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General Introduction




Chapter 1

Seed and life

Seeds play critical roles for maintaining life on earth. Seeds are rich in proteins,
carbohydrates, oil and minerals and as such important food resources. Rice, maize
and wheat are the three main crops of which seeds supply human in their daily
nutrition across the world. As raw materials, seeds are used in numerous ways, such
as medicines, decorations, toys and fibers. Seeds have a unique structure,
containing surrounding layers that protect the embryo. Moreover, seeds allow plants
to survive unfavorable conditions by delaying germination until the establishment of
the next generation can be guaranteed. As a sexual product, carrying recombinant
genetic information from its parents, seeds contribute to the genetic diversity of
species. This allows the offspring to inherit beneficial traits that contribute to the
survival in unfriendly environments, which is an imperative solution to face the global
climate changes (Bewley et al., 2013; Boswell, 1961; Koornneef et al., 2002; Vellvé,

2013). Overall, without seeds there will be no survival on earth.

The model plant Arabidopsis thaliana

To improve seed quality and yield, research focused on the timing of germination,
seed dispersal, seed persistence and seedling establishment have become and will
remain a hot topic in plant biology (Black, 1989; Saatkamp et al., 2019). Arabidopsis
is an ideal model system for this research (Koornneef et al., 2010; North et al., 2010;
Wienkoop et al., 2010). Its, mini plant size, short time to produce large amounts of
seeds by self-pollination, five completely sequenced chromosomes and over
100.000 available T-DNA lines, make it a widely used model plant for physiological
and molecular studies since Friedrich Laibach identified the chromosome numbers
in Arabidopsis (Koornneef et al., 2010; Laibach, 1907; Scholl et al., 2000).
Discoveries in Arabidopsis have greatly increased our understanding of plant
biological processes, but may not have an immediate and direct societal impact
(Stephenson et al., 2019). However, recently whole genome sequences of several
crops, including Brassica napus (Chalhoub et al., 2014; Lawrenson et al., 2015),
wheat (Uauy, 2017), maize (Nannas et al., 2015) and rice (Wing et al., 2018) have

become available. Combining this sequence information with genetic engineering
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techniques such as CRISPR-Cas will make it feasible to transfer knowledge obtained
in Arabidopsis to crops (Bevan et al., 2005; Chang et al., 2016; Knott et al., 2018;
Makarova et al., 2011; Piquerez et al., 2014).

Seed development and its regulators

In Arabidopsis, seed development consists of two main stages. Stage |, the
embryogenesis, starts with a single zygotic cell and an endosperm maternal cell after
double fertilization and ends with a complete embryo architecture surrounded by an
endosperm (Mansfield et al., 1991; Mayer et al., 1998; Mayer et al., 1991). Stage Il
is the seed maturation stage. In the beginning of maturation the embryo expands
through cell divisions to fill up the seed sac whereas the endosperm scales down to
one cell layer, and starch, proteins and fatty acids accumulate (Goldberg et al., 1994;
Mansfield et al., 1994). During late maturation, desiccation tolerance is induced, the
seed water content decreases dramatically to become less than 10% and metabolic
activities terminate. Furthermore, the accumulation of oligosaccharides still
continues and the embryo acquires primary dormancy (Baud et al., 2002; Baud et
al., 2008; Fait et al., 2006; Goldberg et al., 1989). Through genetic studies, four key
seed maturation regulators, ABSCISIC ACID-INSENSITIVE 3 (ABI3), LEAFY
COTYLEDON 1 (LECT), LEC2, and FUSCA 3 (FUS3) have been identified. In
summary, mutants in these genes exhibit absence of seed dormancy and short seed
longevity, indicating that seed dormancy and seed longevity are closely related to
seed maturation (Baumlein et al., 1994; Clerkx et al., 2004; Holdsworth et al., 2008;
Meinke, 1992; Meinke et al., 1994; Nambara et al., 1995; Ooms ef al., 1993; Santos-
Mendoza et al., 2008; To et al., 2006). The key regulators of seed maturation are
known to work synergistically to control seed development. ABI3 cooperates with
LEC1 and FUS3 to regulate elementary seed developmental programs, for instance,
the amount of chlorophyll and anthocyanin is significantly higher in the embryos of
the fus3 abi3-1 and lec1 abi3-1 double mutants than the single mutants abi3-1, fus3
and /lec1 mutants. The abundance of ABI3 protein is also predicted to be controlled
by FUS3 and LEC1 (Parcy et al., 1997). LEC2 activates FUS3 during root initiation

(Tang et al., 2017). Moreover, these four genes have also been individually studied
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and this showed that they are involved in controlling distinct biological processes:
ABI3 protects seeds during desiccation and negatively influences floral transition
(Hong et al., 2019; Khandelwal et al., 2010). LEC1 regulates the expression of fatty
acid biosynthetic genes and thus influence oil yield in seeds (Mu et al., 2008) and
transcriptionally regulates photosynthesis during late seed development (Pelletier et
al., 2017). LEC2 affects seed storage protein accumulation and oil body production
in vegetative tissues (Stone et al, 2008). FUS3 triggers the accumulation of
triacylglycerol in Arabidopsis seedlings (Zhang et al., 2016). Ultimately, at the end of

seed maturation the dry, dormant seed is ready to be harvested for future use.

Seed traits

Seed quality is important to meet the increasing demand for food and face the severe
climate change. Vital seed traits that are valuable for agricultural benefit include,
large seed size, high nutritional value, proper timing of germination and high seed
longevity. These traits have been modified by intended or unintended selections
during the domestication of crops (Godfray et al., 2010; Martinez-Andujar et al.,
2012). Moreover, these traits are regulated by numerous regulators at the
transcriptional, translational, hormonal and epigenetic levels, involving various

pathways during seed development and maturation (Savadi, 2018).

Seed dormancy and its regulators

Seed dormancy has been defined as the inability of the seed to germinate even
under favourable environmental conditions (Bewley, 1997; Wareing, 1971). Low
seed dormancy might cause preharvest sprouting in damp conditions, whereas deep
seed dormancy will distribute germination over time. Nonoptimal dormancy levels
potentially decrease the crop yield in agriculture, thus studies on understanding the
mechanisms of controlling seed dormancy could contribute to more efficient crop
production. Usually, the term dormancy refers to primary dormancy that is induced
during seed maturation, however there are other types of dormancy, like e.g.,
secondary dormancy that can be induced after harvest under natural or artificial
conditions (Buijs et al., 2020; Footitt et al., 2017; Khan, 1980). Here | focus on

10
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primary seed dormancy since this directly links to agriculture whereas secondary

seed dormancy is more related to ecological systems.

Previous studies indicated that seed dormancy could be determined by diverse
factors. Plant hormones including abscisic acid (ABA), gibberellins (GA), auxins,
ethylene, brassinosteroids (BR) and cytokinins strongly influence plant development.
ABA enhances seed dormancy whereas GA breaks seed dormancy (Bewley, 1997;
Brocard-Gifford et al., 2004; Finkelstein et al., 2008; Koornneef et al., 2002;
Miransari et al., 2014; Nambara et al., 2010; Yamaguchi et al., 2018). Auxin is
indicated to be involved in the regulation of dormancy and preharvest sprouting in
wheat (Ramaih et al., 2003). Auxin overproducing transgenics displaying stronger
seed dormancy than wild type Arabidopsis seeds (Liu et al., 2013; Ramaih et al.,
2003). Dormancy induced by high temperatures is related to the reduction of
ethylene in sunflower and lettuce (Corbineau et al., 1988; Prusinski et al., 1990),
while dormancy release by nitric oxide causes the elevation of ethylene (Arc et al.,
2013). BR stimulate seed germination in Arabidopsis and tobacco (Leubner-Metzger,
2001; Steber et al., 2001). Exogenous cytokinins promote Lotus corniculatus L. seed
germination (Nikoli¢ et al., 2006). The interactions between the different plant
hormones and their effects on seed dormancy have been extensively reviewed
(Kucera et al., 2005). ABA and GA antagonistically regulate seed dormancy and
germination (Yamaguchi et al., 2018). Auxin and ABA synergistically inhibit seed
germination (Brady et al., 2003; Liu et al., 2013). Ethylene counteracts with ABA to
promote endosperm rupture, both in seeds of Arabidopsis thaliana and Lepidium
sativum. In addition, the rapid decrease of ABA levels in Lepidium seeds after the
application of different concentrations of ethylene suggests that exogenous ethylene
does not interfere with endogenous ABA contents (Linkies ef al., 2009). BR can
break seed dormancy caused by ABA in Arabidopsis and promote seed germination
by strengthening the embryo growth potential (Leubner-Metzger, 2001). Cytokinins
play opposite roles to ABA since they promote seed germination in Arabidopsis
(Wang et al., 2011).

11
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Mutant studies of genes regulating plant hormones also reveal the respective
functions in seed dormancy and germination. The ABA deficient 2 mutant (abaZ2)
exhibits a yellower embryo and reduced seed dormancy compared with wild type
(Nambara et al., 1998). The GA deficient mutant, ga7-3 could not germinate in the
absence of exogenous GA application (Groot et al., 1987). Arabidopsis auxin
receptor and biosynthesis mutants have completely lost seed dormancy (Liu et al.,
2013). The ethylene insensitive mutant, ethylene insensitive 2 displays an enhanced
seed dormancy (Subbiah et al., 2010). The BR insensitive mutant bri7-1 and the
biosynthetic mutant det2-7 are more sensitive to ABA and thus have a lower
germination potential (Steber et al., 2001). Cytokinin receptor mutants in Arabidopsis
germinate faster than wild type (Riefler et al., 2006). Apart from these hormone
related mutants, dof affecting germination 2 (dag2) demonstrates a defective seed
germination which is regulated by light and cold treatment (Gualberti et al., 2002).
That germination is strongly affected by light also becomes clear when investigating
the germination of the phytochrome A and B mutants (phya, phyb). These two
phytochromes control seed germination by sensing light within a broad spectral
range. PhyA induces seed germination after irradiation at remarkably low fluence
from the UV-A to the visible and the far-red light spectrum (300-780 nm). In contrast,
PhyB regulates seed light sensing at much higher (10* times) fluences with a
response in the red and far-red light (540-690 nm and 695-780 nm) (Shinomura et
al., 1996).

Seed dormancy is an adaptive trait that can be affected by temperature, relative
humidity, altitudinal and climatic patterns both during seed development and
maturation as well as during seed storage. When germinated in a controlled
environment the dormancy of wheat seeds increases with elevated temperatures,
from 10, 15, 20, until 30 °C, the effect is the strongest between 15 and 20 °C
(Nyachiro et al., 2002). During seed dry storage, dormancy is released, a process
that is referred to as after ripening. Experiments on Arabidopsis seeds with different
levels of seed dormancy show that a relative humidity of 50% at 25 °C is the most

efficient in releasing dormancy across all genotypes within seven weeks. The critical
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seed moisture content for dormancy release is calculated to be 0.06g H20/g dry
weight, below this value the dormancy release is not possible above this value
dormancy release is elevated with increasing temperatures (10, 15, 20, 25 °C)
(Basbouss-Serhal et al., 2016). During seed development, Arabidopsis accessions
grown in environmental conditions with high temperature and high solar radiation
and low rainfall in summer present high seed dormancy levels and thus low seed
germination levels (Vidigal et al., 2016). When the seeds are artificially buried in the
field for two years and thus exposed to fluctuated soil temperature and humidity, they
show dormancy cycling. Dormancy is induced at low temperatures whereas high
temperatures release seed dormancy in the soil (Buijs et al., 2020).

The environment is also a cue in providing natural genetic variation, resulting in
accessions with different levels of seed dormancy, for example, the accession
Landsberg erecta (Ler) that is originally collected in Poland has low dormancy and
the accession of the Cape Verde Islands (Cvi) has strong dormancy (Lawrence,
1976; Ratcliffe, 1976). This genetic variation allows Quantitative trait loci (QTL)
analysis to identify seed dormancy loci. Several recombinant inbred line (RIL)
populations have been developed by crossing accessions that have different
dormancy levels. These RIL populations include Ler/Cvi, Ler/Antwerp-1,
Ler/Kashmir, Ler/Shakdara, Ler/Santa Maria da Feira-0 (Fei-0) and Ler/Kondara. All
populations segregate for seed dormancy indicating that both accessions contain
loci that increase and decrease seed dormancy. The Ler/Fei-0 and Ler/Kashmir
populations have the highest levels of seed dormancy, which was revealed by
comparing the days of seed dry storage to reach 50% germination (DSDS50) at the
population level (Bentsink et al., 2010). Several of the strong QTL have been
validated using near isogenic lines (NILs). The NILs can be used to further
characterize the loci and identify the genes underlying the QTL (Alonso-Blanco et
al., 2000; Bentsink et al., 2010). Using these genetic methods, a group of seed
dormancy loci, DELAY OF GERMINATION (DOG), were identified (Fig. 1A) (Alonso-
Blanco et al., 2003; Bentsink et al., 2010). Of these DOG1 is the strongest and first
cloned seed dormancy QTL. DOG1 is characterized to encode AT5G45830 which is

13
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a seed specific protein with controls seed dormancy (Fig. 1B) (Bentsink et al., 2010;
Bentsink et al., 2006). DOG1 expression increases at low temperatures during seed
maturation, which leads to increased dormancy levels. Its expression also corelates
with geographical position, seeds that are matured in south of Europe contain higher
levels of DOG1 (transcript and protein) and are more dormant than seeds that are
produced in the north of Europe (Chiang et al., 2011). DOG1 protein accumulates
and remains stable during seed maturation and storage (Nakabayashi et al., 2012).
The unknown nature of the DOG1 protein has severely hampered unrevealing its
mechanism, however two recent publications show that the DOG1 protein binds to
HYPERSENSITIVE GERMINATION 1 (AHG1) and AHG3, two members of the clade
A PP2C phosphatases in seeds (Nee et al., 2017, Nishimura et al., 2018). Mutant
analyses revealed that both AHG1 and AHGS3 are required for DOG1 functioning.
These phosphatases play an important role in ABA signaling and are therefore
proposed to represent a converging point for ABA and DOG1 in the regulation of
seed dormancy (Soppe et al., 2020). The only other Arabidopsis dormancy QTL that
is cloned so far is DOG18, this locus is identified as REDUCED DORMANCY5
(RDOS) encoding a protein phosphatase 2C (PP2C), which positively regulates seed
dormancy without influencing ABA and DOG1.The rdo5 mutant displays an extreme
low seed dormancy phenotype. Its expression is seed specific and highly abundant
in dry seeds. Expression analyses also revealed that RDO5 reduces the expression
of Arabidopsis the RNA binding proteins PUMILIO9 (APUM9) and APUM11.
Moreover, RDO5 acts as a pseudophosphatase and as such prohibits
dephosphorylation during early seed germination (Xiang et al., 2014; Xiang et al.,
2016).

14
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Figure 1. Seed dormancy QTL and their confirmation. A, Seed dormancy quantitative trait loci (QTL)
identified using the Arabidopsis six recombinant inbred line populations. The QTL are named DELAY OF
GERMINATION (DOG). The numbers, 1-5, indicate the chromosomes numbers. Green bars indicate the
positions of the loci on the chromosomes. B, Dormancy phenotypes of Ler and DOG near isogenic lines.
DSDS50 stands for days after seed dry storage to reach 50% germination, the higher the value the deeper

seed dormancy and vice versa. Data obtained from (Bentsink et al., 2010).

QTL analyses to study seed dormancy regulators have not only been applied in
Arabidopsis, but also on crops including wheat (Kato et al., 2001; Torada et al., 2005),
wild oat (Fennimore et al., 1999), rice (Guo et al., 2004; Xie et al., 2011), sunflower
(Gandhi et al., 2005), winter oilseed rape (Schatzki et al., 2013) and two rowed
barley (Li et al., 2003). A QTL study in rice identified the gsd-1-7 locus that encodes
the DOG1 like protein OsDOG1L-3. OsDOG1L-3 affects seed dormancy by
enhancing the seed ABA content, which is followed by an increased expression of
ABA regulated genes (Wang et al., 2020).

Seed longevity and its regulators

Seed longevity is the capacity of a seed to keep its vigor under dry storage (Rajjou
et al., 2008). Understanding the underlying mechanisms of seed longevity and using
this knowledge to extend the seed life span, at low cost, will be beneficial for

worldwide agriculture and plant diversity (Li, et al., 2009; Long et al., 2015).
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There are various factors influencing seed longevity. Firstly, the seed coat serves as
a protective tissue to prevent the embryo and its seed reserves from detrimental
environmental factors. Mutants with a defected seed coat exhibited reduced seed
longevity compared to wild type (Clerkx et al., 2004; Debeaujon et al., 2000; Rajjou,
et al., 2008). Secondly, seed longevity is regulated by physiological factors. The
vitamin E mutants, vte? disrupting the activity of tocopherol cyclase and vte2
interrupting the activity of homogentisate phytyl transferase, both result in a lack of
tocopherols and have a much shorter seed longevity than wild type seeds. This
indicates the critical role of tocopherols in keeping seed vigor in dry seeds (Sattler
et al., 2004). Thirdly, environmental factors largely affect seed longevity. The effect
of temperature during storage was tested on different plant species including
groundnut, onion, sugar beet, barley, chickpea, wheat and cowpea and have shown
a conserved quantitative relationship between storage temperature (from -13°C to
90°C) and seed longevity, where higher temperatures correlate with lower seed
longevity (Dickie et al., 1990). For Phaseolus vulgaris a negative logarithmic
relationship between seed longevity and moisture content is determined, the optimal
relative humidity in equilibrium with seed moisture content is suggested to be around
10% for keeping seed viability (Ellis et al., 1989; Ellis et al., 1990). A study examining
the viability of red clover and alfalfa seeds stored at various moisture contents and
temperatures during 14.5 years of hermetic storage shows that moisture content
negatively correlates to seed longevity. Moreover, at low moisture content seed
longevity is not affected by temperature, even 35°C at 2% relative humidity is not
harmful for seed survival. (Ellis et al., 2006). A combination experiment of six
temperatures -170, -25, 5, 20, 35, 45°C with eight water contents from 0.21 to 0.01
g-H20-g”™" DW in seven Brassicaceae species containing Eruca vesicaria,
Sisymbrium runcinatum, Rorippa nasturtium-aquaticum, Brassica repanda,
Moricandia arvensis, Malcolmia littorea, Sinapis alba, established that the critical
water content for seed storage is between 0.02 to 0.03 g-H20-g™" at 45°C (Mira et
al., 2015).
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Seed longevity is also an adaptive trait for which genetic variation is present in nature.
Seed longevity has been defined as the capacity to remain a high germination ability
after storage and can be examined by evaluating seed germination percentages
during seed dry storage (Rajjou et al., 2008). The time that seeds survive storage is
species dependent. The longest survival time reported is that of the desiccation
tolerant Phoenix dactylifera L seeds that survived for approximately 2000 years
(Sallon et al., 2008). Seeds of the model plant Arabidopsis can survive around 10
years in dry conditions (Bentsink et al., 2000). The long survival time of dry seeds in
dry conditions (lab bench storage) hamper the unravelling of mechanisms regulating
seed longevity. Therefore, often artificial seed ageing techniques are applied to
shorten the seed life span. The controlled deterioration test (CDT) and artificial
ageing (AA) are based on applying high temperature and humidity, whereas the
elevated partial pressure of oxygen (EPPQO) method is based on increasing the
absolute oxygen concentrations at ambient air conditions (Groot et al., 2012; Rajjou
et al., 2008) (Tesnier et al., 2002). In Arabidopsis, through QTL analysis, eleven loci
which are related to seed storability GERMINATION ABILITY AFTER STORAGE 1
(GAAST) to GAASS have been identified in six RIL populations after lab bench
storage (Bentsink et al., 2000; Nguyen et al., 2012). These QTL only partly overlap
with an earlier study using CDT, implying that CDT is not sufficient to mimic lab
bench seed ageing (Buijs et al., 2020; Nguyen et al., 2012). A recent study, in which
EPPO treatment was compared to lab bench storage, showed that EPPO is so far
the best method to accelerate and mimic seed ageing in laboratory conditions (Buijs
et al., 2020; Groot et al., 2012). Interestingly, the identified GAAS loci collocate with
DOG loci (dormancy) and revealed a negative relationship between seed longevity
and seed dormancy in natural variation (Alonso-Blanco et al., 2003; Bentsink et al.,
2010; Nguyen et al., 2012), a good reason to study these two traits simultaneously

in seed life span experiments as we do in Chapter 4 of this thesis.

Seed dry storage and oxygen
Seeds of many species acquire a low moisture content during seed maturation and

this contributes to extending their survival period (Buitink et al., 2008; Sun et al.,
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1994). An example of a remarkably long seed lifespan is that of Sacred Lotus seeds
from China that were able to germinate after more then 1000 years of storage (Shen-
Miller et al., 1995). However, seeds eventually lose vigor even in dry and cool
conditions, this deterioration is suggested to be caused by oxygen (Hendry, 1993).
Oxygen interacts with seed components already during early embryogenesis,
producing a mixture of molecules and free radicals that are called reactive oxygen
species (ROS) (Bailly, 2004; Hendry, 1993). ROS accumulate over the seed life span
and play bifold and crucial roles in seed biology. On one hand, suitable ROS
contents are beneficial for the completion of seed germination, by for instance
overcoming seed dormancy (Bazin et al., 2011; Bouteau et al., 2007; Oracz et al.,
2007). On the other hand, too high ROS levels are detrimental for seeds, for instance,
causing mRNA and protein oxidation by randomly attacking RNA bases and
producing protein carbonylation respectively that leads to loss of viability (Bailly,
2019; Bailly et al., 2008; Bouteau et al., 2007; Dalle-Donne et al., 2006; Fleming et
al., 2018; Oracz et al., 2007; Turrens, 2003). Seed stored mRNAs have been
suggested to be potentially protected by monosome complexes, stress granules or
processing bodies (Bai et al., 2020; Sajeev et al., 2019) and are sufficient to
complete seed germination without de novo mRNAs synthesis. In contrast, seed
stored proteins are not enough to promote seed germination, implying the stored
mRNAs have to be translated to new proteins to initiate seed germination (Rajjou et
al., 2004). Further knowledge about the protection of MRNAs and proteins from ROS
might allow the improvement of seed longevity. Moreover, identifying critical mMRNAs
and proteins for seed germination might be beneficial to improve seed conservation

in the future.

Scope of the thesis

In this thesis, | used Arabidopsis seeds to study the transcriptional regulation of seed
dormancy and longevity. Understanding the fundamental mechanisms of these
important seed traits is crucial for crop improvement in the future.

In Chapter 2 | describe the functional analyses of the DOG6 QTL (Fig. 1). By fine-

mapping and complementation cloning | show that DOG6 encodes the ANAC
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transcription factor ANAC060. The clear seed dormancy phenotype of anac060
mutants evidenced its inhibition of seed dormancy. Through sequencing analysis in
different accessions, ANACO060 was identified to have allelic diversities related to
natural variation. A combination analysis from different sources of data revealed the
potential downstream targets of ANAC060. Overall, how ANACO060 regulates seed
germination and its interaction with other regulators of seed germination has been
described.

In Chapter 3, ANAC060 and its closest homologs ANAC040, ANAC089 were
investigated in order to reveal possible functional redundancy. | have compared the
sequences of the three homologous genes and search for motifs in their promoters.
Furthermore, | have performed swapping experiments in which the promoters and
coding sequences of ANAC040 and ANACO089 were exchanged with the ones of
ANACG60 and transformed to the anac060 and anac040 mutant backgrounds. The
transgenic lines were phenotypically characterized to determine whether the
homologs could cross complement each other’'s mutant phenotype.

In Chapter 4, the degradation profile of seed stored transcripts and proteins was
explored in seed that were aged using the elevated partial pressure of oxygen
(EPPO) artificial ageing system. Degradome sequencing was performed to
determine whether the loss of viability could be explained by the degradation of
specific mMRNAs. Degradation patterns and differentially degraded transcripts were
investigated and evaluated for their importance during seed germination.

In Chapter 5, the findings in the thesis and future perspectives are discussed.
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DELAY OF GERMINATION 6,
encoding the ANACO060 transcription
factor, inhibits seed dormancy
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Abstract

The timing of seed germination is regulated by seed dormancy. There is ample
natural variation for seed dormancy among as well as within plant species. In
Arabidopsis several DELAY OF GERMINATION quantitative trait loci have been
identified, of which DOG1 is best studied. Here we report the identification of DOGS6,
a quantitative trait locus with a similar strong effect on seed dormancy as DOG1.
DOG6 affects the timing of germination both in laboratory as well as in field
conditions. Complementation cloning revealed that DOG6 encodes the membrane
bound transcription factor ANAC060. The absence of the ANACO060 protein or its
sequestration outside the nucleus results in increased seed dormancy levels. The
different natural variants of ANACO060 differ for the presence of the membrane
binding domain, either due to the fact that this domain is absent in the genomic
sequence or because the cDNA is alternatively spliced. Our data indicates that
ANACO060, when present in the nucleus, inhibits seed dormancy by attenuating the
expression of protein phosphatases 2C class A proteins including ABI 5 BINDING
FACTOR 3, REDUCED DORMANCY5/DOG18 and ABA insensitive 4.

Significance Statement ANAC transcription factors are known to effect plant
development as well as the response of plants to their environment. Here, we
present the identification of DELAY OF GERMINATION 6 (DOG6), a seed dormancy
quantitative trait locus that encodes the ANACO060 transcription factor. We have
identified different natural alleles of ANAC060 and show that these genetic variants
determine the localization of the protein. Only proteins encoded by alleles that lack
the membrane binding domain end up in the nucleus. Here, they can affect

transcription and as such attenuate seed dormancy.
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Functional analyses of ANAC060

Introduction

The timing of seed germination is essential for the survival of seed plants. This timing
of germination is controlled by seed dormancy. Seed dormancy is an important life
history trait for which ample genetic variation is present in nature. Studies employing
this natural variation in Arabidopsis thaliana European accessions have revealed
that low altitudes, high latitudes, high temperature, low summer precipitation and
high radiation correlate with high seed dormancy levels (Debieu et al., 2013; Vidigal
et al., 2016). The loci underlying the natural genetic variation in Arabidopsis have
been identified using quantitative trait loci (QTL) mapping. In total eleven QTL have
been revealed, of which two DELAY OF GERMINATION 1 (DOG1) and DOG18
(RDO5) have been cloned (Bentsink et al., 2006; Xiang et al., 2014). Mutant
analyses have shown that DOG1 functions down-stream of the ethylene receptor
ETR1 and the ethylene response factor ERF12. The functioning of ERF12 depends
on interaction with TOPLESS (TPL), together these proteins repress the expression
of DOGT1 in the presence of ethylene (Li et al., 2019). Moreover, DOG1 expression
is known to be increased by cold (Kendall et al., 2011). Bryant et al. (2019) showed
that LEUCINE ZIPPER TRANSCRIPTION FACTORG67 (bZIP67) protein increases
in abundance when seeds perceive cold during maturation and that this
transactivates DOG1 and thereby helps to establish primary dormancy. In mature
plants DOG1 is down regulated by its antisense transcript (asDOG7) (Yatusevich et
al., 2017). Inhibition by the plant hormone abscisic acid (ABA) and drought inhibits
asDOG1 expression, and therefore leads to increased DOG1 sense transcript. The
depth of dormancy correlates with the amount of DOG1 protein which loses its
function during seed dry storage (after-ripening), conditions that also lead to
dormancy reduction (Nakabayashi et al, 2012). Recently a model has been
proposed in which DOG1 controls seed dormancy by its physical interaction with the
phosphatases ABA-HYPERSENSITIVE GERMINATION 1 and 3. This interaction
functionally blocks their roles in the release of seed dormancy (Nee et al., 2017).

DOG18/RDO5 is a member of the protein phosphatase 2C family of that does not
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show phosphatase activity and is thought to act independently of DOG1 (Xiang et
al., 2014; Xiang et al., 2016).

Here we describe the cloning of DOGB6, the second strongest dormancy QTL in the
genetic screen in which also DOG1 and DOG18/RDO5 have been identified (Alonso-
Blanco et al., 2003; Bentsink et al., 2010). We have previously shown that several
natural alleles of DOG6 increase seed dormancy in the Landsberg erecta genetic
background (Bentsink et al., 2010). These include the Cape Verde Islands, Kashmir
and Shahdara alleles, the latter two have been used for the fine mapping of the
DOG6 QTL. Complementation cloning revealed that DOG6 encodes the membrane
bound transcription factor ANAC060 (AT3G44290). We show that the natural alleles
of ANACO060 determine the dormancy behaviour based on the fact of the presence
of the membrane binding domain. The membrane binding domain retains the protein
from the nucleus, genotypes in which ANACOG60 is localized in the nucleus have a
non-dormant phenotype. We show that ANAC060 and DOG1 regulate seed
dormancy by additive pathways and propose a role for ANACO060 at the point where
ABA and DOG1 diverge.
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Results

DOG6 encodes the Arabidopsis NAC transcription factor, ANAC060

DOG6 has been identified as a major dormancy locus in five recombinant inbred
populations that were made by crossing Landsberg erecta (Ler) with other
accessions. The presence of the QTL was verified using near isogenic lines (NILs)
that contain introgression fragments of the Cape Verde Islands (Cvi), Santa Maria
da Feira-0 (Fei-0), Kashmir-2 (Kas-2), Kondara (Kond) and Shakdara (Sha)
accessions at the position of the DOG6 locus in the Ler genetic background. All
these NILs conferred a more dormant phenotype than Ler itself (Bentsink et al.,
2010).

To understand the molecular function of DOGB6, the gene was cloned using positional
cloning. Recombinants selected from crosses between Ler and NILDOG6-Sha and
Ler and NILDOG6-Kas-2 positioned the DOG6 locus between the markers T10D17-
159697 and LK2 snp1 on chromosome 3 (Fig. 1, Supplemental table 1). This region
of 84.5 Kb contained 15 ORFs (Fig. 1E). Dormancy phenotyping by means of after-
ripening analyses (Soppe et al., 2020) on knock-out mutants of these genes located
in the region identified AT3G44290 as the most likely candidate to encode for DOG6
(Supplemental figure 1, Supplemental table 2). Two lines, SALK_127838C and
SALK 012554C, with an insertion in AT3G44290 had an increased seed dormancy
level when compared to wild type Columbia-0 (Col-0) (Fig. 1F, 1G). The expression
of ANACO060 was confirmed to be significantly much lower in anac060 mutants than
in Col-0 (Fig. 1H). AT3G44290 encodes the membrane bound transcription factor
ANACO060. Complementation cloning performed by cloning the AT3G44290 Ler
allele into NILDOG6-Kas-2 using binary vector pKGW (pKGW-DOG6-Ler) restored
the reduced dormancy phenotype of Ler (Fig. 1I), which confirmed that DOG6
encodes the ANACO060 transcription factor. In the following text we will refer to

ANACO060 since this is the official annotation of the gene.
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Figure 1. Genetic fine mapping of DELAY OF GERMINATION 6 and the identification of the
underlying gene. A. Position of the DOG6 QTL in the genetic map of the Ler/Kas-2 RIL population. B.
Schematic representation of chromosome 3 of a near isogenic line that contains the Kas-2 introgression
(dark grey bars) in the Ler genetic background (pale grey bars). Junctions between pale and dark grey
bars indicate crossover breakpoints. C. Zoom into the QTL region. D. Overview of the recombinants that
are essential for determining the position of DOG6, at the right the dormancy phenotype of the
recombinants is indicated. E. Genes that are located in the 84.5 kb fine-mapped region. As list containing
the AGI numbers of the presented genes can be found in Supplemental table 2. F. schematic
representation of the ANACO060 gene model. 5UTR in white, exons light grey and the T-DNA insertions
are indicated by the black boxes. G. Germination phenotypes of freshly harvested seeds of two T-DNA
knock-down lines that are disrupted in the ANAC060 gene in comparison with wild type (Col-0). Averages
and SE are presented, n=9. H. Relative ANAC060 expression in Col-0 and the two knock-down lines. The
expression values were normalized using two reference genes (AT2G28390 and AT4G12590). Averages
and SE are presented, n=9. |. Complementation cloning of DOG6/ANAC060. Germination behaviour of
NILDOG6-Kas-2, four independent transformants that contain the Ler allele of ANACO060 in the NILDOG6-
Kas-2 genetic background and Ler. Asterisks indicate the significance determined by two-way ANOVA *

P <0.05, ** P <0.01, *** P <0.001 and **** P < 0.0001.
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ANACO060 belongs to OsNACS8 subgroup of group | NAC transcription factors that
includes ANAC089 and ANACO040 (Ooka et al., 2003). ANAC060 and ANAC089
have earlier been identified to be important for sugar sensitivity in seedlings (Li et al.,
2011; Li et al., 2014). We investigated the dormancy levels in down-out mutants of
these homologs and revealed that the anac089 mutants is slightly less dormant than
its wild type, whereas anac040 mutants do not show a dormancy phenotype
(Supplemental figure 2). The group | NAC transcription factors are characterised by
a N terminal NAC domain and a C-terminal alpha helix, which represents a
transmembrane domain (TMD) that is known to retain the transcription factors to the
cytoplasm (Li et al., 2011; Li et al., 2014).

Genetic variation for ANAC060 determines its cellular localisation and thereby
seed dormancy levels

Membrane bound transcription factors are often synthesized and stored in an
inactive state (bound to the membrane) and become active (release to the nucleus)
only in response to the appropriate environmental signal. This allows these
transcription factors to quickly respond the changed environment. Sequence
analyses of the different ANACO060 alleles (Fei-0, Kas-2, Kond, Calver (Cal), Sha,
Cvi, Ler, Col-0, Antwerp-1 (An-1), Tacoma (Tac)) revealed several polymorphisms
(Fig. 2A, Supplemental table 3). The major polymorphism is a 482 bp deletion in Ler
that because of this lacks the complete fourth exon which encodes the TMD. Col-0
and An-1 embrace a SNP in the third intron, which resulted in a 20 bp extension of
the fourth exon that includes an in frame TAA stop codon. This early stop codon
leads to the lack of the fourth exon that contains the TMD as was earlier reported for
Col-0 (Li et al., 2014). Five other sequence nucleotide polymorphisms (SNPs)
caused amino acids changes. Fei-0 contains three SNPs in the second and third
exon, namely Fei-1, Fei-2 and Fei-3 respectively. Fei-1 is located in the second exon,
which is at the end of NAC domain. Fei-2 and Fei-3 are in the third exon. Tac and
Cvi contain SNPs in the fourth exon, which are both located in TMD. The SNP in Tac

resulted in early stop codon while the SNP in Cvi caused an amino acid change.
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To investigate whether these polymorphisms affect the cellular localization of the
ANACO060 protein, both transient and stable transformants were generated.
ANACO60 cDNA was fused with the green fluorescent protein (GFP) at the N-
terminus with the 35S promoter for transient expression (p35S: GFP: ANAC060-Ler
and p35S: GFP: ANAC060-Kas-2) and the native Col-0 ANACO060 promoter for
stable transformed seeds (PANACO060-Col-0: GFP: ANACO060-Ler and pANACO060-
Col-0: GFP: ANACO060-Kas-2) (Fig. 2, Supplemental figure 3). ANAC060-Kas-2 was
located in membrane, including the ER, cell and nuclear membrane (Fig. 2B and 2C),
whereas ANACO060-Ler was solely present in the nucleus (Fig. 2B and 2C). Based
these and earlier findings we conclude that ANACO60 is a transcription factor that
results in a non-dormant phenotype when the protein is localized in the nucleus, a
functional TMD retains the protein from the membrane which results in a higher seed
dormancy. To test this hypothesis, we also investigated the localization of the other
alleles (i.e., the ANACO060 Col-0, Tac, Cvi and An-1 alleles), either transiently or by
stable transformants using the At2S3 seed storage protein promoter (Kroj et al.,
2003). These analyses confirmed the relation between a missing or mutated TMD,
localization in the nucleus and a non-dormant phenotype (Supplemental figure 3).
Membrane bound transcription factors are often released from the membrane by
cleavage of the TMD by membrane-associated proteases, a process referred to as
intramembrane proteolysis (RIP) (Seo et al., 2008). We hypothesized that dormancy
breaking cues, like after-ripening, stratification or GA treatment would trigger RIP,
however we were not able to identify any GFP signal in the nucleus for any of the
ANACO060 GFP tagged dormant forms (data not shown). This might be caused by
the fact that RIP does not occur as well as by the instability of the processed
ANACO060 protein in the nucleus.
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Figure 2. Sequence polymorphisms and cellular localisation of the ANAC060 protein. A. Schematic
representation of ANACO060. The upper panel shows the ANAC060 cDNA with the 5UTR (open bar), the
NAC domain (green bar) and the membrane binding domain (red bar) indicated. The vertical lines indicate
the exon borders. In the lower panel the polymorphisms (red arrows; nature of the polymorphisms is
indicated in supplemental table 1) of the different alleles are represented in the genomic sequence. B.
Cellular localisation of the ANACO060 Ler and the ANACO060 Kas-2 allele in Nicotiana benthamiana leaves.
Fluorescence and bright-field merge of GFP fluorescence of leave cells expressing the p35S: GFP:
ANACO060 Ler and p35S: GFP: ANAC060-Kas-2) fusion proteins. C. Cellular localisation of the ANAC060
Ler and ANACO060 Kas-2 allele in seeds of the anac060-1 knock-out mutant 18 days after pollination.
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Fluorescence image of GFP fluorescence in seeds expressing the pAt2S3: GFP: ANAC060-Ler and
pAt2S3: GFP: ANACO060-Kas-2 fusion proteins. Scale bars, 10 um.

To better understand the evolutionary pressure on the SNP for ANACO060 the
rareness of these SNPs was investigated in 94 accessions that were randomly
selected from a set of 349 accessions of Arabidopsis HapMap population (Baxter et
al., 2010). The analyses with CAPS (Cleaved Amplified Polymorphic Sequences)
markers that were designed to identify the SNPs revealed that the Fei-1, Tac and
Cvi mutations are rare (Supplemental table 3). The Fei-2 and Fei-3 mutations are
closely linked and remarkedly three genotypes were heterozygous for the Ler

mutation.

The Columbia allele of ANACO060 is alternatively spliced in seeds

The expression of ANACO060 under standard growth conditions is seed specific. The
first transcripts are being detected in siliques from 8 days after pollination (DAP)
onwards, expression peaks in dry mature seeds, remains high in dormant imbibed
seeds and reduces in germinating seeds upon longer imbibition (Fig. 3A, 3B). As
mentioned before, we confirmed the presence of a SNP in the third intron of the Col-
0 allele that was identified before by Li et al. (2014). This SNP resulted in a protein
lacking the TMD in seedlings grown on high sugar. However, we revealed two forms
of the cDNA, one containing the extra 20 bp that results in a loss of the TMD in the
protein and the other lacking the 20 bp resulting in the full-length protein containing
the TMD. Based on this we hypothesised that in seeds ANACO060 is alternatively
spliced (Fig. 3B). The abundance of the two cDNAs was investigated to identify
whether the different forms were related to the developmental states and/or
treatments that would affect the dormancy status of the seeds, however no
significant differences in mRNA abundance was detected in Col-0 (Fig. 3B). The low
dormancy of Col-0 is explained by the fact that the short form which lacks the TMD
is always present. The dominance of the short form is confirmed by the dominance
of the ANACO060 Ler allele in reciprocal crosses between NILDOG6 and Ler (Fig.
3C).
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Figure 3. ANACO060 alternative splicing and its germination characteristic. A. Relative ANAC060
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after-ripened seeds. B. Two splicing forms of ANACO060 is detected in different plant organs, leaf, flower,

seedling, root, stem, siliques at 3, 8, 13, 18 days after pollination (DAP), freshly harvested seeds dry and
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membrane binding domain, cDNA — B refers to the cDNA that contains 20 bp extra at the end of intron

three, which results in a pre-mature stop codon and therefor a protein without the membrane binding

domain. All the expression analyses have been performed on Col-0. The expression values were
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normalized using two reference genes (AT2G28390 and AT4G12590) and expressed as relative values
of the freshly harvested dry seeds values. n = 3 biological replicates; error bars represent SE. C.

Germination behavior of Ler, NILDOG6-Cvi and their reciprocal crosses at 68 days after seed harvest.

PROTEIN PHOSPHATASE 2C class A proteins are putative targets of ANAC060
ANACO060 was described to attenuate ABA signalling in seedlings when grown on
high sugar (Li et al., 2014) and recently it was revealed that ANACO060 directly binds
to the promoter of ABI5 and represses the sugar-induced transcription of AB/5 (Yu
etal., 2020). ChlP-Seq experiments expressing ANACO060 fused with GFP under the
constitutive 35S promoter identified 500 direct targets of ANACO060 in seedlings
treated with glucose. A similar analysis in control conditions (1% sucrose) revealed
5091 putative targets (41.7% of these genes overlapped with the targets identified
in the high fructose conditions). To identify targets of ANACO060 in the regulation of
seed dormancy we compared these putative targets to published gene expression
data of dry and 24 imbibed dormant and fully after-ripened seeds (Bentsink et al.,
2010; Yazdanpanah et al., 2017). We specifically addressed differences in
expression between Ler (ANACO060 present in the nucleus and thus expected to be
active as a transcription factor) and NILDOG6-Kas (ANACG60 retained from the
nucleus) seeds. We identify 108 genes as putative targets of ANACO060 in the
regulation of seed dormancy (Fig. 4A), of which only three genes overlap with the
500 direct targets identified in seedlings treated with glucose. This suggests that
ANACO60 regulates different genes when inhibiting seed dormancy in comparison
to growth inhibition in high glucose. The three genes common between the two data
sets are AT2G27300 encoding ANAC040 (NTM1-like 8), AT3G23030 encoding
INDOLE-3-ACETIC ACID INDUCIBLE 2 (IAA2) and AT4G 18650 encoding DELAY
OF GERMINATION 1-LIKE 4 (DOGL4). ANAC040 is a close homologue of
ANACO060 and to investigate possible redundancy and their genetic relation we have
investigated this double mutant for seed dormancy behaviour. The anac040 mutant
does not show a dormancy phenotype that is different from wild type and the double
mutant phenotype is indistinguishable from that of the acac060 single mutant,
suggesting that ANACO060 is epistatic over ANAC040 (Fig. 4B). DOGL4 belongs to
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the DOGL family proteins but only shares a limited homology with DOG1 at the
protein level. DOGL4 is induced by ABA and plays a role in mediating reserve
accumulation in seeds. DOGL4 does not affect seed germination (Sall et al., 2019).
Overall, the 106 genes are rather diverse and no specific gene ontology terms have
been identified as significant (Supplemental table 4).

Not surprisingly there are also ABA related genes among the putative targets, among
which ABI5 BINDING PROTEIN 3 (ABF3) and PROTEIN PHOSPHATASE 2CA
(PP2CA, AT3G11410). Seeds with mutations in either of these two genes are
hypersensitive to ABA, suggesting a role for ANACO060 in overcoming ABA sensitivity
which is in agreement with the earlier reported findings (Kuhn et al., 2006; Li et al.,
2014; Lopez-Molina et al., 2003; Yoshida et al., 2006). To further investigate the role
of ABA in the regulation of seed dormancy by ANAC060 we analysed seed
dormancy in double mutants that contained the dormant Cvi allele of ANACO060 in
the abscisic acid insensitive 3-5 (abi3-5) and ABA deficient aba-1 genetic
backgrounds. The seeds of both double mutants were completely non-dormant (Fig.
4C), confirming that the dormancy conferred by the lack of ANACO060 protein in the
nucleus (ANACO060-Cvi allele, Supplemental figure 3) is ABA dependent. Moreover,
the ANACO060 knock-down mutants (anac060-1 and anac060-2) are more sensitive

to ABA when compared to their wild type Col-0 seeds (Fig. 4D).
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Figure 4. ANACO060 putative targets. A. Venn diagram presenting the putative targets of ANAC060.
Genes identified to directly bind to ANACO060 in seedlings (CK Teng, (Yu et al., 2020) and those that are
differentially expressed in seeds that either contain the ANACO060 protein in the nucleus or in the
cytoplasm (ANACO060-Ler compared to ANACO060-Cvi) in four different physiological stages (dry dormant
seeds; DRY D, dry after ripened seeds; DRY AR, imbibed dormant seeds; IMB D and imbibed after
ripened seeds; IMB AR) have been compared. In bold the 108 putative ANACO060 targets, the gene list is
provided in Supplemental table 4. B. Dormancy levels expressed as DSDS50 (Days of Seed Dry Storage
required to reach 50% of germination) for anac060-2, anac040 and the anac060-2 anac040 double
mutants. C. ANACO060 regulated dormancy depends on ABA. Germination percentage of freshly
harvested seeds of NILDOG6-Cvi (ANACO060-Cvi-2), aba1-1 and the NILDOG6-Cvi (ANAC060-Cvi-2),
aba1-1 double mutant and NILDOG6-Cvi (ANAC060-Cvi-2), abi3-5 and the NILDOG6-Cvi (ANAC060-
Cvi-2), abi3-5 double mutant. D. ANACO060 knock-down mutants are hypersensitive to ABA. Germination
behaviour of Col-0 and anac060-1 and anac060-2 in different concentration of ABA. E. Relative DOG1
expression during seed maturation in Col-0 and anac060-1 and anac060-2. RNA was extracted at 10, 13,
16 and 19 days after pollination (DAP) and of freshly harvested dry seeds (FHDS). The expression values
were normalized using two reference genes (AT2G28390 and AT4G12590). Averages and SE of four
biological replicates are presented. F. ANAC060 and DOG1 regulate seed dormancy by independent
pathways. Dormancy levels expressed as DSDS50 (Days of Seed Dry Storage required to reach 50% of
germination) for anac060-2, dog1-4 and two independent double mutants. Averages and SE of three
biological replicates are presented. Asterisks indicate the significance determined by one-way ANOVA in
B, C, F, two-way ANOVA in D, E. * P < 0.05, ** P < 0.01, *** P < 0.001 and **** P < 0.0001, ns is not

significant.

ANACO060 and DOG1 regulate dormancy by additive pathways

DOG1 is an important regulator of seed dormancy and although DOG17 was not
identified as a direct target of ANAC060 we aimed at obtaining more insight into the
relation between these dormancy regulators. RT-gPCR analyses during seed
maturation revealed that the expression of DOG1 is increased in the anac060 mutant
seeds at 13 days after pollination (DAP) suggesting that ANACO060 is required for
the repression of DOG1 expression (Fig. 4E). In mature dry anac060 seeds no
differences in DOG1 expression has been revealed when compared to Col-0
(Supplemental figure 4). Previously, DOG1 and DOGG6/ANAC060 have been
proposed to regulate seed dormancy by additive pathways (Bentsink et al., 2010).

To obtain more insight into the relation between these dormancy regulators the
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anac060-2 mutant was crossed to the completely non-dormant dog7-4 mutant
(Bentsink et al., 2006). The double mutants revealed a dormancy behaviour that was
intermediate to that of the single mutants (Fig. 4F), which confirmed the additive
effect that was reported earlier for the DOGNIL (NILDOG617), that contains the Cvi
alleles of both DOG1 and DOG6/ANACO060, compared to the single NILs (Alonso-
Blanco et al., 2003).
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Discussion

The identification of genes underlying the DOG QTL has contributed to
understanding how seed dormancy is regulated. DOG1 was already cloned in 2006
(Bentsink et al., 2006), however due to its lack of conserved domains only recently
its mechanisms have been being revealed (Bryant et al., 2019; Li et al., 2019;
Nakabayashi et al., 2012; Nee et al., 2017). With the cloning of DOG6 the first
transcription factor (ANACO060) underlying a DOG locus has been identified.

The presence of ANACO060 in the nucleus results in a non-dormant phenotype.
Different genetic variants of ANACO060 determine the localization of the protein.
SNPs and deletions result in a loss of the TMD, directly or due to differential splicing.
The nucleus localized ANACO060 protein, represented by its Tac and Ler allele, is
dominant. Col and An-1 alleles also result in a non-dormant phenotype due to
insertion of a 22bp fragment of the 4™ intron into the 4™ exon which results in a stop
codon just before the TMD. The genetic variants of ANACO060 can be divided into
two classes 1) structural variation already present in the genome sequence that
determines whether the TMD is present or not, 2) alternative splicing, the different
cDNAs in the Col and An-1 accession. The structural variants either represent point
mutations that lead to early stop codons and because of that a loss of the TMD, as
is the case for Tac, or a complete deletion of the TMD as is the case for the ANAC060
Ler allele. Also, for the ANACO060 alleles that do contain the TMD there is genetic
variation that might affect the localization of the protein in the cells (Supplemental
figure 3).

ANACO060 has previously been identified as a fructose sensing QTL in a Col/C24 F2
population (Li et al., 2014). The Col-0 ANACO060 allele confers sugar insensitivity
and was dominant over the sugar-sensitive C24 allele. The dominant nature of the
Col allele is in agreement with our findings, however we do not reveal differences in
ABSCISIC ACID INSENSITIVE 4 (ABI4) expression between Col and the knock-
down lines (Supplemental figure 4).

ANACO60 belongs to a family of three transcription factors, the other members

(ANAC040 and ANACO089) do not significantly affect seed germination or dormancy
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(Fig. 4B, supplemental figure 2), but ANAC040 has been identified as a putative
ANACO060 target involved in controlling both seed dormancy and sugar sensing.
ANACO040 lowers the GA threshold in response to salinity stress and thereby delays
seed germination in these conditions (Kim, et al., 2008). This suggests that both
ANAC040 and ANACO060 provide adaptive mechanisms that delay seed germination
in conditions that are not optimal for seedling establishment and further plant
development. For ANACO040 in vitro analyses suggest a role for paclobutrazol and
cold in the processing of the protein, leading to the loss of the TMD by which the
protein ends up in the nucleus (Kim et al., 2008). The effect of cold on the release of
the functional NAC-TF from the plasma membrane has also been reported for
ANACO062 (Seo et al., 2010; Seo et al., 2010). Cold stratification overcomes
ANACO060 dormancy however, we could not find any prove for post-translational
regulation be means of membrane-associated proteases that lead to loss of the TMD
and nuclear localization of the ANACO060 protein (data not shown). We can however
not exclude processing of the ANAC060 protein. For ANACO089, a close homolog of
ANACO060, reducing conditions promote the nuclear migration (Klein et al., 2012).

NAC proteins constitute one of the largest groups of plant-specific transcription
factors and are known to play essential roles in various developmental processes.
They are also important in plant responses to stresses such as drought, soil salinity,
cold, and heat, which adversely affect growth. Transcriptional control under
environmental stresses plays a major role in plant adaptation. The importance of
transcriptional regulation in plant adaptation is supported by large number of QTL
which are identified based on SNPs in the promoter of the underlying gene, often
resulting in mis-expression of the quantitative trait gene (Alonso-Blanco et al., 2009).
Quantitative trait loci analyses for seed dormancy in Arabidopsis revealed eleven
DOG loci, for three of them the underlying gene has been identified, DOG1 (Bentsink
etal., 2006), DOG18/RDO5 (Xiang et al., 2016) and DOG6/ANACO060 (current work).
QTL and transcriptome analyses revealed that these QTL regulate seeds dormancy
by independent pathways (Bentsink et al., 2010). This finding is confirmed by

molecular genetic analyses and based on this data we propose a model (Fig. 5).

37



Chapter 2

This model is based on the earlier reported finding that both ABA and DOG1 are
essential regulators of seed dormancy (Nee et al., 2017). We propose that ANAC060
acts at the point at which the roles of ABA and DOG1 diverge. Where the DOG1
protein interacts with ABA-HYPERSENSITIVE GERMINATION 1 (AHG1) and AHG3,
ANACO060 might interact with other PP2CAs, including PP2CA, ABF3 and
RDO5/DOG18. This is supported by the identification of PP2CA and ABF3 as
putative targets of ANACO060 and by the reduced expression of RDO5/DOG18 in the
ANACO060-Cvi background (Xiang et al., 2016).

A . B

DOG6Ler DOG6Ler

/ANACO060Ler ABA DOG1 JANACO60Ler ABA DOG1
PP2CAs PP2CAs
ABF3 AHG3 AHG1 ABF3 AHG3 AHG1
RDO/DOG18 RDO/DOG18

Germination ' Germination

Figure 5. A model for the roles of DOG6/ANAC060, DOG1 and ABA in the control of seed dormancy.
A. We propose that ABA promotes seed dormancy by inhibiting DOG6/ANACO060 and the PP2CA class
proteins. The model is based on the active form of the ANAC060/DOG6 protein, in which the protein is
present in the nucleus. DOG6/ANAC060 and DOG1 affect seed dormancy by additive pathways, it has
been shown earlier DOG1 inhibits the action of AHG1 and AHG3. The expression of PP2CA, ABF3, ABI4
and RDO5/DOG18 is repressed in ANACO060-Ler, PP2CA and ABF3 have been identified as putative
targets is ANAC060. RDO5/DOG18 has been proposed function opposite compared to other clade A
PP2Cs and might bind target proteins to prevent dephosphorylation by other protein phosphatases. B.
Presents the situation in which the ANAC60 gene is knocked-out or when the protein is associated to the
membrane outside of the nucleus. (The model is largely based on the model presented Nee et al. (2017)

has been extended with data obtained from literature (Xiang et al., 2014) and the current study).
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Materials and Methods

Plant materials

Arabidopsis thaliana accessions Fei, Kas-2, Kond, Sha, Cvi, Ler, Col-0, and An-1
and the T-DNA insertion lines anac060-1; SALK 012554C (N665285); anac060-2;
SALK_127838C (N655936); three anac040 alleles (N587226, N613218, N106660)
and the T-DNA lines listed in Supplemental table 2 were obtained from the
Arabidopsis stock centres Arabidopsis Biological Resource Centre (ABRC) and
Nottingham Arabidopsis Stock Centre (NASC). The anac89 mutant (Gt19255) in
Landsberg erecta (Ler) genetic background was a gift from Dr Sheng Teng (The
Chinese Academy of Sciences, Shanghai, China). The accessions Antwerp-1, Cape
Verde Islands were described before (el-Lithy et al., 2006) and Calver and Tacoma
were a gift from Dr Kathleen Donohue, Duke University, NC, USA. The near isogenic
lines (NILs) NILDOG6-Cvi, NILDOG6-Kas-2, NILDOG6-Sha were described before
(Bentsink et al., 2010). The abscisic acid insensitive 3-5 (abi3-5) and abscisic acid
biosynthesis mutant abscisic acid 1-1 (aba1-1) mutants were gifts from Dr Maarten
Koornneef (Laboratory of Genetics, Wageningen University, The Netherlands).
dog1-4 (N105944; SM_3.20808) has earlier been described in (Bentsink et al., 2006).

Plant growth
The plants were grown in controlled conditions 20°C/18°C (day/night) under a 16h
photoperiod and 70% relative humidity using Rockwool blocks (4x4 cm) watered with

Hyponex with three replicates per genotype.

Seed germination experiments

Germination experiments were performed as described previously (Joosen et al.,
2010). In brief, two layers of blue germination paper were equilibrated with 48 ml
demineralized water in plastic trays (15 x 21 cm). Six samples of approximately 50
to 150 seeds were spread on wetted papers using a mask to ensure accurate
spacing. Piled up trays were wrapped in a closed transparent plastic bag. The
experiment was carried outin a 22°C incubator under continuous light. Pictures were

taken twice a day for a period of 6 d. Germination was scored using the Germinator
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package (Joosen et al., 2010) and DSDS50 was quantified with the model described
in He et al. (2014).

DNA and RNA isolation from seeds

DNA isolation: 10 mg of seeds were homogenized and mixed with 520 ul extraction
buffer (0.6M NaCl, 100mM Tris, 40mM EDTA, 4% Sarkosyl and 1% SDS). Heat the
samples for 10 min at 65°C and put it on ice for 5 min. After centrifuging, add 600
phenol/chloroform/isoamylacohol (25:24:1) to supernatant and mix. Centrifuge again
and add 0.6 volume isopropanol, then leave it for at least 10 min at room temperature.
Wash the pellet with ethanol and dry the pellet.

RNA isolation: Total RNA was extracted according to the hot borate protocol
described by Maia et al. (2011). In brief, 7-10 mg of seeds for each genotype were
homogenized and mixed with 800 ml of extraction buffer containing dithiothreitol
(DTT) and PVP40 which had been heated to 80°C. Proteinase K was added and
incubated for 15 min at 42°C. After adding 2M KCI, the samples were incubated on
ice for 30 min and centrifuged. Ice-cold 8M LiCl was added to the supernatant and
the tubes were incubated overnight on ice. After centrifugation, the pellets were
washed with ice-cold 2M LiCl and centrifuged for 10 min. The pellets were re-
suspended in 80 ml of water. The samples were phenol chloroform extracted, DNase
treated and further purified. RNA quality and concentration were assessed by

agarose gel electrophoresis and Nanodrop ND1000 spectrophotometry.

Complementation of DOG6/ANAC060

Binary constructs were prepared using the Gateway Technology (Invitrogen). A
genomic DNA fragment of 4.3 kb of DOG6-Kas was amplified by PCR using primers
attB1 DOG6/ANACO060 2141-F (GGGG ACA AGT TTG TAC AAA AAA GCA GGC
TTC GCTACAAGCCTACAACAATCAGACG) and attB2 DOG6/ANAC060 3'UTR- 2-
R (GGGG AC CAC TTT GTA CAA GAA AGC TGG GTC TCC TCC GTT AGG TTC
CGT GA) and Phusion® High-Fidelity DNA Polymerase (New England Biolabs,
Massachusetts, USA). This PCR product was cloned into cloned into pDONR221,
resulting in pENTR-DOG6/ANAC060-Ler. pKWG DOG6/ANAC060-Ler was
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produced from the above-mentioned entry clone and the destination vector pKGW
red seed vector (Jan Verver Molbio; Invitrogen Life Technologies) by LR reaction.
pKWG DOG6/ANACO60-Ler was introduced by electroporation into Agrobacterium
tumefaciens strain GV3101, which was subsequently used to transform Ler and
NILDOG6-Kas plants by floral dipping (Clough et al, 1998). Independent

homozygous single insertion lines were selected based on their red fluorescence.

Sequence analyses
ANACO060 genetic variation was assessed by performing sequence analyses on
overlapping PCR products that cover the ANACO060 genomic region for the

accessions Fei, Kas-2, Kond, Sha, Cvi, Ler, Col-0, An-1, Cal and Tac.

Construction of expression vectors and generation of transgenic plants

35S: GFP: ANACO060 constructs: The cDNA of Col, An, Kas-2, Cvi, Tac and Ler was
utilized to build up constructs. The cDNA of ANAC060 was amplified with 3' RACE-
PCR (SMARTer™ RACE cDNA Amplification Kit from Clonetech) and cloned into
gateway vector pDONR201. Then the cDNA was cloned into destination vector
pH35NsGG which contains 35S promoter and GFP at N-terminal of ANACO060.
At2S3: GFP: ANACO060 constructs: The cDNA of Kas-2, Cvi, Tac and Lerwas utilized
to build up constructs. Firstly, the 353bp length promoter of At2S3 was cloned into
gateway vector pDONR-P4P1. Then the fragment of GFP was added to the vector
via pDONR207-P1P2. Then the cDNA of ANAC060 was cloned into destination
vector pDONR-P2rP3.

RT-qPCR expression analyses

In the anac60 knock down mutants: RNA was isolated from dry mature seeds as
described above. cDNA was synthesized from 750ng RNA using the iScript cDNA
Synthesis Kit (Bio-Rad: 170-8890) according to the manufacturer’s protocol. cDNA
was diluted 10 times with sterile milliQ water. For each sample 2.5uL cDNA, 5uL iQ
SYBR green supermix (Bio-Rad: 172-5125) and 0.5uL primer mix (10uL work
solution) were added and supplemented with water to 10uL. RT-gPCR was

performed on a CFX connect (Bio-Rad).
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In different plant tissues: ANACO060 expression analysis was performed using
different plant tissues, including vegetative tissues (leaf (7th rosette leaf), flower (just
opened flower), seedling (two weeks old seedling), root (two weeks old root), stem,
developing siliques (3 days after pollination (DAP), 8DAP, 13DAP and 18DAP), dry
dormant seeds and dormant seeds 6 hours after imbibition and imbibed after-ripened
seeds (6h, 12h, 24h, 35h, 48h, 73h after imbibition).

In order to determine the two different ANACO060 splice variants two different sets of
primers have been used. Primer pair L4 only detects A form, S1 only detects B form
to detect both forms we have used primer pair LS3.

Primers details can be found in Supplemental table 5. For all analyses the
expression was normalized by the expression of two reference genes that are stably
expressed in dry seeds: At4G12590 and At4G34270 (Dekkers et al., 2012).
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Supporting Information
Supporting information can be downloaded by scanning the QR code

or from http://www.wageningenseedlab.nl/thesis/ssong/Sl/

Supplemental Figure 1. Germination phenotypes of T-DNA knockout lines that are candidates for the
gene underlying the QTL.

Supplemental Figure 2. Germination phenotypes of mutants in the ANAC060 homologs.

Supplemental Figure 3. Cellular localization of the different DOG6 alleles.

Supplemental Figure 4. Expression analyses in the anac060 knock-down mutant.

Supplemental Table 1. Markers for fine-mapping DOG6.

Supplemental Table 2. T-DNA lines for genes in the DOG6 fine-mapped region and for genes homologous
to DOG6.

Supplemental Table 3. Primers for the CAPS markers to detect the ANACO060 alleles.

Supplemental Table 4. Gene list of 108 putative ANACO060 targets.

Supplemental Table 5. Primers for the RT-qPCR analyses.
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Abstract

The NAC family of transcription factors is involved in plant development and various
biotic and abiotic stresses. The Arabidopsis thaliana DELAY OF GERMINATION 6
(ANACO060) protein is inhibiting seed dormancy and as such determines the timing
of seed germination. ANAC040 and ANACO089 are the two closest homologs of
ANACO060 based on protein and nucleotide sequence similarity. These three genes
are predicted to be membrane bound transcription factors (MTFs) containing a
conserved NAC domain but divergent C-terminal regions. Mutations in ANAC040
lead to higher seed germination under salt stress. A premature stop codon in the
ANACO089 Cvi allele results in seeds exhibiting insensitivity to high concentrations of
fructose. Thus, these three which genes are highly homologous at the protein/gene
level confer distinct functions, although all germination related. In order to investigate
whether the differences in function are caused by either a differential spatial or
temporal regulation as a result of differences in the promoter regions or due to
differences in their coding region (CDS) we have performed swapping experiments
in which the promoter regions and the CDS of the three different NAC transcription
factors have been exchanged. We examined seed dormancy and salt and fructose
sensitivity of transgenic swapping lines in mutant backgrounds. We show that there
is functional redundancy between ANAC060 and ANACO040, but not between
ANACO060 and ANAC089.
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Introduction

In Arabidopsis thaliana, 105 genes are predicted to be NAC proteins (Ooka et al.,
2003). The name NAC is based on a composition of three transcription factors (TFs):
NAM (no apical meristem), Arabidopsis thaliana ACTIVATING FACTOR1, 2 (ATAF1,
2) and CUC2 (cup-shaped cotyledon) (Aida et al., 1997; Souer et al., 1996). NAC
genes are described to contain a highly conserved N-terminal DNA binding domain
also known as the NAC domain. Genome wide analysis revealed that more than 10%
of the NAC TFs in Arabidopsis contain an a-helical transmembrane motif within their
further varying C-terminal domain. These predicted membrane associated domains
determine the transcriptional activity and localization of the NAC proteins (Ernst et
al., 2004; Hu et al., 2006; Kim et al., 2007). NAC proteins are functionally diverse,
they are not only involved in various developmental processes, including embryo
and flower formation, organ separation, lateral root development and shoot apical
meristem formation (Aida et al., 1997; Sablowski et al., 1998; Souer et al., 1996;
Takada et al., 2001; Vroemen et al., 2003; Weir et al., 2004; Xie et al., 2000), but
also in biotic and abiotic stresses, for instance, virus defence, wounding and
microorganism defence, cold temperature sensitivity, drought responsiveness and
ABA sensitivity (Fujita et al., 2004; Hegedus et al., 2003; Ren et al., 2000; Tran et
al., 2004; Xie et al., 1999).

ANACO060, ANAC040 and ANACO089 belong to the same NAC subgroup according
to their protein sequence similarity (Ooka et al., 2003). All three proteins are
predicted to be membrane bound transcription factors (MTFs) since they contain a
transmembrane domain (TMD) (Kim et al., 2007; Li et al., 2010). It has been shown
that the full length ANACO060 protein, that contains the TMD, is associated to the
nuclear membrane, whereas the truncated form lacking the TMD is localized in
nucleus (Li et al., 2014)(Chapter 2). Similarly, the full length ANAC040 and
ANACO089 proteins were mainly detected on plasma or endoplasmic reticulum
membranes and their truncated forms without the TMD in the nucleus (Kim et al.,
2007; Yang et al., 2014). For several Arabidopsis MTFs, it has been shown that the
presence or absence of the TMD affects the plant phenotype (Kim et al., 2010).
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ANACO060 inhibits seed dormancy when the protein is present in the nucleus
(Chapter 2). There are various natural variants for ANAC060 and sequence
differences among them determine the presence of the TMD in the encoded proteins.
For instance, the Kashmir allele of ANACO060 contains an intact TMD, this full-length
protein is localized at the nuclear membrane and the seeds display a dormant
phenotype. The Landsberg erecta (Ler) allele of ANACO060, lacking the TMD is
localized in the nucleus, seeds containing this allele show a non-dormant phenotype
(Chapter 2). ANAC060 was also described to affect sugar sensing. The Columbia
(Col) allele of ANACO060, that encodes a truncated protein, lacking the TMD, resulted
in seedlings that are less sensitive to growth inhibition by high concentrations of
sugar. In this process a role for abscisic acid (ABA) signalling via ABSCISIC ACID
INSENSITIVE 4 (ABI4) has been identified (Li et al., 2014).

ANACO040 is involved in several physiological processes. Overexpressing a
truncated ANACO040 protein resulted in a severe growth reduction and late flowering,
the expression of FLOWERING LOCUS T was dramatically repressed in these lines
(Kim et al., 2007). Besides this, in the presence of high concentrations of salt,
anac040 mutant seeds could germinate to higher levels than wild type and the
germination of an over-expresser, containing the truncated protein lacking the TMD,
was severely reduced (Kim et al., 2008). Moreover, the gain-of-function mutant
anac040-1D with increased expression of ANAC040 negatively regulated trichome
formation by directly triggering the expression of TRIPTYCHON (TRY) and
TRICHOMELESS1 (TCL1), two genes that repress the formation of trichomes.
Notably, the observed similar trichome phenotype of the truncated and full length
ANACO040 protein in transgenic lines imply that in both transgenics the ANAC040
protein ends up in the nucleus. However, how ANACO040 re-localizes to nucleus
remains elusive (Schnittger et al., 1998; Tian et al., 2017; Wang et al., 2007).
ANACO089 is elevated by ER-stress and the truncated form of ANACO089 lacking the
TMD activates programmed cell death, this activity is controlled by bZIP28 and
bZIP60 which are two known MTFs playing crucial roles in regulating cell viability
during plant ER stress (Yang et al., 2014). Moreover, the localisation of ANAC089 is
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also determined by natural genetic variation, like it was described for ANACO060. The
Cape Verde Islands (Cvi) allele of ANAC089 suppresses fructose signalling, due to
a premature stop codon this protein lacks the TMD resulting in a nuclear localisation.
Whereas the Ler allele, that contains the TMD, is localized in cytoplasm and
sensitive to fructose (Li et al., 2011).

To investigate possible redundancy between these highly homologous NAC
transcription factors Tian et al. (2017) compared the trichome phenotype in rosette
leaves of the anac060 anac040 double mutants to their single mutants. No
differences in trichome formation on rosette leaves was found, when comparing
anac040, anac060 and anac060anac040. However, the double mutant did show
more branched trichomes on the stems, which suggested a possible functional
redundancy. It is well known that the function of eukaryotic genes is determined by
its distinct functional constituents, for example, the enhancer/silencer, the promoter
region, the coding sequence (CDS). Among these, the promoter and the CDS are
the two central functional domains. The promoter region regulates the timing and
pattern of a gene’s expression. The CDS encodes a gene’s protein which is in charge
of the phenotype (Polyak et al., 2003).

Here, we have performed promoter and CDS swapping experiments to disclose the
functional redundancy and distinction of functions of ANAC060, ANAC040 and
ANACO089. These experiments revealed that there is functional redundancy between
ANACO060 and ANACO040, the different phenotypes of the native genes are likely the
result of their distinct expression patterns. We did not detect functional overlap
between ANAC060 and ANACO089.
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Results

The evolutionary relationships of ANAC060, ANAC040 and ANAC089

Protein sequence comparisons were performed to identify genes with high homology
to ANACO060 in Arabidopsis. The 15 most homologous genes were selected based
on an earlier comparison of the protein sequences of ANAC transcription factors
(Schwacke et al., 2003). ANAC040 (41% identity) and ANACO089 (64 % identity) were
found to be the two most homologous proteins to ANAC060 based on sequence
similarity (Pearcon et al., 1988; Pearson, 2000) (Fig. 1A). The homology is especially
high at the N terminal part of the protein that contains the NAC domains (NAM) from
21-146 AA (Fig. 1B). In order to investigate the evolutionary history of the three NAC
genes, we extracted the whole synteny network of the NAC gene family from the
entire synteny network database constructed from 107 plant genomes (Zhao et al.,
2019). Interestingly, ANAC060, ANAC040 and ANACO089 were located in the same
synteny cluster which indicated a common genomic origin, shared with other
eudicots but lacking monocots (Fig. 2A). The constructed phylogenetic tree of this
cluster included many Brassicaceae sequences and sequences from Cleome
gynandra (cgy) and Tarenaya hassleriana (tha) which both belong to Cleomaceae
family, which is the sister lineage to Brassicaceae. Using this information, we
propose the following duplication history and evolution of the three genes. ANAC040
and ANACO60/ANACO0890 represent duplicates derived from the older At-Beta
whole genome duplication event and ANAC060 and ANAC0890 were duplicated
from At-Alpha whole genome duplication event (shared only by Brassicaceae

species) (Fig. 2B).
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Figure 1. Sequence comparisons of ANAC060, ANAC040 and ANACO089. A. The unrooted
phylogenetic tree was built by using MEGA 7.0 (Kumar et al., 2016) and the UPGMA method (Sneath et
al., 1973). The units of the branch lengths in the subgroup are comparable to the evolutionary distances
used to interpret the phylogenetic tree. Poisson correction was used to compute the evolutionary
distances (Zuckerkandl et al., 1965). The tree scale is shown below the tree. B. Protein sequences
alignments for ANAC060, ANAC040 and ANACO089. Sequences are derived from the Columbia genome
(TAIR). The NAC domain was predicted by plant transcription factor database and transmembrane

domain was analysed by TMHMM Server v.2.0.
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Figure 2. Evolutionary analysis of NAC genes. A. Synteny network of NAC genes in 107 angiosperm
genomes. The size of each node corresponds to the number of edges it has (node degree). Communities
were labelled by the subfamilies/subfamily involved. The different colours in each cluster represent genes
belonging to rosids (light pink), monocots (green), asterids (purple) (Zhao et al., 2017; Zhao et al., 2019).
ANAC060, ANAC040 and ANACO089 were underlined in red. B. Phylogenetic analysis of ANACO060,
ANAC040 and ANAC089. ANAC040 (AT2G27300, shaded in red) was retained from the older At-Beta
whole genome duplication event. The species used to create this tree are listed Supplemental table 1.
ANACO060 (AT3G44290) and ANAC089 (AT5G22290) are indicated in yellow and green boxes
respectively. The black round and square nodes stand for At-Alpha and At-Beta polyploid events

respectively. The bootstrap range displayed from 58 onwards.

To identify functional redundancy between ANAC060 and its homologs ANAC040
and ANACO089, the mutants were investigated for the phenotypes that have been
reported earlier. Seeds of anac060-1 (SALK 127838C), anac060-2
(SALK_012554C) both showed deeper primary dormancy than wild type Col-0. The
primary dormancy levels of anac040 and anac089 did not significantly differ from
that of their respective wild types Col-0 and Ler after one week after ripening
(Supplemental figure 2, Chapter 2). The anac060-2 anac040 double mutant
phenotype did not significantly differ from the single anac060 mutant, indicating that
ANACO060 is epistatic over ANAC040 (Fig. 4B in Chapter 2). Due to the difference in
genetic background between the available anac060 and anac089 mutants, Col-0
and Ler respectively, we did not make the anac060 anac089 double mutant.
Phenotypic analyses of such a cross would be complicated due to genetic
segregation of seed dormancy loci that are present in Ler and Col-0 (van der Schaar
et al., 1997).

Anac040 mutant seeds were more resistant to salt than wild type Col-0 (Kim et al.,
2008). In order to confirm this phenotype and compare the sensitivity of anac040
together with anac060-1 in our laboratory conditions, seeds were sown on a series
of salt concentrations. After three days, anac040 seeds displayed a dramatically
lower sensitivity to 150 mM of salt than Col-0, whereas anac060-1 showed a salt

sensitivity that was similar to Col-0 (Fig. 3C).
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The fructose sensitivity of anac089, Ler and Col-0 has earlier been investigated by
Li et al. (2011). We confirm these results and show that anac060-1 was also highly

sensitive to fructose (Supplemental figure 1).

The ANACO040 coding sequence rescues the anac060 dormancy phenotype
To understand why high protein identity scores can result in distinct gene functions
and to investigate whether the CDS could lead to functional redundancy, promoters
and CDS swapping experiments were performed. For the swapping experiments, all
promoters were cloned from Col-0. The active CDSs, thus the alleles that resultin a
lack of the TMD, have been selected and cloned from ANAC060, ANAC40 and
ANACO089. Seeds of anac060-1, Col-0 and transgenic lines containing the
PANACO060::Col-0_ANAC040AC (AC referrers to the allele that lacks the TMD),
PANACO040::Ler ANAC060 and PANACO060::.Ler_ANAC060 in anac060-1
background were examined for their dormancy level (measured as DSDS50; Days
of Seed Dry Storage required to reach 50% of germination). The transgenic lines
containing the PANACO060::Ler_ ANAC060 and PANACO060::Col-0_ANAC040AC
constructs both complemented the anac060-1 dormancy phenotype. This was not
the case for the recombinant lines expressing the PANACO040::Ler_ ANAC060
construct (Fig. 3A).

To further investigate the redundancy between ANAC060 and ANACO040 the same
constructs were transformed to the anac40 mutant background. As described above,
the Col-0_ANACO040 contains a TMD and there is no dormancy difference between
anac040 and Col-0 in our standard dormancy testing conditions (22°C, continuous
light). In order to be able to identify small differences in seed dormancy, germination
experiments were also performed at 25°C. During seed storage (after-ripening) the
germination-window widens, meaning that seeds can germinate better in less
optimal conditions, e.g., higher temperatures (Alvarado et al, 2002). This
phenomenon allowed us to investigate whether the truncated ANAC040 protein
under the ANACO060 promoter could release seed dormancy in the anac40 mutant
background. There is no difference in dormancy between anac040, Col-0 and the

complementation line in the mutant background. However, the transgenic line
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PANACO060::Col-0_ANAC040AC was less dormant than its background line
anac040, showing again that ANAC040 when present in the nucleus can overcome
seed dormancy (Fig. 3B).

Moreover, the single and double mutants and the transgenic seeds were also tested
for salt sensitivity according to the study by Kim et al. (2008). Anac040 and the
double mutant anac060-1 anac040 were resistant to 150mM salt, whereas Col-0 and
anac060-1 were not (Fig. 3C). Indicating that ANACO040 is epistatic over ANAC060
in regulating salt sensitivity. The complementation line PANAC040::Col-
0_ANACO040AC only partly complemented the mutant phenotype. Both of swapped
transgenic lines PANACO060::Col-0_ANAC040AC and PANACO040::Ler_ANACO060
displayed significant slower germination rate than anac040 under high concentration
of salt (Fig. 3D).
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lines in the anac040 background at 7 days after harvest in 25°C. C and D, Salt sensitivity of mutants and
transgenic lines in the anac040 genetic background. Bars indicate the mean value of three replicates and
the standard errors. Statistical significances were calculated using one-way ANOVA in A, B and two-way
ANOVA in C and D. Asterisks indicate significant differences with the respective backgrounds anac060-

1 or anac040 (*: P < 0.05, **: P <0.01 and ***: P < 0.001).

The results described above show that there is functional redundancy between the
ANACO040 and ANAC060 CDS, however there are distinct phenotypes in the different
test conditions. For example, the complementation line containing the
PANAC040::Col-0_ANAC040AC construct did not overcome seed dormancy in the
anac040 mutant background, whereas the PANACO060::Col-0_ANAC040AC
construct did. Similarly, the PANAC040::Ler_ANACO060 led to a full complementation
whereas PANAC040::Col-0_ANACO040AC only partially complemented the anac040
mutant when germination was tested in salt. Expression analyses were performed
to investigate if these phenotypes could be explained by the expression level of the
transgenes, thus the activity of the promoters. First the expression in dry seeds was
analysed. ANACO060 expression is down-regulated in the anac060 mutant dry seeds
and shows a wild type expression in Col-0 and the anac040 mutant (Fig. 4A).
ANACO040 is not expressed in dry seeds but is significantly induced under the
ANACO060 promoter in the anac040 mutant background (Fig. 4B). As reported by
Kim, Sang-Gyu et al. (2008), ANAC040 is strongly induced in 3 days cold-imbibed
seeds. We confirmed the promoter activity of PANAC040 after three days of cold
stratification by  investigating the ANACO060  expression in the
PANACO040::Ler_ANACO060 transgenic line (anac060-1 background) (Fig. 4C). Also,
ANAC040 expression was induced in Col-0 and, although to a lower level, in the
transgenic lines containing the ANACO040 promoter (Fig. 4D). The partial
complementation of germination in salt by the transgenic lines containing the
ANACO040 promoter (Fig. 3D) might be explained by the fact the anac040 expression
in the complementation line is lower than that in Col-0. Moreover, the ANAC040
expression is significantly reduced in the anac060 mutant background (Fig. 4D), this

also partly rescued by the ANAC040 complementation construct.
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Figure 4. Expression of ANAC060 and ANAC040 in respective lines determined by quantitative RT-
qPCR. A and B, Expression level of ANAC060 and ANAC040 in dry seeds. C and D, Expression level of
ANACO060 and ANACO040 in three days cold-imbibed seeds. Col-0 as a control and its value was
accommodated to be 1. Solid rounds and squares indicate the respective mutant backgrounds anac040
and anac060-1. The expression level of all other line was relative to 1. Statistical significances were
calculated using one-way ANOVA. Significances were compared between each transgenic line and its
background mutant. Bars indicate the mean value of three replicates and the standard error. Asterisks
indicate significant differences between the transgenic lines and their respective mutant backgrounds (***:

P <0.001, ****: P <0.0001).

The redundancy between ANAC060 and ANACO040 is also assessed by double
mutant analyses. The experiment performed in Chapter 2 shows that ANACO060 is
epistatic over ANACO040 in regulating seed dormancy, which is probably explained
by the lack of ANAC040 expression in dry seeds (Fig. 4B). Moreover, the anac060-
2 anac040 double mutant shows a significant higher germination than single
anac060-1 mutants in the presence of 150 mM salt, which indicates that when the

ANACO040 is highly induced it would be epistatic over ANAC060 (Fig. 3C). Moreover,
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ANACO040 is a putative downstream target of ANACO060, this is supported by the
reduced expression of ANAC040 in anac060-1 mutant seeds after three days of cold
stratification (Fig. 4D) and the up-regulation of ANAC040 when ANACO060 is present
in the nucleus (Chapter 2).

ANACO060 and ANACO040 both regulate seed germination and although both are
expressed in seeds their expression patterns are rather different. ANACO060 is mainly
induced during seed maturation and its expression remains high in dry seeds but
significantly reduces during seed imbibition (Fig. 3B Chapter 2). ANAC040 is induced
during seed imbibition especially in response to cold (Fig. 4D) and it can overcome
seed dormancy (Fig. 3B). Based on these findings we predict a role for ANAC040 in
the regulation of secondary dormancy. Secondary dormancy occurs in the imbibed
stage when the conditions are not optimal for seeds to germinate (Baskin et al., 1998;
Buijs, 2020). To test this hypothesis, we made use of public gene expression data
describing a dormancy cycling experiment that was performed by following seed
germination behaviour and transcriptional changes during one year of seed burial
(Buijs et al., 2020). From March to May, buried seeds remained deep dormancy and
re-gained germination capacity in June, after which the germination ability gradually
increased to 100% in October. During winter seeds became dormant again resulting
in a reduced germination capability (20%) in February (Fig. 5A) (Buijs et al., 2020).
The expression of ANAC040, ANAC060 and ANAC089 during dormancy cycling was
investigated and compared to that of DOG1, a gene that has been reported to show
differential expression during dormancy cycling (Footitt et al., 2015; Murphey et al.,
2015). The higher relative expression of ANAC040 in the non-dormant phase of
dormancy cycling is in agreement with our earlier findings that ANAC040 overcomes
seed dormancy (Fig. 5B, Fig. 3B). Its peak in expression in October might be
explained by the sharp drop in temperature, since we know that low temperatures
induce ANAC040 expression (Fig. 5C, Fig. 4D).
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Figure 5. Expression levels of ANAC060, ANAC040, ANAC089, DOG1 (AT5G45830) in dormancy
cycling under soil. A, Germination percentage throughout the seasons. Landsberg erecta seeds were
collected from field and germinated under lab conditions. B, Relative expression levels of ANAC040,
ANACO060 and ANAC089 and DELAY OF GERMINATION 1 (DOG1) during dormancy cycling. RPKM
levels are shown. C, Temperature and moisture content at 5 cm depth in the soil. Red lines indicate field
temperature obtained from buried sensors. The data presented in A, B and C is derived from Buijs et al.
(2020). Two-way ANOVA was performed to analysis the data, every comparison was between adjacent
previous month, asterisks indicate significant differences, ***: P < 0.001, ****: P £ 0.0001. In A and B, the

mean value of four replicates and their standard errors are presented.
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Motif analyses in promotors of ANAC060 and ANAC040

Motif analyses on the promoters of ANACO060 (5249 bps) and ANAC040 (1998 bps)
were performed to determine whether these can explain the differential expression
of ANAC060 and ANACO040 (Lescot et al., 2002). In total 16 and 14 motifs were
identified in the ANAC060 and the ANAC040 promoter respectively, twelve of these
regulatory motifs were present in both promoters. Four motifs are specific for
ANACO060 and two are specifically for ANAC040 (Table 1). Among these motifs are
the ABA-responsive element (ABRE), MYB, G-box, W-box, GT1-motif which have
been associated with regulation of Arabidopsis seed development (Belmonte et al.,
2013; Yamasaki et al., 2017).

Table 1. Motifs identified in the promotors of ANAC060 and ANAC040. The motifs of ANAC089

promoter and a description of these motifs can be found in Supplemental table 2.

Number |Elements Sequence Function
Motifs in 12 MYB/MYB-like |TAACCA/ TAACTG |Responding to hormones during seed dormancy and gemination (Shinozaki et al.,
PANAC040 and sequence/ Myb 1992)
PANAC060
activation TGACG Salicylic acid (SA)- and auxin-responsive element responding to reactive oxygen
sequence-1 species (Garretén et al., 2002)
|(as-1)
AT~TATA-box |TATATA Core promoter element around -30 of transcription start
TATA TATAAAAT
TATA-box TATA
ABRE TACGGTC Cis-acting element involved in the abscisic acid, high salinity, drought
responsiveness (Maruyama et al., 2012)
CAAT-box CCAAT Common cis-acting element in promoter and enhancer regions
G-box CACGTG Cis-acting regulatory element involved in light responsiveness; Regulating seed
specific expression (Ouwerkerk et al., 1999)
GT1-motif GGTTAA Light responsive element
TCT-motif TCTTAC Part of a light responsive element
Motifs in 4 W box TTGACC Bing site for WRKY transcription factors (Rushton et al., 2010)
PANAC060
Ascorbate TGAGTTAG Heat shock element (Pati, 2005)
Peroxidase
Binding Site
(AP-1)
MYC CATGTG Binding site for BHLHZ family controlling cell behaviour (Grandori et al., 2000)
CAT-box GCCACT Cis-acting regulatory element related to meristem expression
Motifs in 2 STRE AGGGG Heat shock elements (Guo et al., 2008)
PANAC040
GA-motif ATAGATAA Part of a light responsive element
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There is no functional redundancy between ANAC060 and ANAC089

To test whether also ANACO089 can rescue the dormancy phenotype of the anac060-
1 seed dormancy levels of anac060-1, Col-0 and transgenic plants containing the
PANACO060::Cvi_ANAC089 and PANAC089::Ler ANACO060 constructs in anac060-
1 background were measured. None of these swapped transformants
complemented the anac060-1 dormancy phenotype (Fig. 6). Similarly, we tested
whether ANACO060 could complement the anac089 fructose sensitivity. The
transgenic seeds containing the PANACO060::Cvi_ANACO089,
PANACO089::Ler_ ANACO060 constructs in the anac089 background together with the
anac089 mutants seeds and wild type Ler were germinated on 6% fructose to assess
the sugar sensitivity. The percentage of healthy seedlings was examined based on
the presence of green cotyledons. Only the Iline containing the
PANACO089::Cvi_ANAC089 construct complemented the fructose sensitivity,
confirming earlier results of Li et al. (2011). None of the swapping transformants
revealed resistance to fructose (Fig. 6B). Both experiments indicate that neither the
promoter nor the CDS of ANAC089 and ANACO060 can replace that of the other gene.
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Figure 6. No functional redundancy between ANAC060 and ANAC089. A, Dormancy of ANAC060
and ANACO089 swapping lines. Seed dormancy is shown as DSDS50 (days of seed dry storage required

to reach 50% germination) levels. B, Fructose sensitivity of transgenic lines. Seeds were sown on 2 MS
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plates and ones contain 6% fructose plates. Statistical significances were calculated using one-way
ANOVA. Bars indicate the mean value of three replicates and the standard error. Asterisks indicate

significant differences compared to the respective single mutants (*: P < 0.05, **: P < 0.01).

Discussion

The NAC family of transcription factors is one of the largest plant specific
transcription factors containing over 100 genes that regulate multiple biological
processes such as cell division, pathogen resistance, leave senescence (Kim et al.,
2006; Riechmann et al., 2000; Seo et al., 2010; Wu et al., 2012; Yang et al., 2011).
A comprehensive analysis was performed for the 75 NAC transcription factors in
Oryza sativa (monocot) and 105 NAC family genes in Arabidopsis (dicot). Based on
amino acid similarity, all the NAC family proteins were divided into two main groups
and 18 subgroups. ANAC060, ANAC040 and ANACO089 were classified into same
subgroup, also referred to as OsNAC8 in Oryza sativa (Ooka et al., 2003). In the
Arabidopsis NAC proteins classification, ANAC060 and ANACO089 belong to same
subfamily Illa, whereas ANACO040 is part of the Vla subgroup (Zhu et al., 2012). The
phylogenetic tree revealed that ANAC040 was retained from the At-beta duplication,
and ANAC060 and ANAC089 were syntenic duplicates from the At-alpha duplication
(Fig. 2B). Thus, ANACO040 is likely more ancestral than ANAC060 and ANAC089.
NAC transcription factors are often pleiotropic this is also the case for the here
studied genes, ANACO060 regulates seed dormancy and sugar (glucose and fructose)
sensitivity (Li et al., 2014; Yu et al., 2020)(Chapter 2). ANAC040 inhibits seed
germination under high salt concentrations, negatively regulates trichome formation
and might play a role during dormancy cycling (Buijs et al., 2020; Kim, Sang-Gyu et
al., 2008; Tian et al., 2017). ANACO089 is negatively regulating floral initiation and
promoting seed germination under high concentration of fructose (Li et al., 2010; Li
et al., 2011). Based on the high homology between ANAC060, ANAC040 and
ANACO089 and the fact that these genes confer germination related phenotypes we

aimed at studying the possible redundancy in more detail.
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Promoter activity determines the functional diversity between ANAC060 and
ANACO040

We generated transgenic Arabidopsis seeds containing swops of the nuclear
localized forms of the ANAC060, ANAC089 and ANACO040 proteins driven by their
respective promoters PANAC060, PANACO089 or PANACO040 in anac060-1,
anac089 and anac040 backgrounds. We have shown that the CDS of ANACO060 and
ANACO040 are interchangeable in the sense that the ANAC060 CDS can complement
the anac040 mutant phenotype and vice versa the ANAC040 CDS the anac060
mutant phenotype (Fig. 3). The lack of complementation of the dormancy phenotype
using the ANAC040 promoter is explained by the very low activity of this promoter in
dry seeds (Fig. 4).

Promoter motif analyses were performed to reveal if the differences in promoter
activity could be explained by the presence of known motifs. Several of the identified
motif had been identified in the promoters of genes that are expressed in seeds
before, however most of them are stress related. ABRE is a cis-acting element
regulating ABA-related gene expression. This motif was initially detected in wheat
early-methionine-labelled (Em) gene and recognized by leucine zipper protein during
seed maturation (Guiltinan et al., 1990; Morris et al., 1990). In Arabidopsis, it was
indicated to be involved in regulating expression of rd29 responding to drought and
salt stresses (Narusaka et al., 2003). MYB motifs have been indicated to play a role
in reacting to hormonal signals during seed development and germination. AtMYB2
responds in addition to drought and salt stress also induced by ABA (Shinozaki et
al.,, 1992). The G-box motif determines seed specific expression in tobacco
transgenics (Ouwerkerk et al., 1999). The GT1-motif has been suggested to activate
transcription of light-dependent genes in tobacco transgenics (Lam et al., 1990). In
PANACO060 four specific motifs were found, MYC, CAT-box, Activator Protein 1 (AP-
1) and W-box. MYC motif with sequence CATGTG acts as a core DNA binding site
in Arabidopsis EARLY RESPONSIVE TO DEHYDRATION STRESS 1 (ERD1) which
is a drought induced gene (Tran et al., 2004). The CAT-box is described to be related

to meristem expression (Lescot et al., 2002). Activator protein 1 (AP-1) was initially
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identified to function in mice cell proliferation and survival and has been described
to functions in response to oxidative stress in several other organisms (Karin et al.,
1997; Shaulian et al., 2001; Lev et al., 2005; Scandalios, 2005). The W-box motif is
recognized by WRKY transcription factors (Rushton et al., 2010), which are involved
in biotic and abiotic stress, including seed dormancy and germination (Rushton et
al., 2012). The PANACO040 promoter contains two specific motifs. Stress response
element (STRE) is able to regulate various stresses-induced genes (Estruch, 2000;
Wieser et al., 1991). The GA-motif is a light responsive element (Lescot et al., 2002)
(Table. 1).

The ANACO040 promoter was reported to be regulated by different environmental
conditions and might by induced by the binding of the TFs to the ABRE and STRE
motif (Table. 1). Both the ANACO040 transcript and protein levels were highly elevated
during cold-imbibition, by 150mM NaCl and the combination of cold-imbibition and
150mM NaCl, suggesting these three distinct conditions induce ANACO040 parallelly
or additively (Kim et al., 2008). Based on this information, we tested the cold induced
expression of ANAC040 in the transgenic lines together with controls. ANAC040 was
clearly induced in the complementation lines, however the expression was
significantly lower than in Col-0 (Fig.4D). The promotor sequence that was used for
the cloning started 1.722 bp upstream of the start codon, however the final 112 bp
before the start codon were missing due to cloning difficulties. Earlier it was reported
that that a genomic sequence containing around 2K bp of the native ANAC040
promoter exhibited full complemented phenotypes after treatment with the
gibberellin inhibitor paclobutrazol (Kim et al., 2008). Motif analysis for the 112
missing nucleotides of the ANAC040 promoter revealed that this region was
enriched for the G-box and TATA-box motifs and contained one copy of the ABRE,
CAAT-box and as-1 motif in Supplemental figure 2. The lack of these motifs might
explain the lower expression of ANAC040 in the complementation lines and thus the
lack of complete complementation. The random insertion of the construct might be

another explanation for the lower expression.
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Based on the fact that the ANAC040 CDS could overcome seed dormancy at 25°C
(Fig. 3B) we hypothesized that ANAC040 could be involved in the regulation of
secondary dormancy. Secondary dormancy occurs in imbibed seeds and might have
occurred already before desiccation tolerance and thus primary seed dormancy
existed. This hypothesis is supported by the fact the ANAC040 is likely the ancestral
gene from which ANAC060. DOG1, which is a main determinant of primary seed
dormancy (Alonso-Blanco et al., 2003; Bentsink et al., 2010; Bentsink et al., 2006),
is also involved in the regulation of secondary seed dormancy as was revealed from
secondary dormancy induced by warm as well as cold stratification (Footitt et al.,
2013; Footitt et al., 2015; Murphey et al., 2015). Based on our data, ANAC060 and
ANACO040 have opposite functions compared to DOG1. DOGT1 is important for the
induction of seed dormancy, whereas ANAC060 and ANACO040 inhibit seed
dormancy (Fig .1G, Chapter 2; Fig. 3B). Notably the expression pattern of ANAC040
is also opposite to that of DOG1 during dormancy cycling in the field (Fig. 5B).

Respective specific motifs in promoter of ANAC060 and ANAC040 might cause
the distinct functions

Promoters are known as cis-regulatory sequences playing critical roles in regulating
genes expression at transcriptional level in all organisms (Wray et al., 2003). There
are various motifs in promoter sequences which are involved in regulation of genes
(Halees et al., 2003). In Table 1, the twelve overlapping motifs of the ANAC060 and
ANACO040 promoter are listed. Since these motifs are present in both promoters it is
not very likely that they determine the differences in expression of both genes.
However, it should be noted that the frequency and location of these motifs in both
promoters were not taken into account. In the promoter of ANACO060, four specific
motifs are present, among them is the W-box (TTGACC) motif that is preferably
bound by WRKY transcription factors (Ciolkowski et al., 2008). The WRKY
transcription factor family is indicated to be a key regulator in ABA responsive
signaling pathways and several members of this family have been related to seed
dormancy or germination as well (Rushton et al., 2012). WRKY41 regulates seed
dormancy by increasing ABSCISIC ACID INSENSITIVE 3 expression (Ding et al.,
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2014), WRKY®6 is involved in ABA signaling by down regulating ETHYLENE
RESPONSE DNA BINDING FACTOR 4 (RAV1) (Huang et al., 2016) and WRKY2
regulates seed germination and post germination in response to ABA (Jiang et al.,
2009). The presence of the W-box in the ANAC060 promoter might indicate a role
for WRKY ftranscription factors in the regulation of ANAC060. The STRE motif
(AGGGQG), that is found in the ANACO040 promoter, is reported to be essential for the

activation of transcription in response to stress (de Winde et al., 1997)(Table 1).

Divergent functions of ANAC060 and ANAC089

Genome wide expression analysis shows that ANAC089 is highly expressed in dry
seed (Winter et al., 2007), it peaks at the same time as ANACO060. Nevertheless, the
ANACO089 promoter is not able to rescue the anac060 dormancy phenotype when
driving the ANAC060 CDS, neither the ANACO060 promoter is able to rescue the
anac089 phenotype when driving the ANAC089 CDS. This might be explained by
the different temporal and spatial expression of ANAC060 and ANACO089. Also, the
coding region of ANACO089 could not complement the anac060 dormancy phenotype
when driving by the ANACO060 promoter as was the case vice versa for the ANAC060
CDS (Fig. 6). The sequence identity of both proteins is high, however the differences
in function might be explained by structural differences. This was for example shown
for ANACO019. Through X-ray crystallography, the ANAC019 NAC domain was
identified to contain a twisted B-sheet surrounding with some helical elements
instead of the helix-turn-helix motif that is common in several other NAC transcription
factors, such a unique structural feature leads to diverse protein functions (Ernst et
al., 2004; Olsen et al., 2005).

Conclusions and perspectives

Through a transgenic swapping study, we showed that the NAC transcription factors
ANACO060 and ANACO040, but not ANAC060 and ANACO089 are functionally
redundant. The phenotypic effects that we see are caused by differences in the
expression patterns of both genes and these could be further investigated by

replacing or knocking out specific motifs in each predictive promoter sequence and

66



ANACO060 and its homologous genes

examining the respective phenotypes of these alterations. To provide more evidence
for a role for ANAC040 in dormancy cycling it would be useful to determine the
dormancy cycling phenotype of the anac040 mutant. However, because genetically
modified organism (GMO) is prohibited in field experiment in Europe, we will for now
depend on the inducting of secondary seed dormancy in lab conditions (Bouchaut et
al., 2020). So far, we have not been able to induce secondary dormancy in Col-0
and anac040 mutant using the thermal treatment that was described by Footitt et al.
(2017).
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Materials and Methods

Plant materials and growth conditions

Seeds of the Arabidopsis thaliana accession Columbia (Col-0), anac060-1 mutant
(SALK_127838C), anac060-2 mutant (SALK-012554C), anac040 mutant
(SM_3.16309; alias anac040-1 mutant (SM_3.16309) (Kim et al., 2007) and
anac040-2 (SM_3 _16309) (Tian et al., 2017)) were obtained from the Nottingham
Arabidopsis Stock Centre. The mutant anac089 (Gt19255) in the Landsberg erecta
(Ler) genetic background was obtained from Sheng Teng (Li et al., 2011).

Seeds were sown on water imbibed white filter paper in transparent petri dishes, and
then placed in 4°C dark room for cold stratification. After three days, seeds were
transferred to a growth chamber at 22°C with continuous light for another day before
planting. Germinated seeds with radical protrusion were grown on 4 X 4 cm
Rockwool blocks in a climate room at 20°C / 18°C (day/ night) under a 16h artificial
light (150 umol m2 s™') photoperiod and 70% relative humidity. Plants were watered

with a standard nutrient solution and three times per week.

Seed germination experiments

Seed dormancy comparisons: In each plastic tray (15 x 21 cm), 2 layers of blue
paper with 48 mL demi water, 50 — 100 seeds were sown using a plastic mask to
accurate position the seeds samples. Afterwards the trays were piled and wrapped
into transparent plastic bags. The trays were placed into an incubator with 22°C, 30
W m2 continuous light. Pictures to assess the germination were taken for two times
per day during a seven-day cycle. Germination was scored using the Germinator
package (Joosen et al., 2010). Dormancy level was evaluated by DSDS50, which
stands for the days of seed dry storage to reach 50% germination. The method to
determine DSDS50 is presented in (Bentsink et al., 2010).

Salt and fructose treatments: Around 50 surface sterilized seeds were plated on
sterilised 1.2 % agar Y2 MS medium containing either 0 mM and 150 mM salt; 0% or
6,5% fructose. For all conditions the pH was set to at 5.8. Seeds were stratified in

4°C in the dark for 2 days, and transferred to 22°C, in continuous light for 5-7 days.
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For salt treatments: germination percentage were calculated on a day base. Seeds
with a radicle occurrence were categorized to be germinated (Kim ef al., 2008). For
Fructose treatment: Fructose sensitivity phenotype was evaluated by counting the

percentage of green seedlings with expanded cotyledons (Li et al., 2011).

DNA isolation from seeds

Around 200 seeds and two small bullets were put into 1.5mL tubes, seeds were
ground for 1 min, 30HZ, afterwards, 250 pl extraction buffer (2 M NaCl, 200mM Tris-
HCI PH 8, 70 mM EDTA, 20mM NazS205) was added to each sample and followed
by grinding again as indicated for the previous step. Samples were kept at 60°C for
1hour. After that, samples were centrifuged for 10 mins at maximum speed. 75 pl
clean supernatant was taken from each tube into a new tube, 75 pl iso-propanol and
30 pl 10 M NH4AC were added and mixed well in each tube. All samples were kept
for 15 minutes at room temperature for precipitation, after that they were centrifuged
for 20 mins at maximum speed. Supernatant was discarded and DNA pellet was
washed by 70 pl 70% ethanol, after that, the samples were centrifuged for 5 mins at
maximum speed. The ethanol was removed using a pipette, the DNA pellet was
dried for 10 minutes. Finally, the pellet was dissolved in 30 yl MQ (Cheung et al.,
1993).

PCR condition and gel electrophoresis

Polymerase chain reactions (PCR) were operated in a 25 pl total volume including
around 100ng DNA, 1.25 pl of forward and reverse primers, 12.5 yl VYO HIFI mix
(SOPACHEM PB10.43). The cycling programme was as follows: First denaturation
at 94°C for 3 minutes in one cycle, following by second denaturation 94°C for 10
seconds. Annealing temperature was from 59-64°C which depended on the primers
for 30 seconds and a 45 seconds extension at 72°C, this cycle was replayed for 35
times. The final extension was at 72°C for 5 minutes. The PCR products were

checked by 1% agarose gel electrophoresis.
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Synteny network construction and phylogenetic reconstruction

The synteny network of the NAC gene family was constructed by extracting the
syntenic relations of all the NAC genes from the synteny network database of 107
plant genomes (Zhao et al., 2019). To do this, the NAC gene IDs identified from the
107 plant genomes using HMMER3 (Mistry et al., 2013) was used to query the
network database. The edgelist of the NAC subnetwork was clustered and visualized
in Gephi (Bastian et al., 2009). We located and highlighted the synteny cluster
containing ANAC060, ANAC040 and ANACO089. A closely inter-connected synteny
cluster indicates a shared genomic context. The phylogenetic tree was then
reconstructed for the nodes/genes in this cluster. Multiple sequence alignments were
performed using MAFFT (version 7.187). Alignment trimming were conducted by
trimAl (Capella-Gutiérrez et al.,, 2009). Maximum-likelihood analyses were
conducted using IQ-TREE (Nguyen et al., 2015). We used the ‘JTT+R’ model for the
protein alignment, with 1000 bootstrap replicates (-bb 1000)).

Phylogenetic analysis
ANACO060 was analysed by plant membrane protein database (Schwacke et al.,
2003), and 15 high homology genes were collected. The protein sequences were

built to be phylogenetic tree by (Kumar et al., 2016).

Swapping experiment
Recombined constructs by swapping the promoters and genomic CDS among
ANAC060, ANAC040, ANAC089 was shown in Table 2.

Table 2. Swapping transgenic lines for ANAC060 and its homologous genes. Transgenic lines were
made by switching promoters and genomic CDS of ANAC060 and ANAC040 (A), ANAC060 and
ANACO089 (B), the recombined constructs were transformed into respective backgrounds as indicated in

the tables.
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A
Background Recombined constructs
PANAC060::Ler_ ANAC060 | PANAC060::Col- PANAC040:Ler_ANACO060
Anac060 0_ANACO040AC
PANAC040::Col- PANAC060::Col- PANAC040::Ler_ANACO060
Anac040 0_ANAC040AC 0_ANACO40AC
B
Background Recombined constructs
PANACO60::Ler_ANAC06 | PANACO060::Cvi_ANACO08 |PANACO089:Ler_ANAC
Anac060 0 9 060
PANACO089::Cvi_ANAC08 | PANAC089::Ler_ANAC06 |PANACO060::Cvi_ANAC
Anac089 9 0 089

Expression vectors construction by Gateway cloning

Gateway cloning was performed according to the manual Multisite Gateway® Pro:
Using Gateway® Technology. This method allows to simultaneously clone multiple
DNA fragments. All primers used for cloning are listed in Supplemental table 3.
PCol-0_ANACO040::Col-0_ANACO040AC construct: The native ANAC040 promoter
was cloned from accession Col-0 (pCol-0_ANAC040) and the genomic CDS of
ANACO040 with an added stop codon was also cloned from wildtype Col-0 (Col-
0_ANACO040AC) (Kim et al., 2007). Both of the fragments were amplified using the
VYO HIFI mix and cloned into gateway entry vectors pDONR 221 + P1P5 and
pDONR 221 + P5P2 respectively. Afterwards, the two entry vectors were cloned into
the destination vector 428pKGW red seed + R1R2 which allows transformant

selection based on fluorescence.

PCol-0_ANACO089::Cvi_ANANCO089 construct: The native ANAC089 promoter was
cloned from ecotype Col-0 (PCol-0_ANACO089) and the genomic CDS of ANAC089
was cloned from accession Cvi (Cvi_ ANACO089) (Li et al., 2011). The way to make
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the construct is comparable with explained in PCol-0_ANAC040::Col-
0_ANACO040AC construct.

PCol-0 _ ANACO060::Ler_ ANACO060 construct: The native ANAC060 promoter was
cloned from PMD18_Col-0 (Li et al., 2014). The genomic CDS of ANACO060 was
cloned from Ler (Chapter 2). The method to make the construct is identical with
described in PCol-0_ANACO040::Col-0_ANACO040AC construct.

The further procedures to build the constructs of swapped promoters and genomic
CDS between ANAC060 and ANAC040/ANAC089 were same with what were

described above.

Transformation of Arabidopsis thaliana

Cell cultures are centrifuged for 15 mins at 4000 rpm under room temperature in
250ml tubes, the supernatant was poured off, after that the pellet was resuspended
in infiltration medium (%2 MS medium + vitamins, 5% sucrose) to an OD600 of 1.
Prior to be used, 0.03% Silwet L-77 was added. Afterwards, the flowering plants
were dipped into the culture for 15 seconds. The plants were placed in plastic bags
in horizontal position for overnight. After the plastic bags were opened, the plants

were grown in upright position until seed to be harvested.

RNA isolation and characterization
The detailed and optimized protocol for RNA isolation and quality evaluation from

seeds is present in Supplemental protocol 1.

cDNA synthesis and gPCR analysis

iScript cDNA synthesis kit (Bio Rad) was used for making cDNAs, in this project, 1
Mg RNA was used from each sample. cDNA samples were one-tenth diluted. gPCR
was done and analyzed according to qPCR guide Eurogentec. The master mix was
10 ul for each: 2.5 yl cDNAs, 5 pyl SYBR green (sopachem VYBA01-31), 0.5 pl
primers mixtures, 2 yl MQ water. The CFX Bio Rad was used to generate threshold
cycle value for each reaction. Excel and Prism 8 software were used to analysis
gPCR result.
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gPCR primers: ANACO040, forward primer: AGGATGCATTAGTGGTGTGC, reverse
primer: TTGTCCTCCTTCTCCAAACC. ANACO060, forward primer:
AGCCTTGGGATTTACCTGA, reverse primer: TTGGTTGCTCTTCTGTTCTGT.
Two reference genes, At4G12590 and At4G23270, are designed based on study by
(Dekkers et al., 2012).

Motif analyses
Predictive promoter sequences of three genes were analysed in PlantCARE
database (plant cis-acting regulatory elements) (Lescot et al., 2002), qualitative

motifs of three single genes were presented and described in Supplemental table 3.
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Supporting Information
Supporting information can be downloaded by scanning the QR code

or from http://www.wageningenseedlab.nl/thesis/ssong/Sl/

Supplemental Figure 1. Fructose sensitivity in the single anac060-1 and anac089 mutants and their
respective wildtypes.

Supplemental Figure 2. 112 missing base pairs in the cloned ANAC040 promoter.

Supplemental Table 1. List of 107 species used for synteny network analysis.

Supplemental Table 2. Motif lists and the function description of promoter of ANAC060, ANAC040,
ANACO089.

Supplemental Table 3. List of primers used in Gateway cloning.

Supplemental Protocol 1. Optimized RNA extraction protocol from dry Arabidopsis seeds.
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Abstract

Seeds are usually stored in well controlled storehouses with restrained relative low
temperature and humidity to conserve seed quality for a long period. Nevertheless,
seeds will gradually lose vigor and eventually die. Oxygen has been identified as a
main factor influencing seed viability during long term storage, however it plays a
dual role during the seed lifespan. On the one hand, its product Reactive Oxygen
Species (ROS) are beneficial for seed dormancy alleviation during after ripening. On
the other hand, ROS progressively cause damage in the seed by altering the fluidity
of cell membrane, influencing the transport of ions, enzyme deactivation, protein
carbonylation and DNA and RNA damage, which all together ultimately result in seed
death. Among these, the integrity of genetic materials largely impacts seed viability.
RNA is vulnerable to ROS as it has single strand structure and an RNA repair
mechanism is lacking at dry seed state. Oxidation of messenger (m) RNA results in
the inhibition of translation or the production of abnormal proteins. Protein oxidation
causes protein carbonylation, which irreversibly alters protein function and leads to
detrimental protein cross-links. To uncover the oxidation pattern of seed stored
RNAs and proteins along with seed ageing in a limited time span, an artificial ageing
system elevated partial pressure of oxygen (EPPO), which mimics and accelerates
seed ageing, has been applied. The integrity of total stored RNAs, the dynamic
expression patterns of seed stored mMRNAs and the oxidation profiles of seed storage
proteins were explored. We have identified severe mRNA degradation during seed
ageing and show that this degradation correlates with the germination capacity of
seeds. Moreover, we have a strong indication that the degradation of monosome

associated transcripts is delayed.
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Introduction

Storing seeds in an appropriate way is critical not only for breeders to ensure high
crop yield and keep good quality seeds for planting the next generation, but also for
gene banks to conserve plant genetic biodiversity over decades or even centuries
(Bewley et al., 2012). Hence, seed research and understanding the factors which
deliver detrimental effects during seed storage would offer great help for worldwide
sustainable agriculture.

In the end of seed maturation, seeds start to lose water and become dry, this process
is named ‘desiccation’ (Kermode et al., 2002). During desiccation, seeds enter a
glass state and maintain only extreme low levels of metabolic activity (Buitink et al.,
2008; Burke, 1986; Raijjou et al., 2008; Walters et al., 2005). Along with this process,
seeds acquire seed dormancy which temperately retains seeds from germination
(Bewley, 1997; Hilhorst, 1995). Mature dry dormant seeds are harvested and stored
in storehouses or gene banks for future use. During dry storage, seeds gradually
release dormancy until they reach full germination capacity, this phenomenon is
called after ripening. At the same time the ageing process starts, seeds start to
deteriorate and will not be able to germinate eventually. The period during which
seeds maintain their high germination ability has been defined as seed longevity
(Koornneef et al., 2002; Rajjou et al., 2008; Walters et al., 2005). The level of seed
longevity correlates to the ability of seeds to become desiccation tolerant (Hong et
al., 1996). Seeds which are extremely sensitive to drying have generally short
lifespans, e.g., Acer saccharinum seeds die after a few days of desiccation (Connor
et al., 2001). Seeds which are moderately sensitive to desiccation tend to have
intermediate long lifespans, like coffee seeds which can survive for 12 months with
a low water content (Ellis et al., 1990). Extreme long lifespan seeds are generally
tolerant to desiccation, like the Judean date palm for which germination has been
reported after nearly 2000 years of storage (Erlanger, 2005). Seeds degrade at
different rates during storage. However, for all of them counts that they become
increasingly vulnerable to environmental stresses, for instance, humidity of the air,

oxygen and temperature during storage (Belletti et al., 1991; Hendry, 1993).
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Eventually seeds lose vigour and cannot germinate anymore, this phenomenon is
referred to as seed ageing (Walters, 1998). Of the factors influencing seed ageing,
oxygen has been indicated to have the most distinct injurious consequences (Hendry,
1993; Kurek et al., 2019; Ohlrogge et al., 1982). The insufficient or unfinished
reduction of oxygen, or energy transfer can cause the production of by-products.
Examples of these are, superoxide Oz(-), hydroxyl radical (OH-), singlet oxygen
('0Oz2), hydrogen peroxide (H20:). All these derivatives are referred to as reactive
oxygen species (ROS) (Apel et al.,, 2004). Oxygen is known to accelerate seed
deterioration in all kinds of seeds. For example, dehydration in Castanea sativa
results in a rapid boost of superoxide which causes seed viability loss and hydrogen
peroxide is involved in sunflower seed deterioration. Generally higher oxygen
concentrations in the storage environment result in a shorter seed longevity (Justice
etal., 1978; Kibinza et al., 2006; Ohlrogge et al., 1982; Roach et al., 2010). Moreover,
the beneficial effects of specific variety of ROS in seed physiology were also studied
and discussed. For instance: Hydrogen peroxide releases seed dormancy in
sunflower, barley, soybean and Arabidopsis. Superoxide accumulation promotes
growth of embryonic axes in soybean, Vigna radiata (L.) Wilczek (Bahin et al., 2011;
Leymarie et al., 2012; Oracz et al., 2009; Puntarulo et al., 1988; Singh et al., 2014).
Next to the afore mentioned effects, there are numerous underlying ways by which
ROS interacts with components in seeds, this leads to the oxidation of lipids, proteins,
DNA and RNA. In this chapter, interaction between ROS and proteins, mRNAs is
studied (Kranner et al., 2011; Oracz et al., 2007; Terskikh et al., 2008).

Embryos in mature dry Arabidopsis seeds accumulate proteins and mRNAs that are
essential for initial transcription upon imbibition (Bewley et al., 1994; Kimura et al.,
2010; Nakabayashi et al., 2005). Generally, mMRNAs were found to be degraded in
minutes to hours in Arabidopsis cell cultures (Narsai et al., 2007). However, seed
stored mRNAs in mature dry rice, cotton and Arabidopsis seeds remain intact for
years. Therefore, these mRNAs are also called long-lived messenger RNAs (Dure
et al.,, 1965; Galland et al., 2014; Sano et al., 2012). After imbibition, non-dormant

Arabidopsis seeds complete germination in the presence of the transcriptional
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inhibitor a-amanitin, while germination is suppressed by the translational inhibitor
cycloheximide (Rajjou et al., 2004). This underlines the importance of translation of
stored mRNAs for germination and is confirmed by the finding that 17% of the seed
stored MRNAs that are bound to monosomes (one single ribosome) in dry seeds are
translationally upregulated during early seed germination (Bai et al., 2020). Gene
ontology analyses revealed that these selectively up-regulated transcripts belong to

the categories “response to water deprivation”, “redox balance”, the proteins in
monosome fractions are related to protection from oxidation as well. Taken together,
these studies suggest certain groups of seed stored transcripts and proteins may
play roles in antioxidation during long term seed storage (Bai et al., 2020; Dure et
al., 1965; Narsai et al., 2007; Rajjou et al., 2004; Sano et al., 2015).

In order to address how ROS impacts seed stored mRNAs and proteins, we need to
divide seeds into two physiological stages, dry seeds and imbibed seeds. In dry
mature seeds, due to the extreme low water content, ROS mainly derive from non-
enzymatic reactions, for instance, Amadori and Maillard reactions, lipid peroxidation
and protein carbonylation which is an irreversible and one of the most detected and
destructive oxidation modifications causing protein dysfunction (Arc et al., 2011;
Dalle-Donne et al., 2006; Priestley, 1986; Sun et al., 1995). In parallel, the non-
enzymatic ROS scavenging antioxidants, such as, flavonoids and tocopherol, are
functioning as oxidation buffers to protect other essential compounds (Apel et al.,
2004).

At the dry seed state, ROS oxidize mRNA, resulting in structural changes by
generating 8-hydroxyguanosine (8-OHG) and strand breaks, causing translational
errors and protein synthesis deficiency upon imbibition, which eventually lead to cell
death (Bazin et al., 2011; Fleming et al., 2018). Evidence for mRNA oxidation has
been reported several times for different species. In sunflower seeds, 24 seed stored
mRNAs are reported to be selectively oxidized based on the increasing content of
the RNA oxidation marker 8-OHG during dormancy release. Among the oxidized
genes are several genes that are functioning in stress responses which also have

been related to the regulation of seed dormancy (Bazin et al., 2011; Bentsink et al.,
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2010; Carrera et al., 2008). In ageing soybean seeds, longer seed stored transcripts
become fragmented by ROS attacks at random bases and although shorter
transcripts keep their high integrity, seeds still die. Thus, it is hypothesized that the
longer transcripts are critical for preserving seed vigour (Fleming et al., 2018).

In sunflower, accumulation of ROS during dry storage leads to lipid peroxidation and
selective embryo proteins carbonylation causing release dormancy release (Oracz
et al., 2007). The amount of carbonylated proteins is also positively correlated with
seed viability loss. Especially the main seed storage protein 12-cruciferins are
dominantly oxidized in dry seed (Job et al., 2005; Terskikh et al., 2008). In addition,
the cruciferin (CRU) crua crub cruc triple mutant shows much shorter seed longevity
compared with wildtype Col-0 after an artificial ageing treatment. These results imply
that protein carbonylation affects seed after ripening and longevity during dry storage
and suggests that the abundant seed storage proteins service as a protective shield
to defend essential germination related proteins from being carbonylated (Job et al.,
2013; Nguyen et al., 2015; Oracz et al., 2007; Rajjou et al., 2008).

When dry seeds are exposed to water they will imbibe. During imbibition the glassy
state gradually changes into a fluid state. There are three phases of seed imbibition.
In phase | seeds physically absorb water, cells are rehydrated until seeds are totally
imbibed. In phase Il there is no additional water uptake, however, metabolism is
reactivated, seed stored mRNAs are translated or degraded and new mRNAs are
transcribed and translated (Dekkers et al., 2013; Marcus et al., 1964). Moreover,
mitochondrial repair occurs. This phase ends when the radicle protrudes through the
embryo surrounding tissues to complete seed germination. Phase Il is marked by
further water uptake and seedling growth (Nonogaki et al., 2010). During rehydration
diverse ROS are produced by all types of cells and various cellular enzymes (Apel
etal., 2004; Finkel, 1998; Vranova et al., 2002). Simultaneously, enzymatic activities
like antioxidant machinery are reactivated to scavenge ROS and control cellular
redox balance (Bailly, 2004; Tommasi et al., 2001; Woijtyla et al., 2006). In hydrated
eukaryotic cells, oxidized mRNAs might be repaired by certain metabolic activities
and continue to be translated (Aas et al., 2003; Li, et al., 2006; Yan et al., 2019). &
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to 3’ mRNA decay during seed imbibition is thought to regulate seed dormancy
release. Mutants in genes that affect 5 to 3 mMRNA decay show dormancy
phenotypes, exoribonuclease4 (xrn4) shows higher dormancy and varicose (vcs)
exhibits lower dormancy compared with wildtype Col-0 (Basbouss-Serhal et al.,
2017).

Mild carbonylated proteins could be eliminated by enzymatic activities, whereas
strongly carbonylated proteins might be resistant to degradation therefore increase
the level of damaged or aberrant proteins in hydrated cells (Dalle-Donne et al., 2006).
During rice germination, 66 carbonylated proteins are analysed for their dynamic
carbonylation intensity patterns after 0, 24, 48 and 72 hours imbibition. Carbonylation
abundance of seven stress responsive proteins is significantly decreased and some
storage proteins are gradually reduced while other proteins either significantly or
gradually increased during germination. For example, carbonylation pattern of stress
responsive small heat shock proteins and Heat Shock Protein 70 is decreased and
enhanced, respectively. This implicates that different proteins display specific
functions in response to ROS stress during germination (Zhang et al., 2016).
Arabidopsis 12S cruciferins, as a main target of oxidation, display severe
carbonylation in dry aged seeds. In contrast, their oxidative products steadily start to
fade away whereas other proteins are carbonylated after imbibition, implying that
some specific proteins with certain functions are selectively oxidized for completing
seed germination (Galland et al., 2014; Job et al., 2005; Rajjou et al., 2006; Rajjou
et al., 2008).

To study seed longevity under dry storage in a limited time, elevated partial pressure
of oxygen (EPPO) is applied as it is an innovative way to mimic and stimulate seed
dormancy release and ageing under controlled relative humidity and temperatures
(Groot et al., 2012). In brief, the principal is that higher pressure increases the
absolute oxygen concentration but maintains relative oxygen concentration like that
is present in ambient air. In Arabidopsis, EPPO exposure shortens the whole seed
lifespan curve to around half a year, whereas seeds are able to survive almost a

decade under lab bench conditions (Buijs et al., 2018; Buijs et al., 2020; Groot et al.,
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2012). In this chapter we aim at investigating how and if degradation patterns of seed
stored transcripts and proteins under oxidative stress correlate to transitions of
physiological seeds states during the Arabidopsis seed life span. We hypothesize
that the translation of seed stored mMRNAs is essential for seed germination and that
degradation of these critical transcripts are the cause of the inability of aged seeds
to germinate. We used degradome sequencing and RT-qPCR to determine the
degradation patterns of the mRNAs of three main seed physiological stages: freshly
harvested dormant seeds, fully after-ripened (non-dormant) seeds and non-
germinating (aged) seeds obtained by EPPO treatment. We revealed mRNA
degradation patterns during seed ageing and show that this degradation correlates
with the germination capacity of seeds. Moreover, we have a strong indication that
the degradation of monosome associated transcripts is delayed. In addition, the
carbonylation of storage proteins increased during seed ageing eventually also

leading to the carbonylation of other high molecular weight proteins.
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Results

Stable RNA integrity during seed life span under EPPO treatment

To study the effect of oxidation on the seed life span, delay of germination 6 (dog6-
2)lanac060-2 seeds were aged using the EPPO treatment (Fig. 1A). The mutant was
chosen for this study since it has a prolonged dormancy compared to the standard
laboratory accessions Landsberg erecta or Columbia. Seed germination was
analysed at different time-points from 0 to 115 days of EPPO treatment. During the
first period, 0 day to 13 days, seed dormancy was fully released. From 13 days
onwards seeds started to gradually lose vigour and could not germinate anymore.
To confirm the loss of viability in the 115 days EPPO treated seeds the seed coats
were taken off. Removal of the seed coat releases the physical constrain of the
embryos surrounding layers and allows elongation of the radicle of seeds that have
a reduced viability, however not of dead seeds. Viable seeds germinate within two
days after removal of the seed coat, seeds after 115 days of EPPO did still not
germinate five days later after removing the seed coat and were considered to be
dead.

Total RNA was extracted at every time-point of seed life span curve (Fig. 1A). RNA
integrity was detected using the Qubit RNA IQ assay and the Agilent bioanalyzer
2100 (Mueller et al., 2004). The Qubit RNA IQ Assay is a fast and easy method to
determine the quality and integrity of two different sizes of RNAs. Large/intact RNAs
and small/degraded RNAs are bound by different dyes. RNA integrity numbers (RIN)
represent the RNA fragments size distributions which are measured through laser-
activated fluorescence, higher RIN values indicate a better RNA integrity (Schroeder
et al., 2006). Both methods indicate that the RNA quality was stable over the whole
seed life span (Fig. 1B and 1C).
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Figure 1. RNA integrity remains stable in seed life span curve generated using EPPO treatment. A,
Germination percentages of dog6-2 mutant seeds after EPPO treatment. From O until 13 days the
pressure was 8MPa from 13 days onwards the pressure was increased to 20MPa. The conditions during
the EPPO treatment were kept constant at 55% RH and ambient temperature. Three representative
physiological seed states are indicated by the red dot, from left to right these represent freshly harvested,
dormant seeds, fully after-ripened non-dormant seeds and aged, dead seeds. Means and the standard
error of three replicates are shown. B, RNA integrities of samples at different time-points (0, 4, 10, 13, 24,
52,73, 103 and 115 days) during EPPO measured by the Qubit RNA IQ Assay. C, RINs measured using
the bioanalyzer, after 0 (freshly harvested dormant seeds), 52 (fully after-ripened, non-dormant seeds)
and 115 days (aged, dead seed) of EPPO treatment. RIN: RNA integrity number, higher value stands for
better RNA integrity level. The RIN values are means of triplicates + SE. Bars are the standard error of

the mean value.

Seven representative mRNA degradation patterns during seed ageing

To discover whether mMRNA degradation patterns during seed ageing correlate with
seed physiological states, degradome analyses were performed (German et al.,
2009). These analyses are based on the identification of transcripts that lack the 5'-

cap (and instead contain a 5 monophosphate) but have an intact 3’ poly(A) tail. The

84



Degradome analyses during seed ageing

analyses have been performed on dry seeds that represent three different seed ages;
freshly harvested dormant seeds (0 day of EPPO), fully after-ripened non-dormant
seeds (13 days of EPPO) and aged, dead seeds (115 days of EPPO) (Fig. 1A).
Using high-throughput sequencing specifically the 5’ ends of partially degraded
mRNA molecules are sequenced. Quantification of the resulting sequencing reads
was performed and further normalized based on the transcript length, demonstrated
as transcript-per-million values (TPM) ultimately (Langmead, Ben et al., 2012; Li et
al., 2011). To reveal expression patterns that correlate with the germination patterns
the transcripts were clustered based on their expression values. In total, seven
representative clusters have been identified. The transcript numbers and length
distributions of each cluster are shown in Fig. 2. Clusters 1 and 2 represent
transcripts for which the degradation increases with ageing time. In Cluster 1 the
transcripts gradually become more degraded from 0 to 13 days of EPPO and show
a steep increase between 13 and 115 days. In cluster 2 the number of degraded
transcripts accumulates following a nearly linear pattern. Cluster 3 to 6 represent
transcripts for which the degradation decreases, either from the beginning or at later
phases during the EPPO treatment. In cluster 3 transcripts start with a higher level
of degradation which slowly decreases in the after-ripened seeds and thereafter
dramatically drop in the aged seeds. Cluster 4 differs from cluster 3 in the sense that
there is an increase of degraded transcripts in the fully after-ripened dormant seeds,
thereafter the levels of degraded transcripts drop again. Cluster 5 shows a striking
decline in number of degraded transcripts from 0 to 13 days of EPPO whereas the
level of degradation remains stable afterwards. In cluster 6 there is an initial low level
of transcript degradation which is followed by a strong increase in the fully after-
ripened seeds and a reduction again in aged seeds. In Cluster 7 the initial level of
transcript degradation is much higher than that in the fully after-ripened seeds and
the level of degraded transcripts increase again in the aged seed to levels similar as
at the starting point (Fig. 2A). The clusters where investigated for their average
transcripts length and this revealed that the transcripts in cluster 3 and 4 were

significantly longer than those in other clusters (Fig. 2B).
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Figure. 2 Seven distinctive degradation patterns of seed stored mRNAs during seed ageing. A,
Cluster analyses performed on all identified mRNAs. Clusters representing the degradation patterns
identified in seeds at three physiological stages, 0 (freshly harvested dormant seeds), 13 (fully after-
ripened, non-dormant seeds) and 115 days (aged, dead seed) of EPPO treatment. For each transcript
the Z-score (number of standard deviations above or below the mean) is presented (gray lines) for each
physiological stage. A representative gene model is represented by the black line in every cluster. The

number of transcripts in each cluster is indicated. B, Transcript length distribution of each cluster.

The critical roles of seed stored MRNAs have been highlighted by different studies
(Bai et al., 2020; Bazin et al., 2011; Kimura et al., 2010; Nakabayashi et al., 2005;
Raijjou et al., 2004; Zhao et al., 2020). Bai et al. (2020) identified 112 transcripts that
are monosome bound and translationally up-regulated during early seed germination
(Supplemental table 1). These mRNAs are predicted to be protected by ribosome
complexes in the dry seed and their protection is hypothesized to be important for
seed germination. To investigate the degradation patterns of these 112 transcripts,
we looked for overlap with the genes identified in the different clusters. Although the
monosome associated mRNAs appear in all clusters, by far the most of them show

an increased degradation pattern, represented by cluster 1 and 2 (Fig. 3).
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Figure 3. Distribution of the 112 monosome bound mRNAs in the seven degradation clusters. Venn
diagram showing the distribution of the 112 monosome bound mRNAs that are translationally up-
regulated during earlier seed germination. The number of mMRNAs in each comparison are indicated. List
of overlapped mRNAs between 112 monosome bound mRNAs and every cluster is presented in

Supplemental table 2.

To identify the differentially degraded mRNAs in dry seed following seed ageing,
every physiological seed state was compared to the other stages, i.e 0 vs. 13 days
of EPPO, 13 vs. 115 days of EPPO and 0 vs. 115 days of EPPO. From 0 to 13 days
of EPPO, 140 differentially degraded mRNAs were idenfitied. Seven of them show
increased degradation and rest of them decreased degradation (Fig. 4A,
Supplemental table 3). Notably, only one of these transcripts (AT2G41905) belongs
to the 112 monosome associated transcripts which is down-regulated during the
seed life span. This gene is described to be a transmembrane protein matches
arabinogalactan protein 23 and is related to higher cell wall extensibility (Mabuchi et
al., 2016). From 13 to 115 days of EPPO the ratio of transcripts that show an

increased degradation (546) and those that show a decreased degradation (425) is
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close to one. The monosome associated mRNAs are mostly found among the
transcripts that show an increased degradation (Fig. 4B, Supplemental table 3). The
highest number of differentially degraded transcripts are found when comparing 0 to
115 days of EPPO, 1008 and 940 mRNAs are significantly elevated and declined in
degradation respectively. 18 monosome bound transcripts are remarkably more

degraded in the dead seeds (Fig. 4C, Supplemental table 3).
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Figure 4. Differentially degraded transcripts during seed ageing. MA-plots, representing the log ratio
of differential expression as a function of the mean intensity, for the different comparisons, A, 0 to 13 days
of EPPO, B, 13 to 115 days of EPPO and C, 0 to 115 days of EPPO. The mRNAs that are significantly
increased in degradation are highlighted in red, mRNAs are significantly reduced in degradation are
highlighted in blue, the ones that are overlapped between 112 specific mRNAs and significantly up- and

down- expressed in degradome are displayed in light green, non-significant mMRNAs are shown in grey.

Fate of seed stored mRNAs in imbibed seeds

The degradome analyses identified mMRNAs which were degraded from the 5’ site of
the transcript but did not provide insight into the degradation information close to 3’
site of the mRNA neither allowed for quantification of the (full length) transcript levels.
To provide more insight into these aspects we performed RT-gPCR analysis on a
subset of the 112 monosome associated transcripts that are translationally

upregulated during early seed germination. Note that RT-qPCR does not determine
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whether mRNAs are oxidized. If present, the mRNA it will be synthesized into cDNA
and amplified in the consecutive PCR. In total 23 gene transcripts have been
investigated by RT-gPCR (Fig. 5 and Supplemental figure 1), the ones that were
also found to be differentially degraded are shown in Table. 1 with a description of
their function. There is no mRNA among these 23 selected ones being more
degraded during dormancy release process (0 day EPPO-13 days EPPO), six
mRNAs are more degraded during seed ageing (13 days-115 days EPPO), all
together nine mRNAs significantly accumulate degradation from fresh seeds (0 day
EPPQO) to aged seeds (115 days EPPO). Generally, four different expression
patterns were recognized, these are described in more detail using an example gene
for each category (Fig. 5), profiles of all tested genes can be found in Supplemental

figure 1.

Table 1. Nine out of 23 monosome bound mRNAs significantly show increased degradation during
the seed life span. The respective gene ID, gene names and description are indicated, the bold ones
are mRNAs showing significant changes in these two comparisons: 13 to 115 days EPPO and 0 day to

115 days EPPO.

Gene ID Other names Description

AT5G37670.1 HSP15.7 HSP20-like chaperones superfamily protein
AT5G04750.1 F1F0-ATPase inhibitor protein
AT4G35570.1 HMGBS High mebility group B5

AT4G22220.1 ATISU1 SufE/NifU family protein

AT3G60640.1 ATG8G Ubiquitin-like superfamily protein
AT2G25720.1 Hypothetical protein

AT4G29350.1 ATPRF2 Profilin 2

AT1G45145.1 | ATHS Thioredoxin H-type 5

AT2G16600.1 ATCYP18-1 Rotamase CYP 3

The patterns are described using four example genes, 1. AT2G16600, 2.
AT4G22220, 3. AT4G35770 and 4. AT5G04750. AT2G16600, AT4G35770 and
AT5G04750 belong to cluster 1 and AT4G2220 is in cluster 2 (Fig. 3). Both of the
clusters display an increasing degradation level during seed ageing which suggests
a correlation between the degradation of these mRNAs with a reduction in
germination capacity (Fig. 2). For AT2G16600 and AT4G2220, the accumulation of
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degraded ftranscripts is gradual, but significant when comparing the initial
degradation level at 0 days of EPPO to that at 115 days of EPPO. AT4G35770 did
not significantly change during the ageing period. AT6G04750 transcripts degraded
significantly during seed ageing (0-115 days of EPPO) with a steep increase from
13 to 115 days of EPPO (Fig. 5A). For the representative transcripts’ expression
pattern 1, AT2G 16600, the transcriptome and translatome expression levels were
both significantly increased after 6 hours imbibition (Bai et al., 2020) (Fig. 5B).
AT2G 16600 expression was stable during the ageing process in dry seeds, however
it significantly decreased after 115 days of oxidative ageing in 3 hours imbibed seeds,
detected at both 5’ and 3’ site of the transcripts (Fig. 5C, 5D). This gene is annotated
as ATCYP19-1, CYCLOPHILIN 19, CYP19, ROC3, ROTAMASE CYP 3 and is
predicted to be involved in protein peptidyl-prolyl isomerization, protein refolding,
signal transduction and is located in the mitochondrion, chloroplast and plasma
membrane (Swarbreck et al., 2007). Pattern 2, the expression of AT4G22220
severely declines at the transcriptome level whereas it elevates at the translatome
level after 6 hours imbibition (Bai et al., 2020) (Fig. 5B). Different from previously
mentioned genes, fold change of 5’-site amplified expression level of this gene was
significantly lower than 3’-site amplification when comparing the absolute transcripts
levels between these two sites at both dry and 3 hours imbibed seed states in seed
lifespan. At the 3’ site, from 13 days to 115 days ageing process, the expression was
sharply reduced in imbibed seeds (Fig. 5C, 5D). AT4G22220 is annotated as
ATISU1, ISU1T and encodes a mitochondrial protein and is located in the
mitochondrion (Swarbreck et al., 2007). Pattern 3, the expression of AT4G35770 is
dramatically decreased at the transcriptome level after 6 hours imbibition, whereas
expression at translatome is stable during imbibition (Bai et al., 2020) (Fig. 5B).
Expression of both the 5’ and 3’ site was stable throughout the whole seed life span
at the dry seed state. After 3 hours of imbibition, the transcript levels increased from
dormant to non-dormant seed state, for both sites of the mRNAs. For the 3'-site,
expression levels also increased when the seeds further deteriorated. There were

no additional changes visible for the 5’-site of the mRNAs (Fig. 5C, 5D). This gene
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is named ARABIDOPSIS THALIANA SENESCENCE 1, ATSEN1, DARK
INDUCIBLE 1, DIN1, SEN1, SENESCENCE 1, SENESCENCE ASSOCIATED
GENE 1. Itis a senescence and ageing associated gene, responds to jasmonic acid
and oxidative stress (Swarbreck et al., 2007). For pattern 4 (AT5G04750) the
transcriptome levels are constant whereas the translatome is reduced after 6 hours
of imbibition (Bai et al., 2020) (Fig. 5B). In the dry seeds, the expression levels
dropped already after 13 days of EPPO treatment. From 13 days onwards until the
aged state, the expression was slightly increased but was not significant compared
with first two time- points. In imbibed seeds, the expression decreased along with
the germination capacity during the seed life span curve, the lowest expression was
reached after 115 days of EPPO, as identified for both sites of the mRNAs (Fig. 5C,
5D). AT5G04750 encodes a T1F0-ATPase inhibitor protein which is involved in
negatively regulating ATPase activity. It is located in various places including

mitochondrion and the plasma membrane (Swarbreck et al., 2007).

91



Chapter 4

p=3
L8]
=]
=

_ 270 50 220
=
2 260 200
S 150 48
2 250 180
g 2 46
P 5 100 240 160
N 44
3 230 140
c 42
= 220 120
0 210 40 100 )
0 13 115 0 13 115 0 13 15 0 13 115 Time: Days
B M 96 90 9.0 .
. e —+ Transcriptome
g 10 94 85 85 —=— Translatome
59 92
'§ 80 80
5 8 9.0 -
fif 75 75
7 8.8
6 86 7.0 7.0
Dry 6 HAI Dry B HAI Dry 6 HAl Dry & HAI
C 100 10 2%
—— Dry seeds
-_% 15 80 8 20 — Imbibed seeds
o
5 6 ) 15
00 e —
% 4 | 10
&
=2 5 2 5
w
0 0 0 )
0 13 115 0 13 115 Time: Days
D
20 10 25
£
w 15 8 20
e 3 15
2 10
2 4 10
5
E 5
£ 2 5
0 0 0 0
0 13 15 0 13 15 0 13 115 0 13 115 Time: Days
1. AT2G16600 2 AT4G22220 3 AT4G35770 4 AT5G04750

Figure 5. Transcript degradation as investigated by RT-qPCR. 1. AT2G16600; 2. AT4G22220; 3.
AT4G35770; 4. AT5G04750. A, Degradation patterns of four example genes during seed ageing.
Asterisks stand for the significant changes as indicated by dashed lines between the different EPPO
treatments. B, Transcriptional and translational patterns of the selected gene in dry and 6 hours imbibed
(HAI) seeds as published by Bai et al. (2020). Green asterisks represent significant changes for the
transcriptome and dark yellow asterisks for the translatome. C and D respectively present the fold change
of 5" and 3’ sites of MRNAs in dry and 3 hours imbibed seeds at three time-points during seed ageing (0,
13 and 115 days of EPPO treatment). Green asterisks indicate the significant differences for the dry seed
and dark yellow asterisks for imbibed seeds between the different physiological seed states. The
horizontal lines refer to comparisons between the time-points, vertical lines and black asterisks refer to
the significance between dry and imbibed seeds at the different time-points. The average represents
relative mRNA levels + standard errors of three replicates are presented. Statistical analyses were

performed by two-way ANOVA. *: P <0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001.
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Seed storage proteins carbonylation accumulates during seed ageing

The level of protein carbonylation accumulates both during artificial seed ageing as
concluded from experiments that used a controlled deterioration test (CDT) and
during natural ageing in dry seeds, whereas it disappears after seed imbibition (Job
et al., 2005; Rajjou et al., 2008). To investigate carbonylation patterns of storage
proteins after EPPO treatment, total proteins were extracted from dry and 3 hours
imbibed seeds after 0, 13 and 115 days of EPPO. Protein carbonylation patterns
were detected based on the switch from 2,4-dinitrophenylhydrazine to form the 2,4-
dinitrophenylhydrazone in carbonylated proteins (Levine et al., 1990; Levine et al.,
1994). In dry seeds, there is an increase in carbonylated proteins during seed ageing
(Figure. 6B). The a-cruciferin band which is visible already in the mature dry seeds
became more intense over time, while the B-cruciferins and napins that have smaller
molecular weights become carbonylated from 13 days of EPPO onwards. Notably,
some high molecular weight non-storage proteins also become carbonylated after
115 days of seed ageing. A similar protein carbonylation pattern was also observed
in 3 hours imbibed seeds (Fig. 6D).

Seed storage proteins were hypothesized to act as buffers against oxidative stress
(Job et al., 2005; Nguyen et al., 2015). To analyse the role of seed storage proteins
over natural seed ageing, the carbonylation patterns of the cruciferin crua crub cruc
triple mutant (cruabc) and its wild type Col-0 were studied after seven years of
natural ageing. The cruciferin triple mutant showed a significantly lower germination
percentage than the wild type Col-0 seeds, however both still germinated to higher
than 85 percent (Fig. 7A). The cruciferin triple mutant exhibited a stronger
carbonylation in the B-CRU and NAPIN area of the blot, possibly caused by other
proteins that are prone to carbonylation and have similar molecular weights. Also,
here high molecular weight non-storage proteins are stronger carbonylated in the

triple mutant seeds than in Col-0 (Fig. 7C).
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Figure 6. Protein carbonylation patterns of dry and imbibed Arabidopsis seeds using gel

electrophoresis. A, Total protein loading control of dry seeds stained with Coomassie Brilliant Blue of

dry seeds. B, Carbonylated proteins in dry seeds. Detected by immunoblotting using the anti-DNPH

antibody, after derivatization of the carbonyl groups with 2,4-dinitrophenylhydrazine (DNPH). C, total

protein of imbibed seeds stained with Coomassie Brilliant Blue of imbibed seeds. D, Anti-DNPH

immunoblot of imbibed seeds. Seeds were treated with EPPO for 0, 13 and 115 days. Three and two

biological replicates for each time-points are shown respectively in B and D. The protein bands were

annotated based on Nguyen et al. 2015.

94



Degradome analyses during seed ageing

A 100 B c
*
)
a
=
80 —
2 150
sa 100
9.\0. 75 .
S 60 — 50
E 37 -
5 40
b 25 .
20 - 20 -
15
10
0= e e —_—
Col-0 Cruabe Col-0 Cruabe Col-0 Cruabe

Figure 7. Protein carbonylation of seed storage protein in natural ageing seeds. A, Germination test
for Col-0 and cruabc. B, Gel electrophoresis, stained with Ponceau staining, of total protein extract of the
seeds. C, Carbonylated proteins of the same samples. It was detected by immunoblotting with anti-DNPH
antibody, after derivatization is the carbonyl groups with 2,4-dinitrophenylhydrazine. Col-0 and triple
cruciferin mutant abc (cruabc) seeds were both harvested in 2013 and naturally aged. Standard errors of

four replicates are presented. Statistical analyses were performed by student t-test. *: P < 0.05.
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Discussion

Seeds contain large amounts of stored molecules, including mRNAs and proteins.
We have studied the integrity of these molecules to reveal whether this correlates
with seed longevity and thus can explain why aged seeds cannot germinate. The
importance of the protection of seed stored mRNAs for seed survival was
hypothesized based on the finding that a large proportion of the mRNAs are
associated with monosomes and translationally upregulated during early seed

germination (Bai et al., 2020).

Seed ageing using EPPO treatment

To study the effect of ageing on the integrity of seed stored molecules seeds have
to be aged. Long storage times can be overcome by the use of artificial ageing
techniques such as controlled deterioration test (CDT), accelerated ageing (AA) and
EPPO (Buijs et al., 2018; Buijs et al., 2020; Demir et al., 2008; Groot et al., 2012;
Gutierrez et al., 1993; Powell et al., 1981; Rodo et al., 2003). CDT and AA make use
of high temperature and high relative humidity. EPPO which is based on the increase
of the absolute amount of oxygen can be performed at ambient relative humidity and
temperature (Groot et al., 2012; Rajjou, Loic et al., 2008; Tesnier et al., 2002). EPPO
treatments have been performed on seeds of several species, including barley,
soybean, cabbage, lettuce and Arabidopsis. Recently, using a genetic approach it
was shown that EPPO very well mimics dry storage in Arabidopsis. Quantitative trait
locus (QTL) analysis after EPPO treatment led to the identification of both dormancy
(DELAY OF GERMINATION; DOG loci) and ageing related QTLs (GERMINATION
ABILITY AFTER STORAGE; GAAS) that were earlier identified in naturally stored
dry seeds (Buijs et al., 2018; Buijs et al., 2020; Groot et al., 2012; Nagel et al., 2016).
The overlap between loci identified by natural ageing and EPPO was much higher
than that for seeds aged by CDT (40-60% relative humidity, 20-22°C) (Buijs et al.,
2018; Buijs et al., 2020; Nguyen et al., 2012). Moreover, the higher absolute amount
of oxygen in the EPPO treatment contributes to studying the specific roles of oxygen
during the seed life span. To control the ageing and to ensure that also seed

dormancy release could be measured we have made used of EPPO at a controlled

96



Degradome analyses during seed ageing

relative humidity (55%) and temperature (20°C) (Buijs et al., 2018; Groot et al., 2012).
The freshly harvested seeds were dormant, meaning that they did not germinate
under conditions that favour seed germination. EPPO treatment for 13 days at 8MPa
resulted in full after-ripening and increased the germination capacity of the seeds to
100%. A continuation of the EPPO treatment at 20MPa led to deterioration and a
complete loss of the germination ability. The germination capacity seeds at different
time-points during the EPPO treatment resulted in the typical seed life span curve
(Fig. 1A).

Arabidopsis dry seed RNA integrity parameters are no read-out for seed
germination ability

our study did not identify differences in integrity of total RNA extracted from dry
seeds at different physiological stages, indicating that the RNA integrity of dry
Arabidopsis seeds cannot be used to predict seed viability during seed ageing (Fig.
1B, 1C). This is in contrast to an earlier finding where for dry soybean seeds, which
were collected and kept at 5°C and around 35% relative humidity from 1989 to 2015,
a negative correlation between the integrity of the RNA and seed viability was shown
(Fleming et al., 2017). The differences between the study by Fleming et al (2017)
and our analyses might be caused by the different environmental conditions, such
as temperature and relative humidity. Another study by Fleming, M. B. et al. (2018)
on the same batch of soybean seeds showed that the fragmentation level of mRNA
which were extracted from embryonic axes correlated to the length of the transcripts,
where longer transcripts show more fragmentation. This suggests that longer RNAs

are more vulnerable for degradation whereas shorter mRNAs are more stable.

Seed degradome analyses reveal severe mRNA degradation during seed
ageing

To more specifically investigate the integrity of mRNAs we have performed
degradome analyses. Degradome analysis are widely applied to detect cleavage
sites of degraded mRNAs by microRNAs (Karlova et al., 2013; Pantaleo et al., 2010;
Xu etal., 2012). Based on the selection of monophosphorylated 5’ parts of 3’'poly(A)
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containing mRNAs, parallel analysis of RNA ends (PARE) sequencing for the
identification of the fragments was performed (German et al., 2009; German et al.,
2008).

In total, we found 16,342 5 monophosphorylated transcripts which represented
seven different degradation patterns (Fig. 2). We also identified differentially
expressed genes in each physiological state comparison during seed life span, for
example, from fresh and dormant seed state to aged and dead seed state, 1008 up-
and 940 down- regulated genes were respectively present (Fig. 4). Earlier it has
been suggested that mMRNA breakage and fragmentation occur randomly in aged
Arabidopsis and soybean seeds (Fleming et al., 2018; Zhao et al., 2020). Our current
analyses cannot confirm that since we have not yet analysed the mapping of the
sequenced fragments on the genome. Moreover, we specifically isolated 5
monophosphorylated with intact 3’ Poly (A) mRNAs which excludes the identification
of mRNAs that lack the 3’part.

mRNA degradation during seed dormancy release

Based on the degradome expression patterns seven different clusters were
identified (Fig. 2A). The dormancy release phase (from 0 to 13 days EPPO) is
represented by cluster 1, 2, 4, 6 showing an elevated level of degradation at 13 day
of EPPO compared to 0 days of EPPO (Fig. 2A). This implies that these transcripts
become more degraded during after-ripening. To explore the degradation patterns
of specific genes differential expression analyses were performed (Fig. 4). During
dormancy release, comparing freshly harvested seeds to fully after-ripened non-
dormant seeds, mostly transcripts show a reduction in degradation (meaning that
the abundance was higher in the dormant stage compared to the non-dormant stage).
We hypothesize that these mRNAs are remnants from seed maturation and that the
pool of these MRNAs is depleted when seeds are after ripened. It could even be that
these mRNAs have to be degraded before the seed is able to germinate, meaning
that they inhibit seed germination. We have only investigated dry seeds, which are
thought to be in a glassy and quiescent state lacking enzymatic activities (Buitink et

al., 2008; Sun et al., 1994). Thus, the degradome that we identify is most likely a
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consequence of MRNA turnover by non-enzymatic activities or environmental stimuli
such as oxidation (Borbolis et al., 2015). However, the degradome that we identify
in dry dormant seeds could also be the result of degradation during seed maturation,
a stage in which enzymatic reactions are still possible. Earlier the 5’ to 3’ decay
pathway has been confirmed to be involved in Arabidopsis seed dormancy release.
Exoribonuclease4 (xrn4) and varicose (vcs) mutants showed definite dormancy
phenotypes, transcriptome analysis performed on these two mutants discovered the
degradation of certain specific mMRNAs regulating seed dormancy (Basbouss-Serhal
et al., 2017). Hence, it would be interesting to select genes from our analysis and
perform mutant analysis to confirm the roles in seed dormancy release. Moreover,
mRNA degradation during dormancy release is consistent with results presented by
Bazin et al. (2011) who evaluated the oxidation of stored mMRNAs by analyzing the
level of oxidative nucleic acid product 8-hydroxyguanosine (8-OHG) leading to
protein translation alteration in sunflower seeds. For 24 mRNAs a positive correlation
between increased mMRNA oxidation and a reduced dormancy level was found (Bazin
etal., 2011).

mRNA degradation during seed deterioration

Half of the seed stored mRNAs are associated with monosome complexes and 17%
of these (112 genes) are translationally upregulated during early seed germination,
suggesting that a subset of the stored mRNAs is being protected by ribosomes to
ensure translation during early germination (Bai et al., 2020; Kimura et al., 2010;
Nakabayashi et al., 2005; Raijjou et al., 2004; Sano et al., 2012). To explore this
assumption, we analysed the appearance of the 112 monosome associated
translationally upregulated mRNAs in the different clusters. Interestingly, 50% of
these mRNAs occurred in clusters (1, 2 and 6) that represent mRNAs that
accumulate in the degradome during seed ageing (Fig. 3). The monosome
associated transcripts are also more pronounced in the degradation upregulated
differentially expressed mRNAs compared to the down regulated genes. We
consider transcripts that decrease in the degradome as being depleted and expect

that these transcripts were more prone to degradation than the transcripts that
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increase in the degradome and thus the latter could be considered to be more stable.
In line with this theory our data suggests that the monosome associated transcripts
are more stable, which would confirm the hypothesis that association to ribosomes
could protect mMRNAs (Bai et al., 2020).

From dry to rehydrated seeds: can de novo transcription of seed stored
mRNAs rescue seed germination

Upon seed imbibition de novo transcripts are synthesized (Bewley ef al., 2012).
Whether the damage that has occurred to seed stored mMRNAs is detrimental also
depends on whether these transcripts can be produced during seed imbibition. To
explore this, we have performed RT-qPCR for a set of 23 genes in dry and imbibed
seeds at the three physiological seeds that were also investigated at the degradome
level (Fig. 5). The degradation of RNAs mainly starts from three positions by three
major enzymes, 5’ exonuclease trims RNA from 5’ site, 3’ deadenylase shortens
RNA from 3’ site, and endonuclease cleavages RNA internally (Houseley et al., 2009;
Tourriére et al., 2002). Thus, to be able to detect the whole mRNA we designed
primers at both the 5 and 3’ site of the mRNA. In dry seed states, transcripts
expression levels were stable overall in seed life span (Fig. 5C, 5D). This seems in
contrast to the degradation patterns that we earlier described but can be explained
by the fact that broken mRNAs and de-capped mRNAs were reversely transcribed
to cDNAs and thus amplified. Although most of the genes showed an increased
expression in the imbibed seeds when compared to dry seeds this expressed ceased
in the aged seeds (Fig. 5C, 5D). A clear example is AT2G 16600, at 3 hours imbibition
its transcript levels are significantly higher than in dry seed in freshly harvested (0
day EPPO) and fully after-ripened non dormant seed (13 days EPPO), however not
in aged, dead seeds (115 days EPPO) (Fig. 5C, 5D). This suggests that At2G 16600
might be degraded by oxidation and mRNA surveillance or de novo transcription
could not ensure the presence of the transcript and thus the contribution of this gene
to the seed germination. Likely it is not the lack of a single gene that causes the lack
of germination and it cannot be excluded that other factors e.g., cell wall integrity,

other cellular damage or a combination of factors are the actual reason that the seed
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is not able to germinate anymore. The importance of certain mRNAs can be
investigated using mutants or overexpression lines for their seed longevity

phenotypes.

Seed storage proteins act as buffers against oxidative stress during seed
ageing in natural and artificial ageing systems

During seed maturation seeds become desiccation tolerant and accumulate storage
compounds (Goldberg et al., 1994). In Arabidopsis seeds, the major seed storage
proteins (SSPs) are 2S and 12S proteins that together represent around forty
percent of the dry seed weight (Baud ef al., 2002; Mansfield et al., 1992). Because
of their abundance SSPs serve as a main target of oxidation (Davies, 2005) and
especially are carbonylated during Arabidopsis and pea seed germination (Barba-
espin et al., 2011; Job et al., 2005). The two main SSPs, cruciferins (12S globulins)
and napins (2S albumins), have been reported to play a role in seed longevity. The
cruciferin triple mutant (cruabc) and the NAPIN RNA. line exhibited shorter longevity
compared to wildtype Col-0 (Nguyen et al., 2015). Furthermore, it was shown that
SSPs, mainly cruciferins, are carbonylated by oxidation and this has been proposed
to be important to protect other essential proteins from oxidative damage (Job et al.,
2005; Nguyen et al., 2015; Wan et al., 2007). We show that the protein carbonylation
pattern in dry seed state after both EPPO treatment and seven years of natural
ageing was consistent with the study by (Nguyen et al., 2015). The level of oxidized
cruciferins and napins increased during ageing, confirming the protective role of
these proteins (Fig. 6B, 7C). Although most seed storage proteins have disappeared
during seed imbibition, still severe carbonylation of a-CRU was detected (Fig. 6D).
This is in contrast to earlier studies that described the disappearance of SSPs
carbonylation and other protein carbonylation during imbibition (Job et al., 2005).
The differences between our and earlier studies might be based on the imbibition
time and conditions. Moreover, the identification of the carbonylated proteins in the
SSP mutants could reveal which protein might be essential for germination and thus

need to be protected during seed storage.
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Conclusions and perspectives

We found that RNA integrity is not associated with seeds viability when seeds are
kept at dry state. We identified severe mRNA degradation during seed storage and
our data suggests that the degradation of mMRNAs that are known to be associated
to ribosomes in dry seeds correlated with lack of germination in aged seeds.
Phenotypic analyses in mutants that lack these mRNAs should provide more
information on whether these mRNAs are indeed essential for seed germination. In
addition, it would also be interesting to see where in the cell these mRNAs are stored
and whether in addition to ribosomes other proteins contribute to their protection.
Besides the functional analyses of specific genes more information can also be
obtained from the degradome data analyses. The information that is present in the
data set is ample and so far, only a fraction of this is analysed. Additional analyses
could include motif, guanine-cytosine (GC) content and Gene Ontology analyses on
both the clusters and the differentially expressed mRNAs. Motif analysis could lead
to the identification of specific sequence motifs in the mRNAs that are involved in
recruiting certain specific RNA-binding proteins that act as a protective structure
during storage. Gene Ontology analyses can help to understand the roles of
transcripts during seed germination or other stages during the seed life span. As
known, the mRNA degradation pathway needs enzymatic activity, but degradation
pattern analysis in our study is performed in dry seed state which lacks active
enzymes. Therefore, it might be interesting to explore the specific interaction

between mRNA and oxidation which results in seed death eventually.
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Materials and Methods

Plant materials and growth conditions

The mutant dog6-2 (SALK_012554, T-DNA insertion in the second intron region)
originates from NASC (the Nottingham Arabidopsis Stock Centre).

After-ripened seeds were grown on 4 X 4 cm Rockwool blocks in a climate room at
20 °C/ 18°C (day/ night) under a 16hs artificial light (150 umol m2 s*') photoperiod
and 70% relative humidity. Plants were watered with a standard nutrient solution and

three times per week.

Seed germination experiments

Germination test were derived from (Joosen et al., 2010) for a period of 7 days.
Basically, in each plastic tray (15 x 21 cm), 2 layers of blue paper with 48 mL demi
water, 50-100 seeds were sown using a plastic sheet with 6 round holes for the
accurate position. After sowing the trays were piled and packed into transparent

plastic bags and placed into an incubator with 22°C, 30 W m2 continuous light.

Germination parameters

Each day, pictures were taken at 2 times at 9 AM and 5PM for 7 days. Germinator
package was used to analysis germination (Joosen et al., 2010). GMAX: maximum
germination percentage was applied for describing the germination ability. The
germinator curve-fitting script makes it possible to statistically compare the

significance among the samples by Student’s t-test.

Seed longevity experiments under EPPO treatment

Seeds were harvested and the initial germination percentage was investigated
before EPPO treatment, it was confirmed that at 0-day seed samples were dormant.
In total, eight 1.5L steel tanks and 32 tubes were prepared for releasing seed
dormancy and reducing seed longevity during several periods. Seeds were aliquoted
to 50mg and stored into tubes with a lid that contains holes, one piece of paper was
used between seeds samples and lid to avoid seeds dispersal. The samples were

placed into tanks with a controlled relative humidity (55%) by adding dry silica gel.
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The pressure in the tanks, initially 8MPa was used for releasing seed dormancy,
afterwards, 20MPa was applied for ageing seeds. After different storage periods,
samples were taken out and compared the germination test until seeds did not

germinate anymore (Groot et al., 2012).

Candidate genes selection and primers design for gene expression analysis
by RT-qPCR

The selection was based on (Bai et al., 2020), after 6 hours imbibition, 112 stored
monosomes associated mRNAs translationally up regulated, among these, 23
genes expression level were high enough to be detected, including Heat Shock
Proteins (HSPs), Late Embryogenesis Abundant (LEA) proteins, Calcium Binding
Proteins, Proline and Glycine rich proteins and some unknown transcripts. The
Arabidopsis Information Resource (TAIR) website and Arabidopsis eFP browser
were also used to confirm the high expression level for dry and 3 hours imbibed
seeds. The list of genes could be found in Supplemental table 4.

The primers were designed by software Primer3Plus (Untergasser et al., 2007). Two
pairs of primers were designed for each candidate gene, one pair of primer
amplification position was close to the ATG site, the other one was near the TAA
site. Both of the primers’ efficiencies were tested and compared significance

between each other, the list of primers could also be found in Supplemental table 5.

cDNA synthesis and gPCR analysis

iScript cDNA synthesis kit (Bio Rad) was used for making cDNAs, in this project, 1
Hg RNA was used from each sample. cDNA samples were one — tenth diluted. g°PCR
was done and analysed according to gPCR guide eurogentec. The master mix was
10 pl for each: 2.5 pl cDNAs, 5 pl SYBR green, 1 pl primers mixtures, 1.5 yl MQ
water. The CFX Bio Rad was used to generate threshold cycle value for each

reaction. Excel and Prism 8 software were used to analysis qPCR result.

Preparation of library and sequencing
Dry Arabidopsis seeds were frozen and ground in liquid nitrogen, and RNA extraction

from dry seeds was executed using a modified protocol which is detailly described
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in Supplemental protocol 1. Purification of 5 monophosphorylated with 3’ poly(A)
RNA was prepared for the PARE library by Vertis Biotechologie AG (Freising,
Germany) following a modified protocol of (German et al., 2009; German et al., 2008)
for high throughput sequencing. The library pool was fractionated in a size range of
200-600 bp. The primers used for PCR amplification were designed for TruSeq
sequencing according to the instructions of lllumina. The cDNA pool was sequenced

on an lllumina NextSeq 500 system using 75 bp read length.

Degradome sequencing analysis and gene expression analysis

The quality of the raw reads was assessed for each sample using FastQC v0.11.5
(Andrews, 2010). rRNA depletion was performed with SortMeRNA v4.1.0 to filter
rRNA fragments from the degradome reads datasets (Kopylova et al., 2012). After
filtering, the degradome data was quantified using RNA-Seq by Expectation
Maximization v1.3.1 (RSEM) (Li et al., 2011). The Araport11 reference cDNA gene
model was prepared for mapping with RSEM-prepare-reference, the reads were
subsequently mapped to the reference genome using a bowtie2 plugin of RSEM-
calculate-expression for strand specific mapping which is able to deal with
ambiguously mapped reads (Cheng et al., 2017; Langmead et al.). Expected counts
were estimated as the sum of posterior probabilities of the maximum likelihood
generated model using an expectation-maximization algorithm (RSEM). Mapped
reads were then (de) compressed and checked using SAMtools and Integrative
Genome Viewer (IGV) (Li et al., 2009; Robinson et al., 2011). Hierarchical clustering
with complete linkage was performed to visualize distinct degradation kinetics over
the course of EPPO treatments. To filter out genes that were very low in abundance,
filtering of the gene set was performed to only keep genes that have a minimum of
3 reads per sample. In hierarchical clustering, transcript-per-million (TPM)
abundance estimates by RSEM were used. Differential expression analysis was
done in DESeq2 v1.28.1 (Love et al., 2014). DESeq2 worked by first estimating size
factors to correct for the library size (Anders et al., 2010). Dispersion estimates were
then calculated for fitting the model and counts were shrunk towards the fitted curve

(McCarthy et al., 2012). Differential expression was tested in a negative binomial
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generalized linear model (negative binomial Wald test) (Love et al., 2014). Results
were extracted for p-value significance adjusted for false discovery rate cut-off of
0.05 with the Benjamini-Hochberg approach. No log-fold-change threshold was set,

and a Cook’s distance cut-off was used (Benjamini et al., 1995; Cook, 1977).

Protein carbonylation setup

The full protocol is described in supplemental protocol 2.
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Supporting Information
Supporting information can be downloaded by scanning the QR code

or from http://www.wageningenseedlab.nl/thesis/ssong/Sl/

Supplemental Figure 1. Expression of selected mRNAs both in dry and 3 hours imbibed seeds.
Supplemental Table 1. List of 112 monosome bounded mRNAs.

Supplemental Table 2. Overlap of monosome associated mMRNAs and the mMRNAs of the different clusters.
Supplemental Table 3. List of differentially expressed mRNAs in each physiological seed state
comparison during seed life span.

Supplemental Table 4. List of 23 selected monosome bound mMRNAs and the function descriptions.
Supplemental Table 5. List of primers used in RT-gPCR analysis.

Supplemental Protocol 1. Optimized RNA extraction protocol from dry Arabidopsis seeds.

Supplemental Protocol 2. Protein carbonylation setup.
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Chapter 5

The world population is predicted to be increased to around 12.3 billion by the end
of the 215t century. This rapid population growth strongly correlates with a higher
demand of the food supply system. The success of food production is largely
depended on how seeds are produced and stored, this is especially important for
the daily food-cereals. Therefore, improving global cereal production has been one
of the main ways to face the global expanding demand for food (Dyson, 1996;
Gerland et al., 2014; Gilland, 2002; Godfray et al., 2010). Seeds are not only used
as commodities but are also the starting material for producing cereals and growing
vegetable crops. Seed dormancy and seed longevity are known to be two of the
most vital features for seed quality which determine crop yield eventually (Colville et
al., 2019; Martinez-Andujar et al., 2012). Seed dormancy is a quiescent phase that
avoids germination of a mature seed. It determines the uniformity of seed
germination which is beneficial for better management either for smallholder famers
or large breeding companies. The preferred seed dormancy level depends on the
specific species and on the geographical area in which the species is grown. Seed
longevity is primarily referring to the time that seeds remain viable after storage.
Depending on the purpose seeds should remain viable for a certain time. For
regeneration by farmers seeds should at least survive until the next growing season.
For gene banks which aim to safeguard plant genetic variation, viability should be
extended much longer. This will largely reduce the frequency of seed vigor
monitoring and thus reduce the costs spend on testing the seeds and the human
labor that is required for these analyses. Longer viability also reduces the potentially
loss of genetic information that might occur when the seed batches are renewed
(Copeland et al., 1999; Hay et al., 2017; Raijjou et al., 2008; Walters et al., 2005). In
order to understand more about seed dormancy and longevity, this thesis focusses
on understanding regulatory mechanism of seed dormancy and longevity in the
model plant Arabidopsis. The final goal is to translate the achieved knowledge to

crops, to allow crop improvement in the future.
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The presence or absence of the transmembrane domain in NAC genes

In my thesis | studied the functional analyses of ANAC060 and its two nearest
homologs ANAC040 and ANACO089 (Chapter 2 and 3). These three NAC
transcription factors (TFs) are highly homologous but have distinct functions. All of
them contain a conserved NAC domain and diverse C-terminal that determines the
absence or presence of the transmembrane domain (TMD) (Ooka et al., 2003).
Sequencing of the ANACO060 allele in different accessions including Landsberg
erecta (Ler), Columbia-0 (Col-0), Antwerp-1 (An-1) and Tacoma (Tac) revealed
polymorphisms that result in a lack of the TMD, whereas the ANACO060 alleles of
Santa Maria da Feira-1 (Fei-1), Calver (Cal), Shakdara (Sha), Cape Verde Islands
(Cvi), Kashmir and C24 encode the TMD. The causes of the loss of the TMD are not
uniform, for instance, the Ler genomic sequence has a deletion of 482 bp that
encodes the TMD. Col-0 carries a point mutation in third intron affecting ANAC060
mRNA splicing patterns which results in a short form of cDNA without the TMD
(Chapter 2)(Li et al., 2014). The presence and absence of the TMD determine
whether the protein is localized in nuclear membrane or in the nucleus respectively.
The localization of the protein determines if it is able to activate transcription and
thus may lead to opposite phenotypes as has been indicated for several processes
(Chapter 2)(Kim et al., 2008; Li et al., 2014; Yu et al., 2020). Genetic variation that
determines the presence or absence of the TMD in genomic sequences is not unique
for ANAC060. The ANACO060 homolog ANACO089 has been reported to show a
similar membrane-mediated regulation in the accessions Ler and Cvi. The ANAC089
Ler allele encodes an identical polypeptide to the Col-0 allele containing the full
length TMD. Seedlings containing the ANACO089 Ler protein, which is localized in
cytoplasm, show a fructose sensitive phenotype. In contrast, the ANAC089 Cvi allele
containing a one base pair deletion, that leads to a premature stop codon in third
exon, is present in the nucleus. This allele leads to an insensitivity to high
concentrations of fructose. Moreover, the one bp deletion in Cvi is identified by
investigating the sequence collection of Arabidopsis 1001 genome project, showing

the potential of genome sequencing in identifying sequence polymorphisms between
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accessions (Li et al., 2011; Weigel et al., 2009). For the other ANAC060, homolog
ANACO040, no allelic differences have been reported so far. Sequence information
as present in the 1001 genome database (Weigel et al., 2009) could be investigated
to reveal whether also the localization of ANAC040 is determined by naturally
occurring polymorphisms. Identifying genetic variation in the genomic sequence of
NAC genes, which are known to regulate developmental and stress responses, is
interesting since this provides a mechanism by which plants have adapted
themselves to their environment during the evolution.

Cleavage of the TMD has shown to be induced by environmental factors and thus
provide another level at which plants are able to respond to the environment,
increasing their chance to survive. It is interesting to discuss the role of the TMD a
bit more. Why do TFs contain a TMD if this inhibits their function as a transcription
factor? The fact that these genes exist suggests that the protein eventually ends up
in the nucleus. How does this occur? The activation of membrane bound TFs have
been described and hypothesized to be regulated by proteolytic cleavage including
ubiquitin/proteosome-dependent processing and intramembrane proteolysis, both of
them are predicted to be strategies to quickly respond to environmental stresses
(Hoppe et al., 2001; Seo, Pil et al., 2008; Vik et al., 2000). Based on this theory, |
performed several experiments to determine whether the ANACO060 protein could
translocate from the membrane into the nucleus. For this the GFP tagged ANAC060
allele of Kashmir, that would retain the protein from the nucleus, was used. The
alleles lacking the TMD were none dormant and thus we hypothesized that the
ANACO060 protein was required in the nucleus to inhibit seed dormancy. Treatments
with gibberellic acid, KNOs, H202 and cold stratification that were known to release
seed dormancy (Koyuncu, 2005; Liu et al., 2010; Rosbakh et al., 2019; Tang et al.,
2008) and an additional treatment with dithiothreitol, that had shown to cause the
translocation of ANACO089 from the membrane to nucleus, did not allow us to detect
ANACO060 in the nucleus (data not shown) (Klein et al., 2012). We could however
not exclude that the protein was translocated to the nucleus. The nuclear form of the

protein was dominant over the membrane bound form as was confirmed by analyses
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using Ler and the DOG6 Kashmir near isogenic line (Chapter 2) and transgenic
plants containing Cvi ANACO089 protein in Ler background (Li et al., 2011). It could
be that low, not detectable amounts of the protein are sufficient to activate
downstream targets. Another reason for not detecting the protein in the nucleus
could be that the protein becomes instable because of the loss of the TMD (Flecha,
2017). The evidence of dynamic protein trans localization of ANACO089 after one
hour of dithiothreitol treatment also confirms that environmental stimuli could cause
cleavage of TMD from the transcription factor. Once in the nucleus this protein acts
as a negative regulator of stromal ascorbate peroxidase (Klein et al., 2012). For
ANACO040 there is no evidence about its dynamic translocation. It seems that cues
for releasing NAC TFs from the membrane are specific for different transcription

factors, indicating that specific environmental stresses regulate these TFs.

The potential of the elevated partial pressure of oxygen (EPPO) treatment to
study seed dormancy and seed longevity

The elevated partial pressure of oxygen (EPPQO) method is a system that shortens
seed life span and is invented by Groot et al. (2012). Briefly, EPPO increases the
oxygen concentration surrounding the seeds while it keeps the seeds in the dry state,
thus avoiding enzymatic activity (Fernandez-Marin et al., 2013; Groot et al., 2012).
As a result, the release of seed dormancy and loss of seed viability are stimulated.
Compared to other artificial ageing techniques it is the best artificial ageing system
to mimic natural ageing identified so far (Buijs et al., 2018; Buijs ef al., 2020). | have
used the EPPO method obtain seeds that represent different stages of the bell-
shaped seed life span curve (Fig. 1). This has allowed us to address the question if
mRNA degradation correlates with a loss of seed viability during ageing (Chapter 4).
However, the use of EPPO could advance our understanding of seed storage much
more. For example, the process of after-ripening, that is known to release seed
dormancy is relatively unknown. Using EPPO solely the effect of oxidation on after-
ripening could be investigated. A previous study in our lab revealed that
transcriptome analyses comparing dormant to after-ripened seeds hardly revealed

differences, however already after three hours of rehydration differences in the
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transcriptome occurred (Dekkers et al., 2016). These differences are the result of
phenomena that occurred during seed dry storage. It has been suggested that these
are caused by reactive oxygen species (ROS) that are formed during seed dry
storage (Bewley et al., 2013; Job et al., 2013). The release of seed dormancy has
been associated with the accumulation of 8-oxo-7,8-dihydroguanine (8-OHG) in
specific transcripts in sunflower (Bazin et al., 2011). This positive relationship
between the accumulation of 8-OHG has been not found for total RNA during dry
storage of soybean seeds (Fleming et al., 2018). We analyzed the total RNA integrity
and found that the RIN did not change during seed storage (Chapter 4). This might
indicate that seed dormancy is more affected at the mRNA level then at the total
RNA level, another explanation is that the effect is species depended. It will be
interesting to check the level of 8-OHG of mRNAs in dormant and after-ripened
Arabidopsis seeds. This will also allow to investigate whether mRNA degradation is
linked to 8-OHG accumulation. Noticeably, we have used anac060-2 mutant seeds
for our degradome analyses. Performing similar analyses in wild type Col-0 EPPO

after-ripened seeds would allow to investigate the downstream targets of ANACO060.
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Figure 1. Schematic presentation of the seed life span curve. Germination percentage of seed
dormancy release and ageing under EPPO conditions. During dormancy release, the dormant seeds
become to be non-dormant seeds under 8 MPa, 55% relative humidity (RH), in parallel, stored proteins

and mRNAs are oxidized with a non-specific pattern. From non-dormant seeds to dead seeds, the
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pressure is elevated to 20 MPa but with same RH, at the meantime, stored proteins and mRNAs are

surrounded with a much higher concentration of oxygen, being oxidized at another non-specific pattern.

In addition to studying after-ripening, EPPO treatment has a great potential to
address seed longevity related questions. So far, we have only focused on the
degradation of mMRNA (Chapter 4). These analyses have allowed us to identify
mRNAs that are critical for seed longevity, however further exploration of this data
is necessary, for example, it will be encouraging to find a seed ageing marker for
seed research. Such a marker could be used to better predict the seed viability
before seeds exhibit ageing symptoms such as decreased seed germination
percentage and thus make it possible to observe different levels of seed vigor at any
time during seed life span without doing germination test. Moreover, it would be
interesting to explore whether the aged seeds are truly dead or whether there is still
synthesis of new proteins from stored mMRNAs or even from newly synthesized
mRNAs. One could perform polysome profiling on imbibed aged seeds to determine
whether translation occurs (Bai et al., 2017; Bai et al., 2020). Except analyzing the
mRNA degradation pattern we have also detected patterns of protein carbonylation,
which is a form of protein oxidation by ROS (Suzuki et al., 2010). Due to the high
abundance of seed storage protein (SSP) and hardness of protein carbonylation
detection technique, we could only confirm that SSP functioned as an oxidative
buffer during seed germination and seed ageing (Job et al., 2005; Nguyen et al.,
2015). It will be promising to find a way to identify and investigate specific essential
germination related protein carbonylation patterns during whole seed life span.
However, oxidative damage in mRNA and proteins might not be the only reasons for
the reduced seed viability. In dry seeds, also DNA is being oxidized by ROS, causing
single and double strand breakages. It also has been indicated that ROS modifies
guanine to 8-oxogunine (8-oxoG) in DNA during ageing (Boesch et al., 2011; Chen
et al., 2013; Johnston et al., 2010; Walters et al., 2006). In Arabidopsis, the
overexpression of AtOGG1, which encodes a DNA glycosylase/apurinic/apyrimidinic
(AP) lyase, could erase 8-oxoG from DNA and result in longer seed longevity after

a controlled deterioration treatment (CDT) and better germination ability under
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various stress conditions after imbibition (Chen et al., 2012). Besides, the decrease
of 5-methylcytosine (m°C) is positively correlated with reduced seed germination of
the desiccation sensitive Acer. Pseudoplatanus L. seeds (Plitta-Michalak et al.,
2018). It is not only the seed’s genetic material that is affected during ageing. Also,
the increase of lipid oxidation leads to seed vigor loss as has been shown in wheat,
barley and soybean and to programmed cell death in Arabidopsis (Stewart et al.,
1980; Wiebach et al., 2020; Zoeller et al., 2012). Cell membrane permeability and
integrity are quantified by checking the level of electrical conductivity, amino acids,
water soluble sugars, a-tocopherol (antioxidants), phospholipids, lipid peroxidation
respectively in Azadirachta indica seeds which are stored for various times from
different aged mother trees. These analyses show that the indicators for cell
membrane permeability are higher in freshly harvested seeds than the ones are
stored for longer time. Cell integrity indicators such as phospholipids and a-
tocopherol decline with increased seed storage times (Kumar et al., 2014). Overall,
these compounds that are related to the seed ageing could be other potential

research targets to investigate in EPPO aged seeds.

Transferring knowledge from the model plant Arabidopsis to crops
Arabidopsis as a model plant has a great value for research (Koornneef et al., 2010;
Somerville et al., 2002), however, it does not have direct benefit for agriculture and
economy. With the improvement of genome sequencing, rice, wheat, maize are
becoming to be the new model plants. Generally, transferring the knowledge from
orthologous genes that share function, and thus have a common ancestor, from
Arabidopsis to crops is preferred (Spannagl et al., 2011). However, this is not always
applicable even within species. We have analyzed the three homologous genes
ANAC060, ANAC040 and ANACO089 evolutionarily and through swapping
experiments (Chapter 3). We observed that functional redundancy was not
absolutely correlated to the high identity of genes. ANACO089, for example, has a 64%
identity to ANAC060 and both were derived form At-Alpha duplication event, yet

there was no functional redundancy between these two genes. Whereas, functional
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redundancy was identified between ANAC060 and ANAC040 even though they had

a lower sequence identity (41%).

Nethertheless, the knowledge that could be delivered from model plants still has a
great potential. Quantative trait loci (QTL) analysis to identify dormancy releated loci
are not only performed on Arabidopsis (Alonso-Blanco et al., 2003; Bentsink et al.,
2010; Kearsey et al., 1998; van der Schaar et al., 1997), but also for crops such as,
rice, wheat and barley (Guo ef al., 2004; Osa et al., 2003; Sato et al., 2009).
Identifying the underlying genes in these crops might even be more laborious than
in Arabidopsis, however can be advanced by comparative genome mapping and
synteny analyses (McCouch, 2001). For example, genomic regions containing
dormancy QTL in different species could be compared to see whether they encode
similar genes. Moreover, dormancy regulators like the NAC membrane bound
transcription factor ANACO060 (Chapter 2) could be regulating seed dormancy also
in crops. NACs are known for their conserved gene structure, for example, there are
around 140 NAC TFs in rice and tomato (Fang et al., 2008; Kim et al., 2010; Kim et
al., 2007; Su et al., 2015). How these NAC TFs relate to ANAC060 and whether they
confer a similar function could be studied by combing phylogenetic analysis with
synteny network analysis, like that has been performed for MADS box genes (Zhao
etal., 2017; Zhao et al., 2019).

In our laboratory we use the EPPO treatment to study seed dormancy and seed
longevity, with the aim to identify the mechanisms by which these processes are
regulated in Arabidopsis (Chapter 4) (Buijs et al., 2018; Buijs et al., 2020; Nguyen
et al.,, 2012). EPPO was initially applied on barley, cabbage, lettuce and soybean
seeds (Groot et al.,, 2012), additional analyses in these species, for example a
degradome analyses like we performed in Chapter 4 might help to identify ageing
markers that can be used to improve seed quality.

Moreover, based on phenotypic analyses, plant growth regulators tested in
Arabidopsis are shown to have a high translatability to different crop species, such
as lettuce, carrot, tomato (Rodriguez-Furlan et al., 2016). Drought stress and survival

strategies are also transferable between Arabidopsis and tomato (Krukowski et al.,
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2020). In conclusion, even though it is often a long way to transfer knowledge from
the model plant Arabidopsis to crops, it might bring huge benefits to global

agriculture once it works.
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Summary

Seed dormancy and seed longevity are two critical seed traits contributing to seed
quality. Seed dormancy is the phenomenon that fully developed seeds can
temporarily not germinate. This inhibition of germination disappears naturally and
gradually during dry seed storage. Seed longevity refers to the maximum time after
harvest that seeds keep the ability to germinate. These two seed traits have
similarities, both are closely related to seed maturation and together they constitute
the seed life span. Moreover, there is no clear separation in the time between when
seed dormancy is released and the point at which ageing starts. Knowledge on the
regulation of seed dormancy and seed longevity would allow to have a better control
of the timing of seed germination and to increase the life time of seeds during storage.
Thus, improving seed quality and increase crop yields. The underlying network
regulating these two traits are complex and still largely unexplored. The current
knowledge on the regulators of seed dormancy and seed longevity has been
introduced in Chapter 1.

Seed dormancy is an adaptive trait which is strongly influenced by the surrounding
environment, as a result, there are accessions exhibiting different levels of seed
dormancy. The presence of natural variation for seed dormancy in accessions of
Arabidopsis thaliana has allowed the identification of dormancy quantitative trait loci.
In Chapter 2 the positional cloning and functional analyses of DELAY OF
GERMINATION 6, a strong seed dormancy locus identified by the before mentioned
quantitative trait loci, analyses are described. DELAY OF GERMINATION 6 encodes
AT3G44290 which is a NAC transcription factor. NAC transcription factors are known
to contain a conserved NAC domain and various C-terminals, which determine the
presence of the transmembrane domain (TMD). ANAC060 was sequenced in
different accessions which revealed distinct polymorphisms. For instance, the
Landsberg erecta (Ler) ANACO060 allele lacked the complete fourth exon that
encodes the TMD, whereas Kashmir (Kas) allele contained a full length functional
TMD. In addition, the Columbia-0 allele was found to be alternatively spliced,
resulting in two forms of the cDNA that exist at the same time. Phenotypic analyses
revealed opposing seed dormancy levels depending on the presence or the absence
of the TMD. Ler_ANACO060 seeds lacking the TMD had low seed dormancy whereas
Kas-2_ANACO060 seeds containing the TMD were highly dormant. As known, the
TMD regulates transcription factors by influencing their localization. In order to check
this, transgenic GFP lines containing the native ANACO060 promoter and the
respective ANAC060 cDNAs cloned from Ler and Kas-2 were made. Confocal
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analyses showed that the ANACO060 protein without TMD was localized in nucleus,
whereas the protein containing the TMD anchored at the nuclear membrane.
PROTEIN PHOSPHATASE 2C class A proteins were identified as putative ANAC060
targets based on combining different studies: including public available data of a
ChIP-Seq experiment performed in young seedlings after sugar treatment, gene
expression analyses in seeds of Ler and a DOG6-Kas near isogenic line and
phenotypic analyses of double mutants of the anac060 mutant and ABA related
mutants. Moreover, through real-time quantitative polymerase chain reaction (RT-
gPCR), DOG1 expression was found to be partly regulated by ANACO060.
ANACO060 was founded to have two homologous genes, ANAC040 and ANACO089.
In Chapter 3, these three genes were further studied by comparing dormancy
phenotypes and sequence similarities. It turned out that ANAC040 and ANAC089
did not regulate primary seed dormancy. Through a synteny network analysis,
ANACO040 was predicted to be the ancestor gene of ANAC060 and ANAC089, which
both were derived during the At-Alpha whole genome duplication event. Transgenic
swapping experiments through swapping the promoters and coding regions, have
been performed to identify possible redundancy between ANAC060, ANAC040 and
ANACO089. It was shown that the coding elements of ANAC040 and ANACO060 were
exchangeable. The transgenic line containing the promoter of ANAC040 and coding
sequence of ANAC060 was able to release seed dormancy in anac060 mutant
background. The functional difference between the full length ANAC040 and
ANACO060 genes was hypothesized to be encoded in the promoters, leading to
differential spatial and temporal expression patterns. In order to further identify the
differences in the promoters of ANAC060 and ANACO040, motif analyses were
performed. Twelve shared motifs were exhibited in the promoter regions of both
genes, four motifs were only present in promoter of ANAC060 including W-box, AP-
1, MYC and CAT-box. The motifs, STRE and the GA-motif, existed only in promoter
of ANACO040. Whether these motifs determine the differences in expression still
remains to be investigated.

Arabidopsis seeds can be stored over ten years in laboratory condition which is a
too long time to obtain seeds with different ageing levels within a PhD project. In
order to shorten the storage times elevated partial pressure of oxygen was utilized
in Chapter 4. In total, nine different ageing states including non-EPPO treated seeds
were collected. As a vulnerable target of oxygen, total RNA integrity was examined
and this revealed that there was no correlation between RNA integrity and seed
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ageing states. In order to investigated if the degradation pattern of mMRNA correlated
to changes in seed life span, three different seed ageing states were selected and
used for degradome analyses. For this the 5 monophosphate mRNAs with an intact
3’ poly(A) tail were isolated and sequenced. Cluster analyses revealed seven
different degradation patterns. Combining these analyses with an earlier study, in
which mRNAs that were bound to monosomes (single ribosome, that might play a
role in mRNA protection in dry seeds) were identified, showed that most of the
monosome bound mRNAs had up-regulated degradation patterns. To focus on
specific transcripts, differential expression analyses was performed. During
dormancy release, there were only seven transcripts up-regulated in the degradome,
many more were down-regulated (133). Comparing the fully after-ripened non
dormant seeds to the aged, non-germinating seed revealed 546 and 425 transcripts
up-and down- regulated in the degradome respectively. The expression levels of
twenty-three of these transcripts were further investigated by RT-gPCR in both dry
and imbibed seeds. Four representative patterns were displayed that were described
based on example genes. For each the expression pattern in dry and imbibed seeds
was compared to patterns of mRNA translation and degradation. Overall a
correlation between ageing states, mRNA degradation patterns and expression in
aged imbibed seeds was identified, indicating that the failure of repairing certain
degraded mRNA after imbibition might lead to seed death. Moreover, protein
carbonylation patterns at the same three physiological seed stages and in seeds of
seed storage mutants were observed, this confirmed the protective role of seed
storage proteins during seed ageing.

In Chapter 5, the findings of this thesis are discussed in a broader context. |
discussed the occurrence of natural genetic variation of the presence/absence of the
transmembrane domain (TMD) and the possible regulatory mechanisms for the
cleavage of TMDs. Also the potential of using the elevated partial pressure of oxygen
method for understanding seed ageing was evaluated. Lastly, the barriers for
transferring the knowledge from Arabidopsis to crops were discussed in respect of
unsolved issues and the need to solve these in the near future.
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De zaadeigenschappen kiemrust en de bewaarbaarheid bepalen in grote mate de
kwaliteit van zaden. Kiemrust is het fenomeen dat volledig ontwikkelde zaden tijdelijk
niet kunnen kiemen. Deze inhibitie van kieming verdwijnt geleidelijk wanneer zaden
droog bewaard worden. De bewaarbaarheid van zaden refereert naar de maximum
tijd dat zaden na oogst bewaard kunnen worden. Deze twee eigenschappen hebben
overeenkomstig dat ze gerelateerd zijn aan zaad rijping en dat ze samen de
levensduur van een zaad bepalen. Daarnaast is er geen duidelijke scheiding tussen
de fase waarin kiemrust gebroken wordt en wanneer de veroudering van een zaad
start. Kennis over de regulatie van kiemrust en bewaarbaarheid van zaden kan
zorgen voor een betere timing van kieming en een langere levensduur tijdens
bewaring. Dit leidt tot een verbeterde kwaliteit van gewaszaden en een hogere
opbrengt. Het netwerk van genen dat beide eigenschappen reguleert is complex en
nog grotendeels onontgonnen. De huidige kennis over de regulatoren van kiemrust
en bewaarbaarheid wordt in Hoofdstuk 1 geintroduceerd.

Kiemrust is een adaptieve eigenschap die sterk beinvloed wordt door de omgeving,
met als resultaat een grote variatie in kiemrust niveaus. Variatie voor kiemrust in
accessies van Arabidopsis thaliana heeft het identificeren van kiemrust loci
(quantitative trait loci; QTL) mogelijk gemaakt. In Hoofdstuk 2, is de precieze
kartering en klonering van DELAY OF GERMINATION 6, een sterk kiemrust locus
geidentificeerd in de hierboven genoemde genetische analyses, beschreven.
DELAY OF GERMINATION 6 codeert de NAC transcriptie factor AT3G44290. NAC
transcriptie factoren bevatten een geconserveerd NAC domein en een meer variabel
C-uiteinde waarin het transmembraan domein (TMD) ligt. ANACO060 sequentie
analyses in verschillende accessies heeft verscheidene polymorfismen
geidentificeerd. Bijvoorbeeld, het Landsberg erecta (Ler) ANACO060 allel mist het
volledige vierde exon dat codeert voor het TMD, terwijl het Kashmir (Kas) allel een
volledig TMD bevat. Daarnaast blijkt het Columbia-O allel twee verschillende
splicings varianten te kennen, die beide tegelijkertijd voorkomen. Fenotypische
analyses hebben tegengestelde kiemrust niveaus aangetoond, afhankelijk van het
wel of niet aanwezig zijn van het TMD. Het Ler_ANACO060 allel waarin het TMD
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ontbreekt had een lage kiemrust, terwijl Kas-2_ ANAC060 zaden die het TMD
bevatten behoorlijk dormant zijn. Zoals bekend reguleert het TMD, transcriptie
factoren door hun lokalisatie te beinvioeden. Om dit te bevestigen zijn er transgene
GFP lijnen gemaakt waarbij de Ler en Kas-2 ANAC060 cDNAs gekloneerd zijn onder
de gen eigen promotor. Confocale analyses laten zien dat het ANACO060 eiwit zonder
het TMD in de kern van de cel zit, terwijl het eiwit dat de TMD bevat aan de
kernmembraan gekoppeld is. PROTEIN PHOSPHATASE 2C class A eiwitten worden
vermoedelijk gereguleerd door ANACO060, deze conclusie is gebaseerd op
verschillende resultaten o.a. een publiekelijk beschikbaar CHIP-Seq experiment
waarin jonge zaailingen met suiker behandeld zijn, gen expressie data van Ler en
de DOG6-Kas bijna isogene lijn en fenotypische analyses van dubbel mutanten van
de anac060 mutant en ABA gerelateerde mutanten. Verder wees een kwantitatieve
PCR (RT-gPCR) uit dat DOG1 expressie gedeeltelijk door ANACO060 gereguleerd
wordt.

ANACO060 heeft twee homologe genen, ANAC040 en ANACO089. In Hoofdstuk 3 zijn
deze genen nader bestudeerd door kiemrust fenotypes en sequenties te vergelijken.
Hieruit bleek dat ANAC040 en ANACO089 geen primaire kiemrust reguleren. Synteny
netwerk analyses voorspellen dat ANAC060 en ANACO089 afstammen van
ANACO040, een resultaat van de At-Alpha genoom verdubbeling. Het uitruilen van
promotoren en coderende sequenties heeft het mogelijk gemaakt de redundantie
tussen ANAC060, ANAC040 en ANACO089 inzichtelijk te maken. De coderende
elementen van ANAC040 en ANACO060 bleken uitwisselbaar. De transgene lijn met
de promotor van ANAC040 en de coderende sequentie van ANAC060 was in staat
de kiemrust van de anac060 mutant op te heffen. Het functionele verschil tussen
ANACO040 en ANACO060 genen wordt verondersteld te worden gecodeerd door hun
promotoren, welke leiden tot verschillen in waar en wanneer de genen tot expressie
komen. Om de verschillende in de ANAC060 en ANAC040 promotoren te
identificeren is een analyse naar regulerende patronen uitgevoerd. Twaalf patronen
kwamen voor in beide promotoren, terwijl vier patronen specifiek waren voor de
ANACO060 promoter, waaronder W-box, AP-1, MYC en CAT-box. De patronen STRE
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en het GA-patroon kwamen alleen in de ANAC040 promotor voor. Of deze patronen
ook daadwerkelijk de verschillen in expressie bepalen dient nog verder te worden
uitgezocht.

Arabidopsis zaden kunnen in laboratorium condities langer dan tien jaar bewaard
worden, wat te lang is om binnen een AIO project zaden met verschillende
verouderingsniveaus te verkrijgen. Om de verouderingstijd te verkorten is er in
Hoofdstuk 4 gebruik gemaakt van verhoogde zuurstofdruk. In totaal zijn er negen
verschillende verouderingsstadia, inclusief onbehandelde zaden, verzameld. De
RNA integriteit was bepaald omdat RNA vatbaar is voor oxidatie, echter er bleek
geen correlatie te zijn tussen RNA integriteit en de verschillende verouderingsstadia.
Om te bepalen of het degradatie patroon van het mRNA correleert met
veranderingen tijdens de levensduur van zaden zijn drie verouderingsstadia gebruikt
voor “degradome” analyses. Hiervoor zijn 5 monofosfaat MRNAs met een intacte 3’
poly(A) staart geisoleerd en gesequenced. Cluster analyses laten zeven
verschillende degradatie patronen zien. Gecombineerd met een eerdere studie,
waarin monosoom (een enkel ribosoom, welke mogelik mMRNAs beschermd)
gebonden mRNAs geidentificeerd zijn, laat deze data zien dan monosoom
gebonden mRNA op-gereguleerde degradatie patronen hebben. Om specifieke
transcripten te bekijken is differenti€éle expressie analyse uitgevoerd. In de fase
waarin kiemrust afneemt waren er slechts zeven transcripten op gereguleerd, veel
meer waren er neerwaarts gereguleerd (133). De vergelijking tussen volledig na
gerijpte niet dormante zaden en verouderde zaden resulteerde in 546 en 425
transcripten die respectievelijik omhoog of neerwaarts gereguleerd waren in het
“‘degradome”. De expressie van drieéntwintig transcripten zijn met behulp van RT-
gPCR verder geanalyseerd in zowel droog als geimbibeerd zaad. Vier
representatieve patronen zijn beschreven middels een voorbeeld gen. Voor elk is
het expressie patroon in droog en geimbibeerd zaad vergeleken met de patronen
van mRNA translatie en afbraak. In algemene zin is er een correlatie gevonden
tussen verouderingsstadia, mRNA afbraak patronen en de expressie in geimbibeerd

zaad, wat suggereert dat een defect in de reparatie van mRNAs er toe leid dat een
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zaad niet meer kiemt. Verder zijn in zaden met dezelfde drie verouderingsstadia en
in zaden van mutanten die een defect hebben in het opslaan van reserve eiwitten
de carbonylatie profielen van eiwitten bekeken, deze resultaten bevestigden dat
opslageiwitten een beschermende rol hebben tijdens veroudering.

In Hoofdstuk 5 worden de bevindingen van dit proefschrift in een bredere context
bediscussieerd. Ik bespreek de natuurlijke variatie voor de aan- of afwezigheid van
het transmembraan domein (TMD) en de mogelijke regulatie mechanismen die
betrekking hebben op het verwijderen van het TMD. Verder evalueer ik het gebruik
van de verhoogde zuurstofdruk methode voor het begrijpen van veroudering in
zaden. Tenslotte, bediscussieer ik de barrieres in het vertalen van kennis vergaard
in Arabidopsis naar gewassen, in relatie tot openstaande vragen die in de recente

toekomst opgelost dienen te worden.
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