil provides access to light for photosynthesis. Seed germination and seedling111
establishment are particularly vulnerable stages of the plant life cycle [29]. During this112
developmental transition, plants are highly susceptible to environmental stresses. High-vigour113
seeds display rapid, synchronous germination tolerant of environmental stresses and114
establish robust seedlings [29]. Decreasing seed vigour is manifest as a decline in the speed115
and uniformity of germination, in which a progressively extending lag phase to the completion116
of germination (radicle emergence) finally culminates in viability loss. Seed ageing slows117
germination and weakens subsequent seedling growth, significantly increasing mortality rates118
[30]. The rate of seed ageing is accelerated under storage conditions of elevated temperature119
and relative humidity and is also dependent on harvest quality and genetic factors [1, 31]; seed120
ageing has been the subject of a number of excellent recent reviews [3, 13, 24, 30-33].121

122
The biochemistry of seed ageing123
Biochemical analysis reveals the cellular damage associated with loss of germination vigour124
and reduced seed viability. Seed ageing results in the accumulation of oxidation products of125
proteins, DNA and lipids as the cellular environment becomes increasingly oxidised (Fig 2) [3,126
33]. Upon seed rehydration, termed imbibition, the influx of water further exacerbates cellular127
damage, in part arising from the loss of compartmentation as membranes become leaky,128
exacerbating the damaging effects of ageing [30]. Thus, the protective factors synthesised129
during seed maturation confer desiccation tolerance but are not sufficient to prevent the130
accumulation of cellular damage over time, resulting in seed ageing, compromising131
germination and eventually culminating in loss of seed viability. Due to the long timescale of132
seed deterioration during storage under optimal conditions in many species, protocols of133
accelerated ageing are widely utilised to simulate the natural ageing process [34]. Although134
natural and accelerated ageing share some similarities, differences in cytoplasmic molecular135
mobility and biochemical reactions in conditions of high relative humidity also result in136
mechanistic differences between seed ageing under dry and humid conditions [24, 32]. As137
such, accelerated ageing may not be the ideal model for studying seed deterioration under138
controlled conditions in seed banks, but may reflect some natural environmental conditions139
better than dry ageing [32].  The following sections examine some of the major cellular140
changes which occur in ageing of orthodox seeds, with all studies using accelerated ageing141
unless otherwise stated.142

143
Redox changes in the dry seed144
The cellular redox state is governed by the antioxidant glutathione, which exists in reduced145
(GSH) and oxidised forms (GSSG) [35]. GSH is the most abundant water-soluble antioxidant146
in orthodox seeds [36]. Seed ageing across a wide range of species and ageing regimes147
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results in an elevated GSSG/2GSH ratio, indicative of increasingly oxidizing values as seed148
lots lose viability [36-40]. This link between ageing and redox state is supported by the149
observation that Arabidopsis ecotypes with higher levels of glutathione display increased seed150
longevity [41]. The importance of redox homeostasis is supported by a Genome-Wide151
Association Study (GWAS) of 270 Arabidopsis ecotypes that identified several genes linked152
to increased longevity, including DEHYDROASCORBATE REDUCTASE 1 (DHAR1) [42].153
Analysis of dhar1 mutant lines confirmed roles in promoting resistance to seed ageing, with154
mutants displaying ~60% viability after a year of natural ageing, compared to wild type seed155
viability of ~95%. Arabidopsis seeds deficient in fumarylacetoacetate hydrolase (FAHD1A)156
resulted in increased levels of antioxidants (ascorbic acid and dehydroascorbate) and more157
reducing cellular conditions (a lower GSSH/2GSH ratio). This was indicative of altered redox158
metabolism during seed maturation in the absence of FAHD1A. The fadh1a mutant lines159
displayed reduced thermodormancy and increased resistance to seed ageing at 60-75%160
relative humidity, consistent with the more reducing cellular redox state delaying seed ageing161
[43]. ROS signalling plays important roles in cellular physiology and dormancy alleviation in162
seeds, but high levels cause extensive cellular damage, seed ageing and loss of viability [44].163
Oxidative damage arises from the increased cytoplasmic mobility during seed ageing at164
elevated humidity and temperature damage as the cytoplasm transitions from an intracellular165
glass to a fluid state [3, 45, 46]. Seeds stored under highly controlled, low humidity166
environmental conditions display much slower rates of ageing and a different spectrum of167
damage products compared to seeds subjected to rapid ageing regimes involving warm,168
humid conditions [38]. Under conditions of reduced cytoplasmic mobility (RH 11-30%),169
oxidation of cellular components and seed ageing was dependent on the availability of ambient170
oxygen [47]. In contrast, high humidity (60-80% RH) led to seed ageing regardless of O2171
availability. Under these conditions of high cytoplasmic mobility, ageing was associated with172
loss of glutathione rather than cellular oxidation [47]. Differences between slow ageing in drier173
conditions and accelerated ageing of seeds with higher water content may reflect increased174
enzyme activity in seeds exposed to high humidity [38]. In the natural environment, seeds are175
likely to experience a range of fluctuating temperature, humidity and hydration states, all of176
which will influence the nature of cellular stresses that result from ‘dry’ and ‘wet’ ageing [13].177
While the accumulation of specific cellular damage products may differ depending on the178
environmental conditions seeds encounter, a unifying feature is the increased oxidation of the179
cells in ageing seeds [37].180

181
Membrane damage182
Lipid oxidation (Fig 2A) leads to membrane damage, loss of structural integrity and cellular183
solute leakage from membranes. The correlation between lipid peroxidation and seed ageing184
was the subject of conflicting reports in a number of pre-genomic era studies, although the185
differences in results were potentially attributable to the seed ageing conditions utilised in the186
different labs [48, 49]. Recently, both lipid oxidation and hydrolysis were shown to correlate187
with loss of seed viability in ageing of dry stored wheat seed, linking ROS to loss of cellular188
integrity and lipid peroxidation [50].  Antioxidants play important roles in minimising cellular189
damage in ageing seed. Arabidopsis mutants deficient in tocopherol (vitamin E) synthesis, a190
lipophilic antioxidant that combats lipid peroxidation, are hypersensitive to accelerated ageing191
[51].  Moreover, mutant seedlings display defects such as abnormal cotyledon expansion and192
white patches on cotyledons, consistent with lipid peroxidation damage. Damage to lipids193
compromises membrane integrity, which, together with cell death, results in solute leakage194
from aged seeds. Conductivity tests of solutes leaked from ageing seed lots provide good195
predictions of seed viability [30, 52].196

197
Protein modification198
Oxidation and carbonylation are principal modifications which impair protein function in the199
ageing seed (Fig 2B) [53, 54]. Seed ageing correlates with significantly increased levels of200
irreversible protein carbonylation, which can impact on protein function [34]. Abundant seed201
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storage proteins and metabolic enzymes are the principal targets of these modifications202
in Arabidopsis seeds [53]. Abundant cruciferin storage proteins in the Arabidopsis seed form203
important targets for oxidative modification by ROS, potentially minimising oxidative damage204
to the seed. Cruciferin deficient mutants are significantly more sensitive to oxidative stress205
[55]. Amino acid side chains and the peptide backbone are also subject to oxidation [56].206
Cysteine and methionine are particularly sensitive to even mild oxidative stress and these207
forms of damage can be repaired. Protein oxidation can lead to formation of methionine208
sulfoxide residues and reversal of this damage is catalysed by methionine sulfoxide reductase209
(MSR) [57]. MSR levels correlate with seed lifespan in varieties of Medicago truncatula. The210
conversion of aspartate residues to isoaspartyl residues is associated with ageing and causes211
protein mis-folding that can be reversed by L-isoaspartyl methyltransferase 1 enzymes. These212
were identified as important factors which confer of Arabidopsis seed longevity and vigour and213
are found at particularly high levels in sacred lotus seeds, which exhibit extreme longevity [58].214
Oxidation of cysteine produces sulfenic, sulfinic and sulfonic acidic derivatives, and sulfenic215
acid can undergo further reactions to produce disulphide bonds within or between proteins, or216
with glutathione (glutathionylation) (Fig 2C) [59].217

218
RNA modification219
Translation plays a critical role in germination, but cellular RNA is particularly sensitive to220
oxidative damage [60, 61]. Loss of both ribosomal RNA and messenger RNA integrity has221
been linked with seed ageing, representing a sensitive predictor of seed ageing in dry storage222
for a number of studies [62-65]. Changes in mRNA levels have been detected in dry seeds in223
both natural and accelerated ageing and are associated with dry-after-ripening [66, 67].224
Oxidative damage to mRNA can cause the fragmentation observed in soybean seeds over 20225
years storage [68]. This damage appeared random, affecting longer transcripts more than226
shorter ones, and consistent with gradual non-enzymatic degradation of transcripts over time,227
although some degraded transcripts were present even in new seed lots.  Similar conclusions228
were drawn from a study in Arabidopsis, leading to an estimate of mRNA damage in the dry229
seed at a rate of ~1x10-4 per nucleotide per day, equating to each nucleotide in a transcript230
suffering damage once every 30 years [69]. In rice, natural ageing and accelerated ageing231
resulted in similar transcriptional changes in the dry seed, with mRNA degradation occurring232
at higher rates in a subset of transcripts [70]. These results are consistent with previous reports233
showing targeted RNA degradation in desiccated seeds [67].234

235
DNA damage and repair236
DNA represents the genetic material of inheritance and the template for both gene expression237
and DNA replication. However, DNA is inherently unstable in the aqueous, cellular238
environment. The constant accumulation of damage products can result in delayed growth,239
mutagenesis or cell death if unrepaired [71]. Desiccation greatly reduces the rate of DNA240
damage, but also prevents repair processes. As a result genome damage can accumulate241
over extended periods of storage and exposure to elevated humidity, with additional genome242
damage incurred during rehydration [72]. DNA damage is increased by environmental243
stresses such as UV or the endogenous by-products of metabolism, in particular ROS [73].244
Base damage is the major DNA lesion and predominantly results in oxidation of guanine to245
form 8-oxoguanine (8-oxoG, Fig 2D) which is removed during repair to form an abasic site.246
The dry, quiescent maize embryo accumulated several million abasic sites per cell after two247
years of natural ageing, increasing four-fold on imbibition [74]. DNA double strand breaks248
(DSBs), representing a broken chromosome, are a highly cytotoxic form of DNA damage.249
Across the kingdoms of life, anhydrobiosis is associated with the accumulation of DSBs. For250
example, desiccation of the desert dwelling bacterium Deinococcus radiodurans results in251
cumulative fragmentation of the genome into hundreds of small pieces which is then rebuilt252
on rehydration [75]. Similarly, tardigrade invertebrates accumulate genome damage in the dry253
state [76]. In orthodox seeds, genome stress is evident as extensive chromosome254
fragmentation observed even in high quality, unaged seeds resulting in high levels of255
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chromosomal abnormalities relative to other stages of plant development [72, 77]. Levels of256
chromosomal breaks are significantly increased by adverse environmental conditions257
encountered in seed development, storage and imbibition [78]. The accumulated genome258
damage in ageing seeds results in elevated frequencies of cytogenetic abnormalities,259
including anaphase bridges produced from chromosomal fusions [72, 77].260
Eukaryotic cells have evolved powerful and complex repair and response mechanisms to261
minimise the threat to cellular survival and safeguard the fidelity of genetic information.262
Although many DNA repair pathways are conserved in eukaryotes, plants display key263
differences in genome maintenance mechanisms, reflecting specific requirements in their264
sessile, autotrophic lifestyle [73]. Safeguarding the genetic integrity of meristem cells is265
particularly important as they are the progenitors for plant development [79]. Seeds display266
activity of the major pathways for repair of DNA damage, including base and nucleotide267
excision repair (BER, NER) and the repair of chromosomal breaks by non-homologous end268
joining (NHEJ) and homologous recombination (HR) (Fig 3). These DNA repair activities269
promote seed vigour and viability [85].270
Base Excision Repair (BER) is initiated by the detection and removal of specific damaged271
bases by DNA glycosylases, for example, 8-Oxoguanine glycosylase (OGG1) which removes272
8-oxoG (Fig 2D, Fig 3) [80]. The expression of OGG1 DNA glycosylases is increased during273
seed imbibition [81, 82]. Overexpression of OGG1 decreased 8-oxoG levels in seeds and274
conferred resistance to controlled deterioration in addition to a range of abiotic stresses such275
as heat in germination [80, 83].  Conversely, seed lacking endonuclease activity required for276
BER, termed APURINIC ENDONUCLEASE-REDOX PROTEIN (ARP), exhibited277
hypersensitivity to seed ageing [83]. Nucleotide Excision Repair (NER) plays a key role in the278
removal of bulky DNA lesions and NER genes are expressed during seed development [84].279
Functional roles for NER in seeds are revealed by analysis of mutants lacking the NER factor280
XERODERMA PIGMENTOSUM B (XPB1) which display reduced germination [85]. DSBs are281
a highly mutagenic and cytotoxic form of DNA damage which are repaired by NHEJ and HR.282
In somatic plant cells, NHEJ activities predominate, although HR is important during DNA283
replication (S-phase) and is upregulated in plant meristem cells [86]. NHEJ involves direct284
joining of broken DNA ends without the requirement for a template, resulting in random-end-285
joining. In contrast, HR uses a homologous DNA template to accurately restore the broken286
chromosomes through homology-mediated repair [73]. Arabidopsis mutants deficient in HR287
factors displayed hypersensitivity to seed ageing [87]. Germination of irradiated maize rad51288
mutant seed was delayed relative to wild type, consistent with an increased requirement for289
HR as seeds lose vigour [88]. Similarly, mutation in NHEJ pathway factors DNA LIGASE 4290
(LIG4), DNA LIGASE 6 (LIG6) and KU80 results in hypersensitivity to accelerated ageing,291
indicating essential functions in maintaining genome integrity in germination [78, 87].292
Arabidopsis lig6 lig4 double mutants also displayed hypersensitivity to natural seed ageing for293
ten years under ambient conditions [89]. The naturally aged DNA ligase deficient lines294
displayed significantly elevated frequencies of programmed cell death (PCD) in the apical295
meristem of roots three days post-germination. This indicates that DNA repair activities are296
required for recovery from seed ageing under both natural (long-term, dry ageing) storage297
conditions and after accelerated ageing at elevated temperature and humidity [78, 89].298

299
Cellular responses to seed ageing300
The stresses associated with seed ageing result in transcriptional responses, as revealed by301
a number of microarray and RNA-seq studies [33]. Accelerated ageing results in changes to302
transcript levels in the dry seed, suggestive that high humidity can increase cellular hydration303
to levels that support transcription, at least in some cells. Changes in transcript levels include304
components of the translation machinery, as observed in pea seeds subjected to ageing305
treatments [90]. Imbibition of aged Arabidopsis seeds leads to large scale transcriptional306
changes that significantly differ to unaged, high quality seeds [91]. Imbibed aged Arabidopsis307
seeds displayed stress responses associated with heat shock and increased expression of308
genes involved in RNA metabolism [91]. Consistent with these findings, long-lived Arabidopsis309
ecotypes display elevated transcript levels of heat shock factors and RNA processing genes,310
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with the corresponding mutant lines displaying altered sensitivity to ageing [41]. An earlier311
study reported increased expression of GLUTATHIONE S TRANSFERASE U22 in dry aged312
seeds, potentially resulting from increased oxidative stress [92]. Rice mutants with reduced313
anti-oxidant levels displayed reduced seed longevity. These plants exhibited increased314
expression of an E3 ubiquitin ligase of ARABIDOPSIS TOXICOS EN LEVADURA family and315
the Arabidopsis orthologue, ATL5, was shown to be required for seed longevity, potentially316
acting as a regulator of transcription [93]. Changes in protein phosphorylation have been317
reported in imbibing seeds [94], although the effects of ageing on post-translational318
modifications are less well characterised, other than oxidative products that are abundant in319
aged seeds [34, 95]. The transcriptional DNA damage response, comprising hundreds of320
genes, is induced early in imbibition of Arabidopsis and barley seeds. This reflects the321
requirement for DNA damage responses in germination to repair striking levels of genome322
damage sustained during desiccation, quiescence and rehydration, even in high quality,323
unaged seed [78].324

325
Mitigating the effects of desiccation and quiescence on seed genome stability326
Chromatin dynamics and epigenetic changes in seeds327
DNA repair, DNA replication and transcription all take place in the context of chromatin, with328
DNA packaged by histones into nucleosomes and higher order structures. Phosphorylation of329
HISTONE H2AX is a conserved response to DNA damage in eukaryotes and loss of H2AX in330
Arabidopsis seeds resulted in hypersensitivity to accelerating ageing [96] Maturation of331
Phaseolus vulgaris seeds is accompanied by elevated expression of transcripts associated332
with chromatin structure and DNA repair [84]. Arabidopsis HISTONE H3.3 is deposited on the333
5´ regulatory region of genes during seed development [97]. Mutant plants lacking H3.3334
produced low viability seeds, and of the few seeds that germinated, only a small number335
progressed through development, with none producing seeds. The mutants displayed reduced336
chromatin accessibility and defects in germination associated with transcription. In some337
desiccation tolerant organisms specialised genome protective proteins have been identified338
and chromatin may help reduce damage in the dry state [98]. Chromatin in Arabidopsis seeds339
remains compacted until the completion of germination and in the hydrated dormant seed [99].340
Nuclear size is also reduced, but appears under distinct control to that of chromatin341
condensation, with roles for ABA signalling through ABI3 [99]. Factors in seeds that confer342
desiccation tolerance include sugars and proteins which accumulate during seed maturation343
and protect membranes and proteins from damage incurred during dehydration [13]. However,344
their role in protecting DNA in the dry state is less well defined, whereas in other desiccation345
tolerant organisms specialised genome protective proteins have been identified [98]. 9-CIS-346
EPOXYCAROTENOID DIOXYGENASE (NCED6), a key enzyme in ABA biosynthesis, is347
progressively silenced at the transcriptional and chromatin level during germination, potentially348
correlating with loss of desiccation tolerance [100]. Changes in chromatin dynamics of several349
genes were associated with the re-imposition of desiccation tolerance in Medicago [20].350
Epigenetic modification modulates chromatin structure and compaction, thereby controlling351
accessibility of DNA repair, DNA replication and transcriptional machinery [101]. DNA352
methylation has been shown in a number of studies to change with seed ageing of both353
orthodox and recalcitrant species. Accelerated ageing results in altered DNA methylation in354
dry seeds which increased post-germination, along with levels of mutagenesis [102, 103].355
Interestingly, seed longevity was shown to be an adaptive response that was inherited through356
a generation, indicative of epigenetic changes in response to the environment [103-105]. DNA357
repair and damage responses are linked to dynamic changes in plant histone modification.358
Moreover, actively transcribed and silenced regions of the genome are subject to different359
rates and mechanisms of genome repair, with DNA repair complexes interacting with both360
chromatin remodelling and transcriptional machinery [106]. Furthermore, DNA repair361
mechanisms are also dependent on cell cycle stage [107]. Thus, genome repair in seeds will362
be determined by chromatin compactness, transcriptional activity and the progression of363
germination to cell cycle activation.364
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365
Germination and cell cycle control366
Resumption of cellular metabolism is initiated within minutes of seed imbibition, with cell cycle367
activity increasing several hours later. Genome damage accumulated in the embryo must be368
repaired prior to cell cycle activation in order to minimise growth inhibition and mutation of369
genetic information. In Arabidopsis seeds, most cells are arrested in G1, and S-phase (DNA370
replication) in the root apical meristem (RAM) marks activation of the cell cycle around the371
time of germination [108, 109]. The shoot apical meristem (SAM) activates during post-372
germinative growth, around 12h later than the RAM in Arabidopsis [108]. Nuclei in cell in G1373
phase undergo a transient increase in oxidation as part of the cell cycle [110]. However,374
Arabidopsis mutant lines with reduced ascorbate, experienced higher levels of oxidative stress375
in the embryonic root and delayed cell cycle progression [110].376
The cytotoxic effects of accumulated genome damage in plants are mitigated by the activation377
of response mechanisms [111, 112]. In plants, DDR activation is orchestrated by the protein378
kinases ATAXIA TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED379
(ATR) [113], with many responses acting through the transcription factor SUPPRESSOR OF380
GAMMA 1 (SOG1) [114]. SOG1 is unique to plants but is considered functionally analogous381
to p53 in mammalian cells. ATM is activated by DSBs whereas ATR is activated by single382
stranded regions of DNA originating in DNA replication or DSB processing ATR, but both383
kinases act through SOG1. Downstream responses of the plant DDR include the384
transcriptional DNA damage response, activation of DNA repair factors, PCD and activation385
of cell cycle checkpoints or a switch to endocycles that together maintain genome integrity386
and minimize formation of mutations (Fig 4) [113, 115, 116]. In plants, PCD of cells with387
compromised genomes in meristematic tissues represents an effective mechanism to388
maintain meristem function [115]. DNA laddering characteristic of plant cell death was reported389
in pea and sunflower, coincident with loss of seed viability [90, 117]. Cell cycle checkpoints390
restrict growth in the presence of damage that would otherwise result in severe genome391
instability, meristem failure and death [118]. In Arabidopsis seeds, checkpoint deficient atm392
and atr mutants display apparently increased seed viability relative to wild type after ageing.393
However, seedlings germinated from aged mutant seeds display reduced survival on soil and394
atm mutant seedlings display elevated levels of chromosomal abnormalities [77].395
Regulatory proteins integrate environmental and developmental signals to control cell cycle396
activity, including WEE1 which controls entry to S-phase [111], and homologue of the yeast397
cell size (wee) mutant. In response to DNA damage, Arabidopsis ATM induces expression of398
the SIAMESE/ SIAMESE RELATED genes SMR5 and SMR7 which results in cell cycle arrest399
in both seeds and mature plants [77, 111]. The ATM DNA damage checkpoint functions to400
delay germination in response to genome damage in ageing seeds, underlying the extending401
lag-period to germination as seed vigour declines. Thus, ATM-dependent control of402
germination helps mitigate the effects of genome damage in low vigour seeds by integrating403
germination progression with genome surveillance and activation of DNA damage response404
[77]. These cell cycle checkpoint activities function to preserve genome stability and mitigate405
the growth-inhibitory effects of damage accumulated in dry seeds.406

407
Seed ageing and seedling establishment408
Germination is defined as the emergence of the young root through the seed coat (testa) [4].409
During the subsequent phase of growth, the emergent seedling is dependent on the mobilised410
nutrient storage reserves contained within the seed until the root and shoot systems are411
capable of mediating autotrophic growth [4]. Seedling establishment is a critical phase in the412
plant life cycle which is highly susceptible to adverse environmental conditions [27].413
Successful establishment is required for optimal crop yields and is dependent on high seed414
vigour [29]. Rapid, synchronous germination supports seedling establishment that is tolerant415
of adverse environmental conditions [119-121]. The emerging seedling requires rapid416
development of root and shoot systems to enable the transition to autotrophic growth. Delayed417
root growth, for example, restricts the ability of the germinating seed to access water required418
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to drive cell expansion and early seedling growth [29]. Mechanical soil impedance to seedling419
emergence restricts both root and shoot elongation and is highly dependent on soil hydration420
and physical composition. Water-logged or dry soils require high growth vigour to promote421
seedling emergence [29]. Low vigour, weaker seedlings display increased mortality and422
greater susceptibility to biotic and abiotic stresses including fungal pathogens, insects and423
physical stresses imposed by the surrounding soil [122]. The factors that lead to poor seedling424
growth after seed ageing remain obscure at the molecular level. However, low vigour seeds425
germinate to produce seedlings with high levels of genome instabilty, resulting in extensive426
chromosomal abnormalies and increased intra-chromosomal recombination [72, 77, 89].427
Recent work showed that imbibed Arabidopsis seeds exhibit high resistance to DNA damage428
(X-irradiation) in contrast to seedlings. This resistance is lost as seeds progress to429
germination, coinciding with increasing cell cycle activity [87]. Seeds minimize the impact of430
genome damage observed at later stages of plant growth by reducing meristem disruption and431
delaying SOG1-dependent programmed cell death in response to genotoxic stress [87]. SOG1432
activation of cell death in the RAM is delayed several days post-germination in response to433
both X-irradiation and natural seed ageing [87, 89]. Thus, seeds promote post-germinative434
root growth to enable rapid seedling establishment and transition to independent resource435
acquisition and autotrophy. The distinct cellular responses of seeds and seedlings to genome436
damage may be attributed to low cell cycle activity in early-imbibed seeds, reflected in distinct437
transcriptional DNA damage response observed in plants at these different stages of438
development [87]. Seedlings germinated from aged mutant seed deficient in the DNA-damage439
cell cycle checkpoints factor SOG1 establish poorly on soil, although the seeds display440
apparent resistance to ageing, as observed for atm and atr mutants [77, 87]. Thus, low cell441
cycle activity, together with cell cycle checkpoints and powerful DNA repair activities, function442
in germination to promote successful seedling and early growth.443
The mutagenic potential of DNA damage accumulated in seeds on subsequent plant growth444
remains largely unknown. Analysis of genome instability in seedlings germinated from ageing445
Arabidopsis seeds identified striking increases in both frameshift mutations (using a446
microsatellite stability reporter line) and genome stability (using an intrachromosomal447
recombination reporter) as germination vigour declined [89]. Thus, elevated levels of genome448
damage incurred in the seed stage of the plant life cycle potentially impact on subsequent449
plant development. Moreover, the mutagenic effects of seed ageing has implications for the450
genome stability of natural plant populations under climate change given that environmental451
conditions in seed development influence seed quality.452

453
Dormancy and genome damage454
Dormancy is a block to germination which prevents germination under conditions where non-455
dormant seeds germinate. Dormancy is released over time or after specific environmental456
dormancy-breaking signals are received (e.g. cold, light) [123]. The correct decision for when457
a seed germinates, in terms of season and local environment, is critical to plant survival and458
natural ecosystems. The preservation and dry storage of crop seeds in agriculture contrasts459
with the natural environment in which seeds persist in the soil seed bank, periodically460
undergoing wet and dry cycles or prolonged periods of hydration and desiccation dependent461
on climate [29]. Seeds integrate multiple inputs from genetic and environmental sources that462
optimise germination for an individual seed and disperse the progeny of the mother plant over463
time [123]. In the seed soil bank, seeds may go through several cycles of hydration and464
dehydration in the dormant state, retaining desiccation tolerance, and only germinate following465
re-imbibition when non-dormant [124]. Hydrated dormant seeds are metabolically active but466
do not initiate DNA replication, unlike non-dormant counterparts [125]. The dormant state and467
retention of desiccation tolerance may therefore be associated with suppression of cell cycle468
activation/progression. Notably, seeds that are maintained in a hydrated state during469
maturation show reduced genome damage and chromosomal defects [126]. Furthermore,470
seeds undergoing wet-dry cycles in the soil seed bank display seasonal fluctuations in genome471
surveillance and DNA repair transcripts, including ATM and ATR [77] which correlate with472
changes in dormancy and germination potential in response to environmental signals including473
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temperature and soil moisture content [77]. However, to date genome maintenance in474
dormancy has not been further investigated at the molecular level.475

476
Seed priming and genome repair477
Seed germination and establishment in many commercial species are improved by pre-478
germinative priming treatments in which controlled hydration facilitates cellular repair479
processes [127-129]. Primed seeds are then re-dried before completion of germination and480
loss of desiccation tolerance. Seedling establishment for many commercial species, typically481
>70% in the case of sugar beet, can be increased ~10% by vigour enhancement through seed482
priming [129]. The improved growth vigour of primed seeds also confers resistance to biotic483
and abiotic stresses encountered in the field, resulting in significant and sustainable yield484
increases [29]. However, the molecular basis for the improvement of germination vigour485
conferred by seed priming is not fully understood, although resumption of metabolism is likely486
to facilitate cellular repair processes [28, 130]. DNA synthesis, but not cell division, is487
detectable during priming of leek seeds (Allium porrum), and primed Brassica oleracea seeds488
germinate faster than unprimed controls, displaying very high rates of DNA synthesis489
associated with rapid cell division promoting early seedling growth [131, 132]. Priming results490
in large scale changes in transcript and protein levels as pre-germinative metabolism491
progresses, including expression of DNA repair factors and increased activity of the protein492
repair enzyme L-isoaspartyl methyltransferase [133-137]. Chromosomal defects were493
reduced in primed seeds, coincident with increased ‘normal’ germination (lower incidence of494
seedlings with developmental abnormalities as defined by the International Seed Testing495
Organisation [30]) [138]. Collectively, these results support the role of priming in germination496
advancement through pre-germinative repair processes [139]. An element of the germination497
vigour conferred by priming may also result from stresses incurred during the priming process.498
For example, tomato seed priming was improved by heat shock, which also led to elevated499
heat shock factor gene expression [140]. Priming alters ROS levels, with reduction in hydrogen500
peroxide accumulated in aged seeds, accompanied by increased catalase activity as seeds501
recover from the loss of catalase protein during ageing [135, 137, 141]. In wheat, priming with502
hot steam resulted in advanced germination, with more a more rapid shift to reducing503
conditions that promote progression of germination [142]. However, over-priming results in504
elevated ROS levels and increased genome damage [143]. Seed priming can both reduce505
seed longevity and change the genetic requirements for longevity in comparison to un-primed506
seeds [128]. Brassinosteroid (BR) signalling was implicated in the reduced longevity of primed507
seeds [144]. This may reflect roles of BR signalling in promoting germination, and thus mutants508
in BR signalling display decreased progression of germination in priming, retaining desiccation509
tolerance [128]. Significantly, longevity of primed seeds could be increased through the use of510
cell cycle inhibitors that blocked DNA synthesis [145] and the extent to which primed seeds511
progress through pre-germinative processes is a critical determinant of the lifespan of primed512
seeds in storage [128].513

514
Conclusions and outlook515
Seed longevity is dependent on a complex interaction of genetic and environmental factors516
[13]. Our understanding of seed ageing and consequences in germination has advanced517
considerably over recent years, with research focussed on preservation of germplasm in seed518
banks (long-term ageing) and stresses associated with short-term ageing representing519
variable environmental conditions. Seed deterioration results in multiple stresses which disrupt520
redox homeostasis and damage cellular components. In this review, we focussed on the521
effects and associated consequences of seed deterioration on nuclear genome integrity.522
However, much of our understanding of plant DNA repair and response factors arises from523
only a limited number of model plant species. Differences in the functions and importance of524
DNA damage response factors are now emerging in other species, with loss of gene function525
having species-specific effects [146]. Our understanding of seed responses to environmental526
stresses is critical to predict and mitigate the consequences of climate change on crop species527
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and ecosystems [147]. The roles of seeds in future space exploration are being explored on528
the International Space Station, with research to investigate the effects on germination vigour529
and stress responses [148, 149]. However, important questions remain: what mechanisms530
link cellular damage to control of germination, and determine survival or loss of viability? Do531
specific genome protection factors or mechanisms exist in seeds, as observed in other532
anhydrobiotic organisms? To what extent does cellular damage accumulated in the seed affect533
seedling performance in the field or the survival and genome stability of wild species? How534
will seed performance be affected by increased environmental stresses associated with535
changing climates in agriculture and wild populations? Applications of new technologies will536
help us answer these questions. As we gain more insight into how seeds integrate cellular537
damage with successful germination, and the longer-term effects of this damage on seedling538
establishment, we will be able to develop new tools and approaches to produce climate-539
resilient crops and enable long-term germplasm conservation for future generations.540
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547
Figure legends548
Figure  1.  Critical  stages  in  the  life  of  a  seed. The key stages from seed maturation to549
seedling establishment have been the subject of recent reviews: the acquisition of desiccation550
tolerance (I) is followed by a developmental programme that extends longevity during storage551
(II) [13]. Maturation drying (III) decreases seed moisture content to ~10% fresh weight and552
solidifies the cytoplasm into an intracellular glass [3, 13]. Storage of seeds under ideal553
conditions of low temperature and low humidity extends survival whereas suboptimal554
environmental conditions result in seed ageing (IV) [3, 30, 32, 150]. Imbibition (water uptake)555
initiates metabolism and cellular repair (V) which is followed by germination (VI) in non-556
dormant seeds [14, 151, 152]. The impact of seed ageing extends into post-germinative557
growth (VII) [29, 122]. Seed imbibition is reversible (VIII): seeds in the soil undergo hydration-558
desiccation cycles. Commercial seed priming technologies hydrate seeds, followed by a dry559
back, to facilitate cellular repair and improve the vigour of germination and seedling growth560
[128, 129]. Desiccation tolerance is lost as seeds progress to germination but can be re-561
established by treatment with ABA or PEG (IX) allowing survival after re-drying [13].562

563
Figure 2. Oxidation products in seeds. Examples of cellular macromolecular adducts564
produced by reactive oxygen species. A) Lipids are oxidised to form lipid peroxides and lipid565
hydroperoxides (A) directly by reactive oxygen species (ROS) or through reactions with other566
metabolites [153]. B) Amino acid side chains (e.g. arginine) are oxidised to form carbonyl567
groups on proteins [154] C) Oxidation of methionine results in production of methionine568
sulfone. Progressive oxidation of cysteine forms sulfenic, sulfinic and sulfonic acids. Sulfenic569
acid can undergo further reactions to form disulphide bonds and intermolecular disulphide570
bonds with glutathione (gluthionylation) and other proteins [59]. D) Oxidation of base guanine571
to form 8-oxoguanine (8-oxoG) is the major oxidative damage product in DNA (8-oxo-2 ′-572
deoxyguanosine) [155] and a similar product (8-hydroxyguanosine (8-OHG)) is a prevalent573
result of RNA oxidation [156].574

575
Figure 3. DNA damage and repair activities in seeds. DNA damage results in single and576
double stranded DNA breaks, base loss and damage to damage to the sugar-phosphate577
backbone. This requires the activities of the major DNA repair pathways, all of which influence578
germination. BER: Base Excision Repair; NER: Nucleotide Excision Repair; NHEJ: Non-579
Homologous End Joining; HR: Homologous recombination. Alternative end-joining (alt-EJ)580
pathways operate in plants, including DNA polymerase theta (POLQ) mediated end-joining581
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(TMEJ) [157], although functions in seeds are not well characterised. However, recently a582
ku70 polq double mutant was reported to have reduced germination [158].583

584
Figure 4. DNA damage responses in plants. The DNA damage signalling kinases ATAXIA585
TELANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR) orchestrate586
plant cellular responses to DNA damage, with major roles played by the transcription factor587
SUPPRESSOR OF GAMMA 1 (SOG1). (A) Post-translational modification of proteins includes588
acetylation (Ac) of histones and phosphorylation (P) of hundreds of proteins including the DNA589
damage signalling factors HISTONE H2AX (H2AX) and SOG1 [96, 159-161]. (B) DNA damage590
results in arrest of the cell cycle at the transitions between G1 and S phase, G2 and M phase591
and within S-phase (intra-S) [112]. (C) The DNA damage response (DDR) in seeds results in592
the transcriptional regulation of hundreds of genes in the first few hours of imbibition and593
delays both DNA replication and germination [113, 162]. (D) DNA damage can lead to the594
switch from the mitotic cell cycle to endocycles or programmed cell death in meristem cells,595
revealed by propidium iodide staining of non-viable stem cell initials (coloured red) [115, 116].596
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