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Abstract: Primary seed dormancy is the phenomenon whereby seeds newly shed by the mother plant
are unable to germinate under otherwise favorable conditions for germination. Primary dormancy is
released during dry seed storage (after-ripening), and the seeds acquire the capacity to germinate
upon imbibition under favorable conditions, i.e., they become non-dormant. Primary dormancy can
also be released from the seed by various treatments, for example, by cold imbibition (stratification).
Non-dormant seeds can temporarily block their germination if exposed to unfavorable conditions
upon seed imbibition until favorable conditions are available. Nevertheless, prolonged unfavorable
conditions will re-induce dormancy; i.e., germination will be blocked upon exposure to favorable
conditions. This phenomenon is referred to as secondary dormancy. Relative to primary dormancy,
the mechanisms underlying secondary dormancy remain understudied in Arabidopsis thaliana and
largely unknown. This is partly due to the experimental difficulty in observing secondary dormancy
in the laboratory and the absence of established experimental protocols. Here, an overview is
provided of the current knowledge on secondary dormancy focusing on A. thaliana, and a working
model describing secondary dormancy is proposed, focusing on the interaction of primary and
secondary dormancy.

Keywords: secondary seed dormancy; dormancy cycling; germination arrest; abscisic acid;
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1. Introduction

Seeds comprise an important phase in the life cycle of seed plants, as they are the next generation
of the plant and can be widely dispersed. Subsequent seed germination and seedling establishment
are crucial steps in continuing the life cycle [1]. The timing of seed germination determines in which
environment the seedling will grow and thus defines whether seedling establishment will be successful.
Therefore, seeds need to sense the environment and initiate germination accordingly. Seed dormancy
functions to time the moment of germination in the right (seasonal) environment. Seed dormancy is
defined as the (temporary) inability of a viable seed to germinate under conditions otherwise favorable
for germination [2]. Dormancy is thus not simply non-germination or quiescence. Dormancy also
functions to spread germination in time, so that not all the offspring of one plant germinates at the
same time and/or space [1,3]. There are different types of dormancy including physical dormancy,
morphological dormancy, physiological dormancy, and combinational dormancy [1,4-6]. In certain
types of physical dormancy, seeds have a hard, impermeable seed coat which has to be weakened first
(e.g., by acids found in the digestive tract of an animal) before water can be taken up and germination
can initiate. Morphological dormancy originates from an underdeveloped embryo, and the embryo
requires time or a trigger to complete development, after which germination can occur. In the so-called
physiological dormancy, the repression of seed germination upon seed imbibition, is maintained by
living tissues, i.e., the embryo and the surrounding tissue, the endosperm. A combination of these
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different types of dormancy can also occur, e.g., morphophysiological dormancy. In this perspective,
the focus will be on Arabidopsis thaliana which displays physiological dormancy [7]. A brief overview
of secondary dormancy research in A. thaliana is provided, a working model is proposed, and a
perspective on future research is given.

2. Primary Dormancy

Primary dormancy is the dormancy that is established during seed maturation on the mother
plant. When mature, a dormant seed that is stored under dry conditions will lose its dormancy over
time. This process is called seed after-ripening wherein largely unknown processes, likely linked to
oxidation, allow the seed to gradually lose its dormancy (a phenomenon also referred to as “release”
of seed dormancy), i.e., the seed gradually acquires the capacity to germinate (for a review, see [8]).
During AR, reactive oxygen species (ROS) are non-enzymatically produced in sunflower seeds,
releasing dormancy [9]. Upon imbibition, non-dormant A. thaliana seeds accumulate higher levels of
ROS, indicating a signaling role for ROS during germination [10]. ROS thus play an important role in the
regulation of both dormancy and germination [8]. The amount of dry storage time required to release
dormancy can be used to define the dormancy levels stored in a seed. The level of primary dormancy is
largely determined by the genetic background of the plant [11,12]. Thereisalarge natural variation in the
primary dormancy levels among A. thaliana accessions [13-15]. In addition, the maternal environment
can modulate the level of seed dormancy in the progeny [16-18]. In particular, cold temperatures
during seed development are well-known to increase seed dormancy levels (e.g., [18]).

Aside from dry storage, dormancy can also be released from the seed by several treatments
on imbibed seeds. A common method is seed stratification, where imbibed seeds are exposed
to low temperatures for a period of time prior to incubation at normal temperatures (e.g., [19]).
Treatment with certain compounds, such as nitrate or karrikins (present in smoke), can also alleviate
dormancy. These treatments have in common that they act on the hormone levels of gibberellins
(promoting germination) or abscisic acid (ABA, repressing germination) or their signaling pathways [20].
Primary dormancy involves production of ABA by the endosperm and the embryo upon seed
imbibition, while ABA catabolism is reduced and ABA sensitivity is increased compared to non-dormant
seeds [7,20-23]. However, most of the current knowledge on dormancy comes from studies concerned
with primary dormancy release in the dry seed [6,20,24,25].

3. Secondary Dormancy

When an imbibed non-dormant A. thaliana seed is exposed to certain prolonged unfavorable
conditions, dormancy can be re-induced. This re-induced dormancy is termed secondary dormancy.
Thus, importantly, secondary dormancy is not induced during seed maturation, and induction does
not occur in dry seeds but rather in imbibed mature seeds [26]. Secondary dormancy induction occurs
in nature when seeds cannot germinate due to the environmental conditions, e.g., when a seed becomes
buried in the soil. In the field, dormancy cycling can be observed which is the seasonal induction and
release of secondary dormancy [27,28]. The regulation of dormancy cycling in response to the natural
environment has been extensively reviewed by Finch-Savage and Footitt [26]. Environmental signals
that confer information about the seasonal changes are the temporal signals. Temperature is the main
temporal signal controlling secondary dormancy cycling in the field [18,27-29]. It is known that the
genetic background of the seeds controls secondary dormancy induction [3,30]. Genotypes that develop
high primary dormancy levels during maturation also develop higher secondary dormancy levels upon
re-induction of dormancy [28]. The repression of seed germination in secondary dormant seeds is poorly
understood but most likely involves de novo ABA synthesis in A. thaliana [27]. However, other specific
germination arrest mechanisms could be involved, as the mechanisms underlying secondary dormancy
remain unclear. Nevertheless, an overlap between primary and secondary dormancy pathways likely
takes place. Seeds that have not fully released their primary seed dormancy (see “assessing primary
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dormancy”) or accessions with higher natural primary seed dormancy levels might more efficiently
enter a secondary dormant state [28,30,31].

4. Assessing Primary Dormancy

Seed dormancy is a functionally defined trait, i.e., it requires a germination test to determine
whether a seed is dormant or not. However, germination may or may not be observed depending on
which favorable germination conditions are used for the test. This is because seeds lose dormancy
gradually, i.e., they gradually acquire the capacity to germinate under suboptimal, but still favorable,
germination conditions. Hence, after a certain amount of after-ripening time, a given seed batch may
not germinate under favorable germination conditions A but may fully germinate under favorable
germination conditions B where conditions A are less favorable than conditions B (e.g., [32]). It follows
that the same seed batch can be non-dormant or dormant depending on the particular favorable
germination assay being used [20]. In this case, one may say that the seed batch contains residual
primary dormancy or that it has not fully released its dormancy.

5. Assessing Secondary Dormancy

In the laboratory, there are a number of methods available for the induction of secondary
dormancy in A. thaliana [29-31,33-35]. Typically, imbibed seeds are stored in the dark, and temperature
and/or osmotic stress treatments are used to induce secondary dormancy. The Col-0 genotype
is often used in A. thaliana research, for which mutant lines are conveniently available through
stock centers. However, Col-0 is an accession which naturally has low primary seed dormancy levels.
Therefore, it is likely that in Col-0, secondary dormancy induction is difficult to observe, as in accessions
with low primary seed dormancy levels, secondary dormancy induction is slower [28,30]. Using seeds
with residual primary dormancy levels, as defined above, aids secondary dormancy induction (e.g., [30]).
As is the case for primary dormancy, secondary dormancy may be revealed by adjusting the conditions
of the germination assay. Hence, a seed batch that underwent a secondary dormancy inducing
treatment may fully germinate under favorable germination conditions B but may not germinate under
favorable germination conditions A, where conditions A are less favorable than conditions B. Hence,
germination conditions A are more suited to detect secondary dormancy. Increasing the temperature
used in the germination assay has proven to be a useful approach to reveal shallow primary and
secondary dormancy in A. thaliana, barley, and tomato seeds [36-38]. Secondary dormancy is more
easily induced in accessions that naturally have higher primary dormancy levels, such as Landsberg
erecta (Ler) and, especially, Cape Verde Islands (Cvi). Therefore, these accessions might be more suitable
to study (secondary) dormancy [13].

Secondary dormancy can also be studied in field experiments with A. thaliana, which most certainly
mimic natural dormancy cycling [3,27,28]. When after-ripened, i.e., non-dormant, seeds are buried in
the field, secondary dormancy is induced during autumn and winter, and released in spring [27,28].
Secondary dormancy induction in the field requires months and may involve a progressive decrease in
temperatures [27,28]. It might be that the mechanisms responsible for secondary dormancy induction
intrinsically requires extended periods of time in conjunction with gradual decrease in temperature.
Thus, these mechanisms might be difficult to recreate under laboratory conditions under shorter
periods of time. Therefore, field experiments may become indispensable for secondary dormancy
research, albeit not the most practical. Due to regulations, a field study with mutants might not be
possible in some countries, and there might be other practical difficulties. Field experiments are also
possible with larger populations [3,18,27,28].

When conducting secondary-dormancy-related experiments, including multiple time-points to
assess dormancy levels during release or induction allows to monitor how dormancy develops during
the experiment. An example of this is the simulated dormancy cycling described by Footitt et al. [34].
It remains to be understood whether laboratory protocols induce secondary dormancy with the same
underlying mechanisms as secondary dormancy induction by field conditions. Indeed, most laboratory
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studies use protocols that involve transferring imbibed seeds from cold temperatures to hot
temperatures, which triggers the secondary dormancy induction. This is, however, the opposite
in the field, where dormancy is induced during the cold periods in winter and released by the increase
in the seasonal temperature. It is expected that the field experiments reflect natural conditions,
and therefore, mimicking those conditions in the laboratory is of paramount importance for the study
of seed secondary dormancy.

6. Different Ecological Functions of Primary and Secondary Dormancy

Dormancy functions to time the moment of germination in accordance with the environment
to increase the chance of successful subsequent seedling establishment. Primary and secondary
dormancy both share this function; however, they interact with different environments. The maternal
environment is a large factor in determining the primary dormancy level. Thus, primary dormancy
confers information about the environment as experienced by the mother plant. A suitable maternal
environment, i.e., optimal maternal growth conditions (in terms of temperature, light, and nutrient
availability) result in seeds with lower primary dormancy [16]. This might favor seed germination
directly after shedding and can result in another growth cycle in this suitable environment [39].
Over time, seeds may lose their primary dormancy but may not germinate due to the absence
of imbibition or imbibition in the presence of unfavorable germination conditions. In this case,
non-germinated seeds form the seed soil bank, which is the realm where processes regulating
secondary dormancy become predominant. Under these conditions, it is expected that the
immediate environmental conditions, rather than those experienced by the mother plant, dominate to
determine secondary dormancy levels. Indeed, previous reports seem to support this notion [3,28].
However, this is in contrast with previous reports where the effect of the maternal environment on
primary dormancy influences also the secondary dormancy status [30,31,35]. It might be the case that
residual primary dormancy in the seeds in these studies explains the observed differences. Both in
laboratory studies and in nature, primary dormancy might not be fully released prior to secondary
dormancy induction. Therefore, it is important to separate the two, and as long as it is unknown how
similar both are, this has to be better defined.

7. Overlap and Differences between Primary and Secondary Dormancy

Although the level of overlap is unclear, it can be safely assumed that primary and secondary
dormancy pathways converge to activate the ABA-dependent processes that repress seed germination
in imbibed seeds. Consistent with this notion, an early laboratory study comparing the transcriptome
changes during primary dormancy, dormancy release, and secondary dormancy induction found
that primary and secondary dormant states had an over-representation of ABA-responsive genes [33].
Primary and secondary dormancy are more likely to differ in how the seeds sense environmental
conditions to regulate dormancy. Indeed, the environment experienced by the developing seed or
the after-ripening dry seed, which influences primary seed dormancy levels, is not the same as that
experienced by the seed in the soil bank. The case of the DELAY OF GERMINATION 1 (DOG1) protein
in A. thaliana might indeed support this view. DOG1 is a protein of unknown function that promotes
dormancy, since mutating DOGI strongly reduces primary dormancy levels [40]. DOGI levels in
primary dormant seeds correlate with dormancy levels, but DOG1 levels do not decrease during
after-ripening. It is likely that that DOGL is oxidized during after-ripening and loses its activity to
inhibit germination [41]. This indicates that it is a target of the pathways sensing the environment
during dry after-ripening. However, the dog1-2 mutant displays a reduced but not absent secondary
dormancy induction [34]. Surprisingly, a recent study reported that the DOGI gene is not located in
any secondary dormancy associated Quantitative Trait Locus (QTL), although there is a QTL next to
the DOGTI locus, SET1 (Seedling Emergence Timing 1, which reflects dormancy cycling) [18]. These data
therefore indicate that seeds may utilize different sensory pathways to regulate primary and secondary
dormancy but do not exclude that they also utilize the same pathways.
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8. A Model for the Regulation of Secondary Dormancy

Ultimately, the germination arrest response observed in both primary and secondary dormancy is
the result of internal signaling pathways responding to environmental factors. Primary dormancy
levels are established during seed maturation and are determined by the genetic background of the
seed and the maternal environmental parameters such as the temperature during seed development
(Figure 1A). Upon imbibition of a dormant seed, the primary seed dormancy levels present in the seed
activate the germination arrest program controlled by ABA (Figure 1B). The after-ripening processes in
dry seeds that reduce primary dormancy levels are thought to mainly involve oxidative processes [8,20].
Eventually, oxidative events occurring during the after-ripening period reduce primary seed dormancy
levels so that the germination arrest program is no longer activated under a given favorable seed
germination condition (Figure 1).

A NON-IMBIBED SEED B IMBIBED SEED
Unfavorable germination conditions
DEVELOPING SEED MATURE DRY SEED Low temperature
Osmotic stress

Environmental factors After-ripening Hypoxia
Temperature ROS

Nutrient availability

\\ _J

PD SENSORY
MECHANISM(S)

/

PD SENSORY
MECHANISM(S)

~,

SD SENSORY
MECHANISM(S)

1] :
Residual PD levels| ABA DEPENDENT
PDLEVELS  ERlbll bt = GERMINATION ARREST PROGRAM
: (+UNKNOWN GERMINATION ARREST PROGRAM?)
1

Figure 1. A working model connecting primary (PD) and secondary (SD) dormancy. (A) Seed
development and the dry seed. The maternal environmental factors are perceived by the PD sensory
mechanism(s), which determines final PD levels stored in the mature dry seed. In the mature dry seed,
after-ripening processes take place, likely involving accumulation of oxidative events, lowering the
PD levels. (B) Establishment of SD in the imbibed seed can take place in non-dormant seeds,
i.e., seeds that germinate under particular, favorable seed germination conditions. Upon imbibition,
continuous exposure to unfavorable environmental factors is perceived in an unknown manner.
This could involve dedicated SD sensory mechanism(s) and/or the PD sensory mechanisms operating
in the developing seed. In turn, the sensory mechanism promotes an increase in SD levels that
activate germination arrest program(s), so that germination does not take place even under favorable
germination conditions. Residual PD levels may promote the onset of SD upon seed imbibition
(dashed line). Seeds may cycle between non-dormant and SD.

Secondary dormancy can be induced by imbibing seeds under unfavorable environmental
conditions for a prolonged period of time, such as low temperatures or osmotic stress (Figure 1B).
Environmental factors inducing secondary dormancy levels may act in two manners that do not
exclude each other: (1) they may be perceived by the same sensory mechanisms that regulate primary
seed dormancy levels during seed maturation or (2) they may be perceived by dedicated secondary
dormancy sensory mechanisms (Figure 1B). The nature of the sensory mechanisms remains to be
determined. Recent reviews discuss possible mechanisms and players in sensing the environment.
DOGT1 is hypothesized to play a role in the sensing of temperature in the imbibed seed, the main factor
driving dormancy cycling [18,26,28,34]. Oxygen and ROS signaling might confer information about
the environment [8,26]. Hypoxia occurs when the soil becomes waterlogged for example, and ROS are
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signaling molecules for a number of stresses. Light, or the absence of light, interacts with hormonal
levels [26,42]. Nutrient availability and osmotic conditions confer information about the suitability of
the germination environment [26]. Finally, the organelles function in ABA production and might play
a role in dormancy signaling [28,43].

The sensory mechanism integrates the environmental signals and induces secondary dormancy
levels that stimulate the germination arrest program controlled by ABA and possibly an additional
germination arrest program specifically acting during secondary dormancy establishment. As for
primary dormancy levels, the molecular nature of secondary dormancy levels remains unknown.
Primary dormancy levels might still be present and potentially detectable under less favorable
germination conditions. In the proposed model, residual primary seed dormancy levels may further
activate the seed germination arrest programs and thus facilitate the onset of secondary seed dormancy
upon seed imbibition (Figure 1A,B dashed line). It remains unknown how primary and secondary
dormancy levels control the germination arrest program (Figure 1B) [20]. However, certain central
proteins and processes in the regulation of dormancy have been identified or hypothesized. A central
transcription factor in ABA signaling is ABA-Insensitive 5 (ABI5), integrating stress signaling and
other phytohormones [23,44]. DOGI1, a protein of yet unknown function, is a major player in the
regulation of primary dormancy [23,45].

9. Perspectives

Secondary dormancy studies in A. thaliana will shed a light on the molecular mechanisms. It is
unclear to which extent these mechanisms overlap with those of primary dormancy. A clear distinction
between primary and secondary dormancy in experiments is therefore essential. These experiments
would benefit from a protocol that is confirmed to mimic natural dormancy cycling. One way to identify
the overlap between artificial methods and a field burial experiment is to compare RNAseq data of the
same genotype in both a laboratory setting as field setting. For example, the protocol described by
Footitt et al., 2017 [34], could be used to mimic dormancy cycling of Cvi or Ler seeds, of which the
RNAseq data could then be compared to the RNAseq data that recently became available for these
genotypes [18,28]. Such a protocol could be used to study some of the remaining questions. (1) The level
and nature of the epigenetic control of dormancy cycling—It is known that there is epigenetic control
of primary dormancy, and the mechanisms are being revealed [25,46,47]. There is also likely epigenetic
control of dormancy cycling [29]; therefore, studying (genome-wide) epigenetics during dormancy
cycling is an interesting next step. (2) What is the role of translation and translational control during
dormancy cycling? Considering the large changes occurring in the expression of the genes associated
with the translational machinery during dormancy cycling [28], and as most of the knowledge on
dormancy originates from studies on dry seeds, this is a vast unknown. Finally, the dynamic and
adaptive nature of dormancy cycling might provide novel insights in the mechanisms for both primary
and secondary dormancy.
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