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Abstract

Despite the importance of secondary dormancy for plant life cycle timing and survival, there
is insufficient knowledge about the (epigenetic) regulation of this trait at the molecular level.
Our aim was to determine the role of (epi)genetic processes in the regulation of secondary
seed dormancy using natural genotypes of the widely distributed Capsella bursa-pastoris.
Seeds of nine ecotypes were exposed to control conditions or histone deacetylase inhibitors
[trichostatin A (TSA), valproic acid] during imbibition to study the effects of hyper-acetyl-
ation on secondary seed dormancy induction and germination. Valproic acid increased sec-
ondary dormancy and both compounds caused a delay of t50 for germination (radicle
emergence) but not of t50 for testa rupture, demonstrating that they reduced speed of germin-
ation. Transcriptome analysis of one accession exposed to valproic acid versus water showed
mixed regulation of ABA, negative regulation of GAs, BRs and auxins, as well as up-regulation
of SNL genes, which might explain the observed delay in germination and increase in second-
ary dormancy. In addition, two accessions differing in secondary dormancy depth (deep vs
non-deep) were studied using RNA-seq to reveal the potential regulatory processes underlying
this trait. Phytohormone synthesis or signalling was generally up-regulated for ABA (e.g.
NCED6, NCED2, ABCG40, ABI3) and down-regulated for GAs (GA20ox1, GA200x2,
bHLH93), ethylene (ACOI1, ERF4-LIKE, ERF105, ERF109-LIKE), BRs (BIAl, CYP708A2-
LIKE, probable WRKY46, BAKI, BENI1, BESI, BRII) and auxin (GH3.3, GH3.6, ABCBI9,
TGG4, AUXI, PIN6, WATI). Epigenetic candidates for variation in secondary dormancy
depth include SNL genes, histone deacetylases and associated genes (HDAI14, HDA6-LIKE,
HDA-LIKE, ING2, JMJ30), as well as sequences linked to histone acetyltransferases
(bZIP11, ARIDIA-LIKE), or to gene silencing through histone methylation (SUVH7,
SUVHY, CLF). Together, these results show that phytohormones and epigenetic regulation
play an important role in controlling differences in secondary dormancy depth between
accessions.

Introduction

The time between seed dispersal and completion of germination can be short or long, thus,
seeds have evolved a series of strategies — for example, dormancy - to regulate this interval
(Footitt and Finch-Savage, 2017). These strategies prevent responses to short-lived, out of sea-
son environmental changes, making it possible for plants to overcome periods that are
unfavourable for seedling establishment (Bentsink and Koornneef, 2008). Primary dormancy
is the innate dormancy possessed by seeds when they are dispersed from the mother plant
(Benech-Arnold et al., 2000). Freshly matured water-permeable seeds can exhibit a strong pri-
mary dormancy trait that is determined by the environment during seed development and
physiological characteristics of the mother plant (Bewley and Black, 1994). These seeds do
not germinate in light or darkness over a range of temperatures (Baskin and Baskin, 1989).
After the seed has left the mother plant and primary dormancy has been released in response
to seasonal environmental changes, non-germinating seeds may enter secondary dormancy
(Baskin and Baskin, 2014). This entrance into secondary dormancy can be induced in seeds
with non-deep physiological dormancy, if the right set of external signals to germinate are
absent (Hilhorst, 1998). Induction and relief of secondary dormancy can occur during succes-
sive seasons, leading to an annual dormancy cycle in the seed bank (Hilhorst, 1998). Subtle
differences in this behaviour could result in local adaptation and ecotypic differences
(Finch-Savage and Footitt, 2017).

https://doi.org/10.1017/50960258522000265 Published online by Cambridge University Press

L)

Check for
updates


https://www.cambridge.org/ssr
https://doi.org/10.1017/S0960258522000265
https://doi.org/10.1017/S0960258522000265
mailto:a.visscher@kew.org
https://orcid.org/0000-0002-7005-9142
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0960258522000265&domain=pdf
https://doi.org/10.1017/S0960258522000265

Seed Science Research

Wild plant species, especially annual ones which have seeds
that persist in a soil seed bank, are better models for physiological
studies of seed dormancy than domesticated crops (Hilhorst and
Toorop, 1997). Capsella bursa-pastoris (L.) Medik. [shepherd’s
purse (Brassicaceae)] is an annual or biennial herb that can
form a persistent seed bank in the soil (Hurka and Haase,
1982). The species displays primary seed dormancy (non-deep
physiological) as well as an annual cycle of secondary dor-
mancy/non-dormancy (Neuffer and Hurka, 1986; Baskin and
Baskin, 1989; Toorop et al., 2012). It has a worldwide distribution,
with the exception of extremely dry tropical environments
(Neuffer and Eschner, 1995; Hurka and Neuffer, 1997), and has
become one of the five most widely distributed flowering plants
on our planet, preferring disturbed, ‘man-made’ habitats, like
the margins of agricultural fields (Hintz et al., 2006). C. bursa-
pastoris has a very small phylogenetic distance to the academic
model species Arabidopsis thaliana. However, in comparison,
the latter appears to be uncompetitive and is actually relatively
rare in the wild (Hintz et al., 2006). Due to its wild nature, cosmo-
politan distribution, and complex dormancy traits, we selected C.
bursa-pastoris as a model species for our study on the possible
(epi)genetic mechanisms involved in secondary seed dormancy
induction, including differences in secondary seed dormancy
depth between ecotypes.

The first aim of this study was to test the hypothesis that
exposing C. bursa-pastoris seeds to the histone deacetylase
(HDAC) inhibitors trichostatin A (TSA) and valproic acid during
the induction of secondary dormancy prevents the seeds from
entering this dormancy state. In addition, we reasoned that expos-
ure to these compounds would lead to a higher germination speed
compared with control conditions.

Acetylation of lysines at the N-terminal tails of histones removes
their positive charge, altering the histone-histone and DNA-histone
interaction and changing the accessibility of DNA to the chromatin-
binding proteins (Turner, 2000). It is associated with an open chro-
matin state (euchromatin) and activation of gene transcription,
while hypo-acetylation is related to chromatin condensation (het-
erochromatin) and consequently gene silencing (Wdjcikowska
et al,, 2018). Acetylation of lysine residues is a reversible process
and there are two families of enzymes involved in the acetylation
state of histones: HISTONE ACETYLTRANSFERASES (HATS)
and HISTONE DEACETYLASES (HDACs). The interplay between
these enzymes is implicated in the control of many biological
processes, such as embryo development, dormancy, germination
and morphogenesis (Cadman et al., 2006; Wang et al., 2014). The
best-studied HDACs belong to RPD3 Class 1, which includes
HDA6, HDA19, HDA7, HDA9 and the pseudogenes HDA10 and
HDA17 (Van Zanten et al,, 2014).

HDAC inhibitors shift a reversible histone acetylation/deacety-
lation state towards a condition of histone hyper-acetylation
(Koeller et al., 2003). HDACs can be pharmacologically inhibited
by TSA (Yoshida et al., 1995) and other compounds, such as val-
proic acid (Gottlicher et al., 2001), suberoylanilide hydroxamic
acid (SAHA) (Richon et al, 1998) and anacardic acid (Cui
et al, 2008). They can, for example, be used for determining
the role that histone acetylation plays in chromatin structure
and remodelling and for finding genes regulated by histone acetyl-
ation (Yoshida et al., 1995; Wojcikowska et al., 2018).

Valproic acid is known to be an inhibitor of histone deacety-
lases capable of reducing tumour growth and metastasis forma-
tion in animals (Gottlicher et al., 2001). It is used as an
anti-epileptic drug and to treat bipolar disorder (Phiel et al,
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2001). It inhibits the catalytic activity of Class I HDACs in mam-
mals but also induces the proteasomal degradation of HDAC2, in
contrast to TSA (Kramer et al., 2003). It has been shown to down-
regulate the expression of proteins essential for chromatin main-
tenance in animal cells such as the STRUCTURAL
MAINTENANCE OF CHROMATIN 1 TO 6, DNA METHYL
TRANSFERASE-1 and HETEROCHROMATIN PROTEIN-1
(Chateauvieux et al, 2010). It is also capable of inducing
mono-, di- or tri- methylation of histone H3 at lysine 9 (H3K4)
(Chateauvieux et al, 2010). However, no previous studies in
plants have reported the effects of this HDAC inhibitor.

The second aim of this study was to test the hypothesis that
genes implicated in epigenetic regulation processes would be dif-
ferentially expressed between C. bursa-pastoris accessions previ-
ously shown to contrast in secondary dormancy depth
(Gomez-Cabellos et al.,, 2021). In particular, histone acetylases
were expected to be down-regulated in a relatively deep-dormant
accession compared with a non-deep dormant one. In addition,
differential gene expression induced by valproic acid exposure
was studied in the non-deep accession to identify gene regulation
by histone deacetylases.

While (genetic) research on the processes underlying primary
dormancy is extensive, the molecular mechanisms controlling
secondary seed dormancy are still poorly understood (Cadman
et al, 2006; Finch-Savage and Leubner-Metzger, 2006;
Holdsworth et al., 2008b; Footitt et al., 2013; Ibarra et al., 2016;
Coughlan et al, 2017; Buijs, 2020; Laspina et al, 2020;
Hourston et al, 2022). According to the hormonal balance
model (Finkelstein et al., 2008), the ratio of abscisic acid (ABA)
(promoting primary dormancy induction and dormancy main-
tenance) and gibberellic acid (GA) (promoting release of dor-
mancy and germination) is the main determinant of the level of
dormancy and seed germination (Finkelstein et al., 2008; Buijs
et al., 2020). Environmental signals regulate the balance between
ABA and GA levels, whose changes seem to be caused by altera-
tions in the expression patterns of their metabolic genes and posi-
tive and negative regulators of both hormones (Finkelstein et al.,
2008; Tuan et al.,, 2018). However, subsequent ABA and GA sig-
nalling and sensitivity are the more likely regulators of dormancy
than the absolute level of these hormones (Ali-Rachedi et al.,
2004; Ibarra et al., 2016; Laspina et al., 2020). In relation to sec-
ondary seed dormancy, Cadman et al. (2006) suggested that its
control mechanisms differ from primary dormancy. Ibarra et al.
(2016) demonstrated that the entrance into secondary seed dor-
mancy reduced the content and sensitivity to GA, but not the
content and sensitivity to ABA. However, Laspina et al. (2020)
and Footitt et al. (2020) did find that ABA sensitivity plays an
important role in secondary dormancy induction/dormancy
cycling.

In addition to ABA and GA, there are other phytohormones
with implications in the regulation of primary seed dormancy
and germination. Brassinosteroids (BRs) are plant steroid hor-
mones involved in stem elongation and leaf unfurling that pro-
mote germination. BR mutants are hypersensitive to inhibition
of germination by ABA in comparison with wild-type seeds
(Finkelstein et al., 2008). BRs were discovered to be implicated
in the promotion of seed germination by modulating ABA signal-
ling with a negative feedback loop (Xi et al., 2010). BR molecules
may promote seed germination by enhancing embryo growth
potential in a gibberellin-dependent manner (Leubner-Metzger,
2001). However, the detailed mechanisms underlying the BR
and GA crosstalk are still not well understood (Shu et al., 2016).
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Ethylene stimulates germination and breaks primary dormancy
establishment in seeds by antagonizing the ABA pathway (Linkies
and Leubner-Metzger, 2012; Corbineau et al., 2014). Seeds of ethyl-
ene resistant 1 receptor (etr]) mutants display increased dormancy
and their germination is ABA hypersensitive (Beaudoin et al,
2000). Mutations in ENHANCED RESPONSE TO ABA 3
(ERA3)/ETHYLENE INSENSITIVE 2 (EIN2) genes lead to an
overaccumulation of ABA and increased seed dormancy, suggesting
that ERA3/EIN2 is a negative regulator of its synthesis (Ghassemian
et al., 2000). The final step in the biosynthesis of ethylene during
seed germination is regulated by 1-AMINOCYCLOPROPANE-
1-CARBOXYLIC ACID OXIDASE (ACO) and is involved in
counteracting the inhibitory effects of ABA (Linkies et al., 2009).
On the other hand, whether ethylene affects GA biosynthesis and
signalling in relation to seed dormancy and germination is still
poorly understood (Shu et al., 2016).

Other hormones that are known for inhibiting seed germin-
ation and promoting primary seed dormancy are auxins
(Holdsworth et al., 2008a; Liu et al., 2013). Auxins are required
for the maintenance of ABSCISIC ACID INSENSTIVE 3 (ABI3)
expression by recruiting AUXIN RESPONSE FACTOR 10
(ARFI10) and ARFI6 (Liu et al., 2013). ABI3 is recognized as a
major regulator of primary seed dormancy and acts upstream of
ABI5 to execute ABA-responsive seed germination inhibition
(Lopez-Molina et al.,, 2002). Another upstream regulator of ABI5
is RGL2, which was found to be important for secondary dor-
mancy induction in Arabidopsis (Ibarra et al., 2016). In addition,
ABI4 plays a role in regulating primary seed dormancy through
the regulation of ABA and GA homeostasis (Shu et al., 2013).
Together with ABI3, FUSCA 3 (FUS3), LEAFY COTYLEDON 1
(LECI) and LEC2 (LAFL genes) encode master transcriptional reg-
ulators that form a network that is key in regulating several
important seed processes, including establishing primary dor-
mancy (Carbonero et al., 2017; Lepiniec et al.,, 2018). For example,
in A. thaliana, lecl, lec2, fus3 and abi3 mutants are severely
affected in seed maturation and share some common phenotypes,
such as decreased dormancy at maturation (Raz et al, 2001;
Bentsink and Koornneef, 2008). LECI and LEC2 seem involved
in maintaining or inducing a totipotent cell state during embryo-
genesis through the control of auxin biosynthetic genes (Stone
et al., 2008; Wojcikowska and Gaj, 2015; Lepiniec et al., 2018).
FUS3 is known to modulate the ABA/GA balance by increasing
ABA levels and repressing the synthesis of GA, while ABI3 inte-
grates ABA signalling (Curaba et al, 2004; Gazzarrini et al,
2004; Braybrook et al., 2006). In addition, LAFL activities are
themselves modulated by hormone signalling feedbacks involving
ABA, GA, BR or auxins (Braybrook and Harada, 2008; Carbonero
et al,, 2017; Lepiniec et al., 2018).

Another important gene known to regulate primary dormancy
in Arabidopsis is DELAY OF GERMINATION 1 (DOGI)
(Bentsink et al., 2006). In parallel to Arabidopsis, DOGI genes
have been found in other species of Brassicaceae and some of
Latuca, with high similarity between amino acid sequences
(Graeber et al., 2010, 2014; Huo et al, 2016; Carrillo-Barral
et al., 2020). DOGI is linked to accumulation of thermal time
(Footitt et al,, 2015) and mutations in the gene can completely
remove primary seed dormancy (Bentsink et al., 2006). The rela-
tionship between DOGI and phytohormones is beginning to be
elucidated. DOGI1 physically interacts with two phosphatases,
ABA-HYPERSENSITIVE GERMINATION 1 (AHG1) and
AHGS3, to block their downstream roles in the release of seed dor-
mancy (Née et al., 2017). Besides, PROTEIN PHOSPHATASE 2A
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SUBUNIT A2 (PP2AA/PDF1) also physically interacts with
DOG], although acting upstream to have a negative role in seed
dormancy (Née et al, 2017). DOGI transduces environmental
effects during seed maturation to alter the depth of primary dor-
mancy (Kendall and Penfield, 2012), but its expression in
Arabidopsis does not seem to determine the pattern of dormancy
cycling in the soil seed bank (Footitt et al., 2013). Indeed, Footitt
et al. (2020) demonstrated that seedling emergence timing is not
directly controlled by the amount of DOGI or concentration of
ABA, but through the ratio of DOGI to negative regulators of
ABA sensitivity (e.g. AHGI, PDFI) (Footitt et al., 2011, 2020).

Evidence for epigenetic regulation of gene expression in con-
trolling dormancy has only emerged recently. Early studies were
carried out by Law and Suttle (2002, 2004), elucidating the impli-
cations of 5-mC and histone H3 and H4 multi-acetylation in
potato meristems during dormancy progression. With respect to
histone acetylation in seeds, different expression patterns of his-
tone acetyltransferases and deacetylases were found between dor-
mant and non-dormant seeds of Arabidopsis by Cadman et al.
(2006). The HD2-LIKE family are plant specific deacetylases
with specific roles in seeds and seedling growth (Berr et al,
2011; Colville et al., 2011; Yano et al.,, 2013). Mutation analysis
of genes encoding for this family of HDACs showed that histone
acetylation is involved in seed dormancy. For example, Berr et al.
(2011) demonstrated that HD2A deacetylates HISTONE 3
LYSINE 9 (H3K9), a methylation target for KYP/SUVHA4.
Moreover, while seed germination is enhanced in hd2a
mutants, hd2c mutants are restrained in germination in compari-
son with wild-type seeds (Colville et al., 2011). Overexpression of
HD2C confers an ABA-insensitive phenotype, as seeds present
enhanced  germination  and  expression of  LATE
EMBRYOGENESIS ABUNDANT PROTEIN (LEA) class genes
(Sridha and Wu, 2006).

SWI-INDEPENDENT 3 (SIN3)-LIKE 1 (SNL1) and SNL2
belong to a protein family that contains a paired amphipathic
helix repeat (Bowen et al,, 2010). In Arabidopsis, Wang et al.
(2013) demonstrated their redundant role in the regulation of
seed dormancy as components of the HDAC-SNL complex, regu-
lating the transcription of genes implicated in the antagonism
between ethylene and ABA pathways (Linkies et al., 2009) by
modifying their histone acetylation levels. The snll sni2-1 double
mutant exhibited decreased dormancy and showed increased
expression of genes involved in ethylene biosynthesis (like
ACOI, ACO4 or ERFI105) and downstream ethylene-responsive
genes (B-1,3-GLUCANASE and EXPANSINS) (Wang et al,
2013). Moreover, enhanced levels of SNL1 and SNL2 inhibited
ABA hydrolysis and promoted its synthesis by histone deacetyla-
tion of certain target genes (Wang et al., 2013). In addition, Wang
et al. (2016) discovered the regulation of radicle promotion and
early growth in a manner dependent on AUXI, with SNLs
involved in histone deacetylation of AUXI H3K9K18ac and
repression of AUX1 expression. After-ripened double snll sni2-1
mutant seeds presented accelerated radicle protrusion and growth
and increased transcript levels of a high number of auxin-related
genes. Furthermore, CYCLIN D-TYPE (CYCD) 1;1 and CYCD
4;1, which are involved in cell cycling and seed germination,
showed an important role in radicle promotion and growth down-
stream of AUX1, SNL1 and SNL2. With all these results, a final
model was proposed in which the complexes associated with
SNL proteins play an essential role in the establishment of pri-
mary seed dormancy and the regulation of germination in
Arabidopsis seeds.
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With respect to histone methylation, its implication in seed dor-
mancy was demonstrated when mutations in KRYPTONITE/SU
(VAR)3-9 HOMOLOG4 (KYP/SUVH4), encoding a histone
methyltransferase required for H3K9me2, resulted in increased pri-
mary seed dormancy (Jackson et al., 2002). Sites of H3K9 methy-
lation recruit DNA methyltransferases CMT3 and CMT2, forming
a self-reinforcing loop of repressive epigenetic marks (Molitor
et al., 2014). The seeds of SUVH4 mutants had increased expres-
sion of DOGI and dormancy-associated genes (Liu et al., 2007),
which indicates that H3K9me2 caused by KYP/SUVH4 induces
their silencing through DNA methylation (Katsuya-Gaviria et al.,
2020). In addition, PICKLE (PKL) is a chromatin-remodelling fac-
tor that affects the levels of H3K27me3 and plays essential roles in
regulating various developmental processes and environmental
responses, including embryonic development, root meristem activ-
ity, photomorphogenesis, and thermomorphogenesis (Zhang et al.,
2014; Zha et al., 2020). Mutants with a loss or reduced function of
PKL showed increased seed dormancy as PKL inhibits DOG1 tran-
scription (Katsuya-Gaviria et al., 2020; Zha et al., 2020). Zhao et al.
(2015) discovered that LYSINESPECIFIC DEMETHYLASE LIKE 1
and 2 (LDL1 and LDL2) act redundantly in repressing seed pri-
mary dormancy. The IdlI Id]2 double mutant displayed increased
seed dormancy, whereas overexpression of LDLI or LDL2 caused
reduced primary dormancy.

The POLYCOMB REPRESSIVE COMPLEX 2 (PRC2) is
responsible for the deposition of H3K27me3, which regulates
major phase transitions in plant development such as the switch
from embryonic to vegetative growth (Bouyer et al., 2011; Miiller
et al., 2012; Engelhorn et al., 2014). In Arabidopsis, there are 12
homologs of the Drosophila PRC2 subunits and, in particular,
the histone methyltransferase EZ is encoded by the three homo-
logs CURLY LEAF (CLF), MEDEA (MEA) and SWINGER
(SWN). Different combinations of the four subunits result in
three different PRC2-like complexes (Ruta et al., 2019). Mutants
in FERTILIZATION INDEPENDENT ENDOSPERM (FIE),
which is an essential component of the PRC2, display a genome-
wide abolition of H3K27me3 and exhibit increased primary seed
dormancy and germination defects (Bouyer et al, 2011). The
LAFL genes are epigenetically repressed by the E3 H2A monou-
biquitin ligase activity of PRC1 and by the H3K27me3 activity
of PRC2 (Carbonero et al., 2017). The canonical role of PRC1
is to recognize the H3K27me3 marks and confer chromatin com-
paction (Lepiniec et al., 2018). PRCI mutants also exhibit delays
in both germination and transcriptional repression, with a delayed
switch in chromatin from the H3K4me3-associated active to the
H3K27me3-associated repressive transcription state of DOGI
and seed development genes (Molitor et al., 2014). Moreover,
ARABIDOPSIS TRITHORAX 4 (ATX4), CLF and SWN are
expressed in opposite phases to each other during the dormancy
cycle (Footitt et al., 2015) and during dormancy breaking and ger-
mination (Miller et al., 2012).

The involvement of DNA methylation in dormancy has also
been shown by different investigations. Research in cereals has
implicated the RNA-directed DNA methylation pathway
(RADM) in silencing genes linked to seed dormancy
(Katsuya-Gaviria et al., 2020). For example, the gene AGO1003,
which is an AGO4_9 class of ARGONAUTE, is differentially
expressed in the embryos of primary dormant and non-dormant
grains (Singh and Singh, 2012). In addition, DNA demethylation
driven by the DNA glycosylase REPRESSOR OF SILENCING 1
(ROS1) regulates seed dormancy and the response to ABA by con-
trolling the expression of DOGI-LIKE 4 (DOGL4) (Zhu et al.,
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2018). However, the presence of specific DNA methylation mar-
kers associated with dormancy or germination transcriptomes
remains to be elucidated (Matilla, 2020).

Additional epigenetic regulators of primary dormancy have
been identified through mutant screens, such as HISTONE
MONO UBIQUITINATION 1 (HUBI) and HUB2, which encode
two C3HC4 RING finger proteins with homology to the histone-
modifying enzymes BRE1 in yeast and RNF20/RNF40 in humans
(Liu et al., 2007). HUBLI is required for monoubiquitination of
histone H2B at Lys-143 (H2BK143), which is a prerequisite for
histone H3 methylation at Lys4 (H3K4me3) and Lys79
(H3K79me3), both associated with gene activation (Du, 2012).
Elimination of HUBI in seeds causes lower primary dormancy
through decreased expression of genes related to ABA metabolism
and response, such as NCED9 and ABI4, and also reduced ABA
levels (Peeters et al., 2002).

Finally, REDUCED DORMANCY 2 (RDO2) is related to the
POLYMERASE II-ASSOCIATED FACTOR 1 C (PAF1C) and
encodes the TRANSCRIPTION ELONGATION FACTOR S-II
(TFIIS). Mutations in RDO2 and other PAF1C associated factors,
such as VERNALIZATION INDEPENDENT 4 (VIP4), VIP5,
EARLY FLOWERING 7 (ELF7), ELF8 and ARABIDOPSIS
TRITHORAX-RELATED 7 (ATRX7), cause a reduced seed dor-
mancy phenotype and several dormancy-related genes, such as
DOGI, are down-regulated in the rdo mutant (Liu et al, 2011).
TFIIS (RDO2) and HUBI are induced during the same stages of
seed maturation, and a significant overlap of differentially
expressed genes was observed in fIIs and hubl mutants, which
indicates that they share common targets, such as DOGI (Liu
et al,, 2011).

The transcriptome analysis performed as part of our study
aimed to elucidate whether (epigenetic regulatory) genes identi-
fied in primary and secondary dormancy research to date also
play a role in secondary dormancy induction and depth of C.
bursa-pastoris.

Materials and methods

Germination and secondary dormancy induction in the
presence or absence of histone deacetylase inhibitors

For the first aim of our study, C. bursa-pastoris seeds from nine
James Hutton Institute (then, ‘Scottish Crop Research Institute’)
accessions (SCRI -156, -177, -367, -416, -469, -707, -773, -799
and -937: Champion et al., 2003; Iannetta et al, 2007;
Gomez-Cabellos et al., 2021) were used to assess the effects of dif-
ferent HDAC inhibitors on the induction and maintenance of sec-
ondary dormancy. Seeds of all accessions were imbibed in either
1.5ml of 10 mM valproic acid (control: water) or 33 uM TSA
(control: 1:100 DMSO). The osmotic potential (MPa) of all solu-
tions was tested with a Micro-Osmometer (Roebling Autocal
Type 13, Camlab, UK). Incubating conditions for secondary dor-
mancy induction, subsequent germination testing and statistical
analysis of the resulting data were previously described
(Gomez-Cabellos et al., 2021). Briefly, seeds were incubated in
darkness for 0 d (i.e. went directly into light conditions), 1, 2, 3
or 7d at 30°C. Each treatment had three replicates (50 seeds
each) in separate 50 mm Petri dishes on two layers of
Whatman no. 1 filter paper soaked with 1.5 ml of the solution
tested. Germination (radicle >1 mm) was scored at the end of
each dark-incubation period and following transfer to a 12 h
photoperiod (30°C). Non-germinated seeds were checked for
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Non-deep dormant seeds, accession 799.
Imbibed in water for 3 days in darkness at 30 °C.

Y

Sample 1: Accession 799.

Mother plant 1 (799.1) (up 1.2) Mother plant 2 (

Sample 2: Accession 799.

Sample 3: Accession 799,

799.2) (pp 2.1) Mother plant 4 (799.4) (up 4.2)

Imbibed in valproic acid
at 30

Non-deep dormant seeds, accession 799.

for 3 days in darkness
°C.

A

Sample 1: Accession 799.

Mother plant 1 (799.1) (Qp 1.1) Mother plant 2 (

Sample 2: Accession 799.

Sample 3: Accession 799.

799.2) (OB 2.2) || Mother plant 4 (799.4) (QB 4.1)

Deep dormant see

Imbibed in water for 3 days in darkness at 30 °C.

ds, accession 367.

A

Y

Sample 1: Accession 367.

Mother plant 1 (367.1) (ap 1.2) Mother plant 2 (
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Fig. 1. Schematic representation of the nine samples used for transcriptome sequencing.

viability by after-ripening for 7 d, soaking in 1.5 ml of a 10 mM
KNO; solution and germination scoring at 25/10°C (12/12 h
light/dark). Seed germination was quantified as final germination
(%), while times to 50% (of total number of seeds) testa rupture
and germination (t50s) were estimated by linear interpolation of
the empirical cumulative germination curves. Results were ana-
lysed by fitting Generalized Linear Mixed Models (for germin-
ation %, with logit link and binomial error) or Linear Mixed
Models (for t50s); with compound, darkness (at 30°C), and
their interaction as fixed factors; accession and individual nested
within accession as random factors; and 0 d of incubation in water
as the contrast level. We only used data points for which it was
possible to calculate the t50 of both testa rupture and germin-
ation, that is, Petri dishes in which final germination had been
at least 50% (=487 Petri dishes). The total number of Petri dishes
was 540 (9 accessions x 3 dishes/individuals x4 compounds
tested x 5 dark incubation times = 540).

Whole seed mRNA extraction and sequencing

For the second aim of our study, RNA was extracted from seeds of
two accessions contrasting in secondary dormancy depth
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(Gomez-Cabellos et al., 2021) that were imbibed in either water
or valproic acid during secondary dormancy induction (Fig. 1).
Mother plants 367.1, 367.2, 367.3, 799.1, 799.2 and 799.4 were
chosen for RNA extraction based on the individual germination
tests (Supplementary Data S1). After 3 d of imbibition in darkness
at 30°C in water or in valproic acid, seeds wrapped in aluminium
foil were opened under a green safe light in a dark room. At this
point, any germinated seeds were removed. For each extraction,
50-100 mg of seeds were weighed and immediately frozen and
ground to a fine powder in liquid nitrogen with a mortar and pes-
tle. The homogenized material was incubated with 1 ml of lysis
extraction buffer AP1 (QIAGEN) at 56°C for 10 min. The sample
was cooled down and mixed with 425 ul of potassium acetate
(3 M C,H;KO,) by vortex. After incubation on ice for 20 min,
the solution was centrifuged at 22,000¢ for 5 min at 4°C. The
supernatant was transferred to a new collection tube and the pre-
vious step repeated. To the solution, 450 pl of lysis extraction buf-
fer RLT (QIAGEN) and 5% B-mercaptoethanol were added and
the RNase Plant Mini Kit (QIAGEN) protocol was followed
according to the manufacturer’s instructions. Two samples of
RNA from each mother plant were extracted, with each mother
plant considered a biological replicate and the two samples per
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mother plant technical replicates. The technical replicate from
each mother plant that showed the best quality based on agarose
gel assessment was used for sequencing (Fig. 1). The amount of
RNA in each sample was quantified (>1 pg total RNA per sam-
ple) and its quality further analysed via RNA integrity number
(RIN: >7 for each sample).

The isolation of mRNA and library construction of cDNA mole-
cules was carried out by STAB VIDA (Caparica, Portugal) using a
Kapa Stranded mRNA Library Preparation Kit (poly-A selected)
and the generated DNA fragments were sequenced on an
Illumina Hiseq 4000 platform, using 150 bp paired-end sequencing
reads. The RNA-Seq raw reads were processed using CLC Genomics
Workbench 11.0.1 and the bioinformatics analysis started with
trimming of raw sequences to ensure the generation of high-quality
data. 77.11-88.92% of the resulting paired high-quality reads were
mapped against the reference genome of C. bursa-pastoris
[GenBank assembly accession GCA_001974645.1 (Kasianov et al,,
2017)] using the following parameters: length fraction = 8; similarity
fraction = 8. The result of the mapping served to determine the gene
expression levels based on the Transcripts per Million (TPM)
method, which is a variation of the commonly used Reads per
Kilobase of exon model per Million (RPKM).

mRNA sequencing data analysis: differential expression,
annotation and GO-term abundance

A multi-factorial statistical tool based on a negative binomial
model was used for the analysis of the differential expression of
RNA-seq, using a Generalized Linear Model (GLM) approach
influenced by the EdgeR method. Differential expression analysis
was performed comparing (1) deep dormant accession -367
imbibed in darkness for 3 d at 30°C in water versus non-deep dor-
mant accession -799 imbibed in darkness for 3 d at 30°C in water
(D water vs ND water) and (2) non-deep dormant accession -799
imbibed in darkness for 3 d at 30°C in valproic acid versus non-
deep dormant accession -799 imbibed in darkness for 3 d at 30°C
in water (ND valproic acid vs ND water). Replicate sample 3 from
the non-deep dormant accession -799 imbibed in water for 3 d
was not included in this analysis as it clustered with the non-deep
dormant samples imbibed in valproic acid and was considered an
outlying sample by STAB VIDA (PCA: Supplementary Fig. S1).
Those genes with a fold change > |1| and a false discovery rate
(FDR)-adjusted P-value < 0.05 were considered as statistically dif-
ferentially expressed (differentially expressed genes, DEGs).

For functional annotation, the full set of 52,597 C. bursa-
pastoris gene sequences was analysed with OmicsBox version
124 (BioBam Spain, https:/www.biobam.com/omicsbox/)
(Gotz et al., 2008). C. bursa-pastoris sequences were used as quer-
ies in a BlastX search launched via CloudBlast. The Blast search
was run against the non-redundant (nr) reference protein
sequences database with normal speed BlastX, an expectation
value (e-value) threshold of 1.0 x 1072, keeping the top 20 align-
ments for each sequence and a minimal alignment length (HSP
length) cut-off of 33. In some cases, several C. bursa-pastoris
sequences shared the same Blast result, possibly due to multiple
gene copies (with sequence variation between the duplicated
genes).

Following the first step, Gene Ontology (GO) mapping allowed
the retrieval of the functional information for all of the Blast Hits,
obtaining a set of GO candidate annotation terms for each shep-
herd’s purse query sequence. Default weights of the evidence
codes were used. The annotation algorithm in the Blast2GO
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module selected GO-terms from the pool of candidate GOs
obtained by the previous mapping step and assigned them to
the query sequences (Conesa and Gotz, 2008; Gotz et al., 2008).
The Blast2GO annotation module applies an annotation rule on
the found ontology terms in order to find the most specific anno-
tations with a certain level of reliability (Conesa and Gotz, 2008;
Go6tz et al,, 2008). The default values of Blast2GO annotation
parameters were chosen (e-value Hit filter of 1.0 x 10 annota-
tion score of 55 as cut-off value; GO-weight of 5 to mapped chil-
dren terms).

Afterwards, an InterPro domain and motif search were per-
formed via CloudInterProScan (implemented in OmicsBox soft-
ware version 1.2.4) with the default parameters. The identified
domains and motifs were directly translated into GO-terms and
this information was combined with the previous Blast searches.
Finally, eggNOG mapper was run against the sequences followed
by GO-enzyme code (both implemented in OmicsBox software
version 1.2.4) and the results were merged with the previous
data providing only one integrated functional annotation result.
The possible parent-child relationships that had originated from
the merging process were removed.

OmicsBox software version 1.2.4 was used for analysis of
GO-term abundance. Only functionally annotated sequences
from the DEGs and the whole genome were used to carry out
the analysis. The GO-terms of the different up- and down-
regulated subsets of annotated DEGs (water vs ND water and
ND valproic acid vs ND water) were compared against those of
the whole annotated genome using a Fisher’s Exact Test with
Multiple Test Correction of FDR at the significance threshold of
<0.05. The setting of FDR <0.05 is in general 1000 times more
stringent than the P-value <0.05 (Chang and Scharfenstein,
2014). FDR is used to control the expected proportion of incor-
rectly rejected null hypothesis, with a Benjamin-Hochberg correc-
tion. The results of the analysis show over- and under-represented
GO biological process, cellular compartment, and molecular func-
tion categories for the different subsets of DEGs (Supplementary
Data S5).

Results and discussion

The effect of histone deacetylase inhibitors on secondary seed
dormancy induction and germination

A broad range in secondary seed dormancy potential was previ-
ously observed among the nine C. bursa-pastoris ecotypes exam-
ined, with accessions -367 and -799 showing the deepest and
shallowest secondary dormancy, respectively (Gomez-Cabellos
et al., 2021). For the current study, we tested the effect of two
HDAC inhibitors (TSA and valproic acid) on secondary seed dor-
mancy induction and germination of the nine genotypes. The
final mean germination percentages in response to the different
compounds and times of incubation in darkness at 30°C are
shown in Fig. 2. Accessions -367 and -799 showed the lowest
and highest final germination across treatments (Fig. 3A), while
accessions -156 and -469 germinated the fastest (Fig. 3B).

In general terms, darkness and 30°C had a strongly significant
and almost linear effect on final germination. The longer the per-
iod in darkness at 30°C, the lower the subsequent final germin-
ation percentages across all treatments of all the accessions
studied (Fig. 3E). The period of time needed for 50% of the
total number of seeds to germinate is denominated t50. If we
compare the germination t50s, the longer the period of incubation
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Fig. 2. Final mean germination percentages of seeds from all the accessions (SCRI -156, -

177, -367, -416, -469, -707, -773, -799 and -937) of C. bursa-pastoris studied

in the different compounds (water, DMSO, TSA and valproic acid) and times of incubation in darkness at 30°C tested (0, 1, 2, 3 and 7 d), after being exposed to
germination-promoting conditions. Bars represent means and brackets the 95% binomial confidence interval. The most frequent number of viable seeds per con-

dition tested was 200 (4 x 50 =200).

in darkness at 30°C, the longer the time for 50% of seeds to ger-
minate, across all treatments and accessions (Fig. 3F). These
results indicate that with longer incubation periods in darkness
at 30°C, both final germination and germination speed are signifi-
cantly reduced.

All the compounds, including the control for TSA (DMSO),
reduced the final germination percentages in comparison
with water significantly (Figs 3C and 4A). TSA dissolved in
DMSO showed higher final germination than DMSO by itself
(Figs 3C and 4A), while valproic acid seemed to cause a deeper
secondary dormancy [i.e. lower final germination in comparison
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with its control (water); Figs 3C and 4A], which was
contrary to our hypothesis that blocking deacetylation would
reduce secondary dormancy induction. Valproic acid and
TSA had no significant interaction with darkness at 30°C
(Fig. 4A), meaning that the negative response to darkness at 30°
C seen in water was not affected by the presence of these com-
pounds. However, DMSO (used as a control for TSA) was more
negatively affected by darkness at 30°C than water (P <0.001;
Fig. 4A).

Analysing the germination t50s according to compound (vs
water), significant effects were observed for valproic acid and
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TSA (P <0.001; P<0.001), but not for DMSO (Figs 3D and 4C),
revealing that both valproic acid and TSA reduced the speed of
germination significantly compared with their controls. Testa
rupture was also measured, with none of the compounds signifi-
cantly affecting t50s for testa rupture in comparison with water
(Fig. 4B). Therefore, valproic acid and TSA had a strongly
significant retarding effect on the germination speed (germination
t50s) but did not affect the speed of testa rupture (testa rupture
t50s) (Figs 3D and 4B, C). The differences between germination
t50s and testa rupture t50s in relation to the compounds are
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represented in Fig. 4D. The osmotic potential of all solutions
was 0 MPa, discarding an osmotic potential effect rather than
the results being due to the compounds’ inhibitory characteristics.
The viability of the non-germinated seeds, after drying and treat-
ment with KNOs, is represented in Supplementary Fig. S2, with
97% being the lowest viability. Application of exogenous nitrate
alleviates seed dormancy and stimulates germination through
transcriptional changes of several genes involved in ABA (e.g.
CYP707A2) and GA metabolism and sensitivity (Matilla et al,,
2015; Sano and Marion-Poll, 2021).
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In this study, TSA and valproic acid caused a higher t50 for
germination but the speed of testa rupture (t50 for testa rupture)
was not affected (Figs 3D and 4B, C). Germination has two visible
physical stages: testa and endosperm rupture, the latter being
completed with the micropylar endosperm rupture by the radicle
(Bentsink and Koornneef, 2008). Our results indicate that, con-
trary to our hypothesis, exposure to HDAC inhibitors slowed ger-
mination speed (higher t50 for radicle emergence) of the
non-dormant seeds (Figs 3D and 4C), while valproic acid also
increased secondary dormancy depth (lower final germination)
(Figs 3C and 4A).

Several reports on germination of non-dormant seeds have
shown inhibiting effects of TSA. For example, Tanaka et al.
(2008) exposed non-dormant Arabidopsis seeds to 5-50 uM
TSA and found a delay in germination in comparison with the
control after 3d of sowing. Zhang et al. (2011) applied 1-
50 uM TSA to non-dormant Zea mays L. (maize) seeds, observing
lower germination rates in seeds imbibed in TSA compared with
seeds imbibed in the control (a DMSO control was not indicated).
However, Nelson et al. (2017) rescued germination of dormant
and gibberellic acid (GA) insensitive slyI-2 mutant seeds with
2uM TSA, while 4 and 6 pM led to decreasing germination
capacity.

The probable involvement of a deacetylation event in seed ger-
mination has been described in previous studies (Perrella et al.,
2010; Cigliano et al., 2013; Wang et al., 2013). HDACs contribute
to the repression of embryogenesis related gene expression during
germination (Tai et al., 2005; Tanaka et al., 2008). This indicates
that the action of TSA and valproic acid in the increased t50 for
germination could possibly be related to the positive regulation of
embryo-specific transcription factors implicated in the mainten-
ance of embryonic properties, such as LECI, LEC2, FUS3 or
ABI3, hence promoting a delay of germination (Carbonero
et al., 2017; Lepiniec et al., 2018). In addition, we hypothesized
that enhanced secondary dormancy and delay in germination
observed in seeds treated with HDAC inhibitors could involve
mis-regulation of genes related to hormone (ABA, GAs) biosyn-
thesis or signalling pathways (Lepiniec et al., 2018).

At the same time, these results could indicate that acetylation/
deacetylation of histones plays a role in the elongation of the tran-
sition zone and lower hypocotyl cells necessary for radicle protru-
sion (Sliwinska et al., 2009). The main hormones implicated in
these processes are auxins (Fu and Harberd, 2003). Their relation
with histone deacetylation was unveiled by Wang et al. (2016),
who demonstrated the negative regulation of radicle promotion
and early growth of Arabidopsis seeds by PAIRED
AMPHIPATHIC HELIX SWI-INDEPENDENT3 (SIN3)-LIKE
(SNL) 1 and SNL2 in a manner dependent on AUXIN
RESISTANT 1 (AUXI1). SNL1 and SNL2 can act as components
of a HDAC-SNL complex capable of modulating the transcription
of genes through histone deacetylation (Wang et al., 2013). Thus,
we could hypothesize that HDAC inhibitors, such as TSA and val-
proic acid, act on histone deacetylases that are implicated in the
regulation of auxin pathways and signals, which at the same
time regulate specific steps in the seed germination process.

(Epigenetic) gene expression associated with exposure to
histone deacetylase inhibitors during secondary seed
dormancy induction

In order to test the hypotheses mentioned in the section ‘The
effect of histone deacetylase inhibitors on secondary seed
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dormancy induction and germination’, we compared gene expres-
sion of a non-deep dormant accession (-799) exposed to either an
HDAC inhibitor or a control. Valproic acid instead of TSA was
used to treat the seeds as it caused a deeper secondary dormancy
and stronger delay of germination in all the accessions and does
not need to be dissolved in DMSO. In the case of the ND valproic
acid versus ND water comparison, the number of genes differen-
tially expressed was 393, of which 122 were up-regulated and 271
down-regulated (Table 1). The DEGs highlighted below are listed
in Supplementary Data S2 and S3. GO-term abundance analysis
was also performed, with results presented in Supplementary
Data S4 and S5.

Our first hypothesis regarding the delay in germination caused
by valproic acid involved a positive regulation of embryo-specific
transcription factors implicated in the maintenance of embryonic
properties. However, the results showed no significant differential
expression of genes such as LECI, LEC2, FUS3 or ABI3, despite
the up-regulation of CHROMATIN REMODELING 5 (CHR5)
(1.62) (Shen et al.,, 2015). We, therefore, assessed the possibility
that mis-regulation of phytohormone genes could underlie
increased secondary dormancy depth and germination delay.
The phytohormone ABA has been found to play a key role in
the regulation of seed dormancy and germination. It can inhibit
germination and its accumulation correlates with the onset of
primary dormancy (Tuan et al, 2018). In the up-regulated
DEGs, only phytohormone GOs related to ABA transmembrane
transport were enriched. Overall, several positive regulators of
ABA were down-regulated, including PYL4 (-2.02), which is a
receptor of ABA required for ABA-mediated response that is
crucial for seed germination (Wang et al., 2020). Another example
is ABI5 (-4.05), which is essential to execute an ABA-dependent
growth arrest that sets in after breakage of seed dormancy but
prior to autotrophic growth (Lopez-Molina et al., 2001, 2002).
In accordance with this, a sequence implicated in the
degradation of ABI5 was up-regulated: E3 ubiquitin-protein ligase
KEEP ON GOING (KEG) (1.33) (Liu and Stone, 2010).
UDP-GLUCOSYLTRANSFERASE 75B1 (UGT75B1) (1.88),
which is the main enzyme responsible for pABA-Glc formation
in Arabidopsis, was also up-regulated. ABA can be transformed
into inactive forms by glycosylation, which is a flexible way of
maintaining ABA homeostasis, and this is catalyzed by the
plant family of UDP-GLYCOSYLTRANSFERASES (UGTs).
Overexpression of UGT75B1 leads to overproduction of
ABA-Glc in Arabidopsis and lowers the active ABA levels, allow-
ing seed germination and seedling greening (Chen et al., 2020).
However, we also observed up-regulation of genes implicated in
positive signalling of ABA [SNL1 (1.39) (Wang et al, 2013,
2016)] and down-regulation of genes implicated in negative sig-
nalling, such as WRKY29 (Zhou et al, 2020) (-7.94),
WRKY18-LIKE (-1.89) and WRKY60 (-1.69).

The enriched GOs related to phytohormones in the down-
regulated DEGs were linked to cytokinin and indoleacetic acid,
such as the GO-term ‘indoleacetic acid biosynthesis’. Analysing
auxin-related sequences within the up-regulated DEGs, there
was one gene implicated in auxins efflux: the protein BIG
(1.63), which is involved in cell elongation, lateral root promotion
and general growth and development (Kanyuka et al., 2003).
Nonetheless, TRYPTOPHAN  N-MONOOXYGENASE 2
(CYP79B3), which catalyzes the first step of IAA biosynthesis
(Wang et al., 2016), presented a down-regulation of -2.29-fold.
In addition, SNLI (1.39), which is implicated in the repression
of sequences related to the biosynthesis of auxins (Wang et al,,


https://doi.org/10.1017/S0960258522000265

210

Table 1. Number of DEGs between conditions in C. bursa-pastoris seeds

S. Gomez-Cabellos et al.

DEGs
DEGs FDR DEGs DEGs Annotated DEGs
Differentially Expressed Genes (DEGs) P<0.05 Down Up Annotated Down
D water vs ND water 6,337 2,727 3,610 2,414 3,317
ND valproic acid vs ND water 393 122 271 110 244

Total number of DEGs between comparison pairs, significantly up-regulated and down-regulated and final number of annotated genes.

2016), was up-regulated. We could hypothesize that, due to the
up-regulation of SNLI, there may be no up-regulation of auxins
biosynthesis genes. The reason behind the up-regulation of this
histone deacetylase when seeds were treated with valproic acid
could potentially be a compensation for the inhibition of deacety-
lation provoked by the exogenously applied compound.

Although no enrichment of GOs related to GAs were found,
genes such as GA20oxI (-8.24 and -4.17) and GIBBERELLIN-
REGULATED-LIKE PROTEIN (-331.29, -91.56, -88.50 and -17.47)
were found in the down-regulated list of DEGs. GAs are known to
stimulate seed germination in a wide range of plant species
(Tuan et al., 2018). The same situation was found for BRs,
with genes implicated in their biosynthesis or response within the
down-regulated DEGs, such as CYTOCHROME P450 CYP708A2
(-3209 and -7.62), EXORDIUM-LIKE 1 (EXLI) (-7.19),
EXORDIUM-LIKE 5 (EXL5) (-2.44) or EXORDIUM-LIKE (EXO)
(-2.68). BRs are known for promoting seed germination and both
BRs and GAs induce the expression of cell elongation-associated
genes such as distinct expansin family members (Finkelstein et al,
2008).

Altogether, it could be said that the hyper-acetylation caused by
the use of valproic acid provoked alterations in the expression of
genes implicated in the biosynthesis and signalling pathways of dif-
ferent phytohormones. As mentioned above, ABA signalling gene
expression was both repressed and stimulated in seeds treated
with valproic acid. However, genes related to synthesis of GAs,
BRs and auxins were down-regulated (Table 2), which might explain
the slowing of germination (higher t50) in response to valproic acid.

With respect to epigenetic regulation and chromatin remodel-
ling, GOs related to histone acetylation and histone acetyltransfer-
ase complexes were within the enriched terms for the
up-regulated DEGs, including ‘chromatin remodelling,
‘lysine-acetylated histone binding’ and ‘acetylation-dependent
protein binding’. However, the histone deacetylases SNLI (1.39)
and SNL4 (1.34) were also up-regulated. These results seem to
be contradictory but could be indicating that seeds are trying to
stabilize histone acetylation levels. In addition, the up-regulation
of SNLI1 might help explain the increase in secondary dormancy
caused by valproic acid exposure.

Regarding methylation, we observed both up-regulation of
genes involved in  demethylation  [LYSINE-SPECIFIC
DEMETHYLASE JMJ18 (5.87)] as well as methylation
[HISTONE-LYSINE N-METHYLTRANSFERASE ATXR3-LIKE
(1.36)]. Finally, the DNA helicase INO80-LIKE was also
up-regulated (1.34). INOS80 is a chromatin remodelling complex
that modulates, together with SWRI, the incorporation of
H2A.Z in nucleosomes. The deposition of this histone variant
at gene bodies is associated with lower transcription levels
(Wang et al., 2019). Overall, the genes involved in epigenetic regu-
lation of transcription show a dynamic pattern of expression in
response to valproic acid.
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Taking two ecotypes that presented extreme responses to the
induction of secondary dormancy in water (-367 and -799), a
transcriptome analysis was performed. The number of genes
with statistically significant differences (fold change >|1| and
FDR P-value < 0.05) in expression between D water versus ND
water was 6,337, of which 2,727 were up-regulated and 3,610
down-regulated (Table 1; Supplementary Data S3). The focus of
the results and discussion is on DEGs with GO, terms related
to dormancy, phytohormones, as well epigenetic processes that
could potentially explain differences in secondary dormancy
depth between the accessions analysed. Given that the two eco-
types contrast in their response to secondary seed dormancy
induction, the results may reflect differences in germination
potential/status as well as secondary dormancy depth. The full
results of the GO analysis are available in Supplementary Data
S4 and S5. In addition, manual categorization of DEGs according
to function was also performed (Supplementary Data S6).

DOGT1 has been described as an essential and necessary protein in
the establishment of primary seed dormancy over the last decade
(Bentsink et al., 2006; Footitt et al., 2015; Carrillo-Barral et al.,
2020). Although DOGI was not found to have direct control of
secondary dormancy depth in Arabidopsis, Footitt et al. (2020)
proposed a model for the regulation of dormancy cycling where
a lower AHGI/ANACO060/PDFI1:DOG]I ratio is linked to deeper
dormancy/lower germination potential. The results in this study
on C. bursa-pastoris did not reveal differential expression of
DOGI1 (there were no sequences annotated as DOGI), while
AHGI1 (PROBABLE PROTEIN PHOSPHATASE 2C 75) and
ANAC060 (NAC DOMAIN-CONTAINING PROTEIN 60
ISOFORM X1) were more highly expressed (1.36 and 1.41) in
the deeper dormant ecotype. Several DOGI-LIKE genes were
also up-regulated in the deep versus non-deep dormant genotype:
DOGI-LIKE 3 (2.02, 1.74), DOGI-LIKE 4 (1.54) and DOGI-LIKE
I (1.51). Ectopic expression of wheat and barley DOGI-LIKE
genes promoted seed dormancy in Arabidopsis (Ashikawa et al.,
2010). DOG1-LIKE 3 (DOGL3) is capable, like DOG1, of binding
to AHG1 PP2C, thereby playing a similar role to DOGI1 in ABA
sensitivity and dormancy enhancement (Nonogaki et al., 2020).
For example, the OsDOGI-LIKE 3 gene was found to up-regulate
ABA biosynthesis and signalling-related genes, suggesting that its
promotion of primary seed dormancy likely occurs by enhancing
the ABA pathway (Wang et al, 2020). However, DOGL4 is a
negative regulator of primary seed dormancy and the ABA
response, with mutations in DOGL4 enhancing dormancy (Zhu
et al.,, 2018; Katsuya-Gaviria et al., 2020).
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Table 2. DEGs potentially explaining the observed delay in t50 for germination in C. bursa-pastoris seeds treated with HDAC inhibitors

Max group mean Log, fold Fold

DEGs TPM change change FDR P-value Sequence description

Cbp51055 246 —2.06 —4.18 1.05x 1072 Gibberellin 20 oxidase (GA200x1)

Cbp5936 1.25 -3.04 -8.24 3.79x107% Gibberellin 20 oxidase (GA200x1)

Cbp4536 0.35 —5.00 -32.10 7.01x107% Cytochrome P450, family 708, subfamily A, polypeptide 2
(CYP708A2)

Cbp4529 1.52 —2.93 -7.62 8.50x107% Cytochrome P450, family 708, subfamily A, polypeptide 2
(CYP708A2)

Cbp48289 2.33 -1.19 -2.29 1.89x107% Tryptophan N-monooxygenase 2 (CYP79B3)

Cbp23520 20.84 0.48 1.39 7.08x107% Paired amphipathic helix protein Sin3-like 1 isoform X1

(SNL1)

The selected DEGs are from a comparison of a non-deep dormant accession (-799) exposed to an HDAC inhibitor (valproic acid) versus a control (water): the seeds were imbibed in darkness

for 3d at 30°C in water to induce secondary seed dormancy.

A high number of over-represented GO-terms in the down-
regulated DEGs were related to water and water transport.
Footitt et al. (2019) revealed a role for aquaporins in the induction
and relief of secondary seed dormancy. TIP3-2 was identified as a
negative regulator of ABA in Arabidopsis, but a PROBABLE
AQUAPORIN TIP3-2 was expressed more highly in the deeper
dormant accession of C. bursa-pastoris in this study (1.61 and
1.93). In general, the majority of differentially regulated aquapor-
ins showed higher expression in the less deep dormant accession:
aquaporin TIP2-1 (-439.48, -286.70 and -223.97), aquaporin
TIP1-1 (-221.79 and -199.42), aquaporin TIP1-2 (-90.19, -49.16
and -35.77), aquaporin PIP1-3 (-10.90 and -3.81), probable aqua-
porin PIP2-5 (-10.38) and probable aquaporin NIP5-1 (-9.86 and
-6.51).

With respect to phytohormones, we found that the number of
over-represented GO-terms in the up-regulated DEGs was much
lower than in the down-regulated list, with the former presenting
only the two GO-terms: ‘positive regulation of cytokine produc-
tion’ and ‘response to ABA’. The GO-term ‘response to ABA’
was also found within the enriched GO-terms of the down-
regulated genes. Therefore, there are genes implicated in the posi-
tive and negative regulation of this hormone within the up- and
the down-regulated sequences.

Looking at specific genes within the up-regulated DEGs, some
sequences that have been described as important in the positive
regulation of ABA pathways and signalling were found: SERINE/
THREONINE-PROTEIN KINASE SRK2A-LIKE (142.97), ABC
TRANSPORTER G FAMILY MEMBER 40 (ABCG40) (15.16 and
10.65), 9-CIS-EPOXYCAROTENOID DIOXYGENASE NCED6
(8.51), NCED2 (1.68 and 1.51), B3 DOMAIN-CONTAINING
TRANSCRIPTION FACTOR ABSCISIC ACID-INSENSITIVE 3
(ABI3) (249) and ABSCISIC ACID-INSENSITIVE 5-LIKE
PROTEIN 7 (ABF4) (2.28).

NCEDS, together with NCED9, were shown to be up-regulated
in secondary dormant versus non-dormant seeds (Cadman et al.,
2006). The same pattern was found for ABI3, which presented
higher expression in dormant (primary and secondary) compared
with  non-dormant states (Cadman et al, 2006).
SWI-INDEPENDENT 3 (SIN3)-LIKE (SNL) 1 and SNL2 are his-
tone deacetylases that have an important function in the regula-
tion of primary seed dormancy (Wang et al., 2013). In research
by Wang et al. (2013), enhanced levels of SNLI1 and SNL2 inhib-
ited ABA hydrolysis and promoted its synthesis by histone deace-
tylation of certain target genes. In this study, a potential SNLI
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(Cbp42606: Data S7) was highly up-regulated in the deep dor-
mant accession in comparison with the non-deep dormant one
(1633.68). In addition, the protein CRUCIFERIN CRUI1-LIKE
was differentially expressed with a fold change of 2.98.
CRUCIFERIN Al is a storage protein and a downstream target
of ABA found to be related to dormant seeds by Gao et al. (2012).

On the other hand, within the down-regulated DEGs related to
ABA, there were mostly negative regulators of its pathways, such as
NINJA-FAMILY  PROTEIN  AFP4 (-211.51),  RAC-LIKE
GTP-BINDING PROTEIN ARAC7 and ARACIO (-26.70 and -3.79,
respectively), ZINC FINGER PROTEIN 8 and 3 (ZFP8 and ZFP3)
(-17.17 and -348, respectively), PROTEIN TERMINAL EARI
HOMOLOG (ENHANCER OF ABA CO-RECEPTOR 1) (-1342),
ABSCISIC ACID 8-HYDROXYLASE 3 (CYP707A3: -4.96) and 1
(CYP707A1: -2.21), ENHANCED DISEASE RESISTANCE 2-LIKE
(EDR2-LIKE) (-6.60 and -246) and the key negative regulator
PROTEIN PHOSPHATASE 2C 56 (ABII) (-341 and -3.30).
Nevertheless, there were also down-regulated sequences related to posi-
tive responses to ABA such as the previously mentioned SERINE/
THREONINE-PROTEIN KINASE SRK2A-LIKE (-11.94), HVA22E
(-10.37 and -4.23), PHOSPHOINOSITIDE PHOSPHOLIPASE ClI
(PLCI) (-6.56), ABSCISIC ACID-INSENSITIVE 5-LIKE PROTEIN 1
(-5.98 and -4.75), ABSCISIC ACID-INSENSITIVE 5-LIKE PROTEIN
6 (-4.69), ABI4-LIKE (-4.01 and -2.19), PYL4 (-2.00) and F-BOX/
KLECH-REPEAT PROTEIN AT3G16740-LIKE (FOA2) (-505.45 and
-471.55). However, the down-regulation of FOA2 expression might
be caused by ABA through a feedback regulation mechanism (He
et al, 2016). Although a fivefold higher expression of PYL4 was
found in seeds induced into secondary dormancy compared with an
array of primary dormant states (Laspina et al, 2020), our results
show no evidence for enhanced expression of PYL4 being associated
with deeper secondary dormancy.

A large part of ABA accumulation in seeds relies on the regu-
lation of the NCED gene family as the enzymes they encode carry
out the first step in the synthesis of ABA (Nambara et al., 2010).
The induction of NCED6 during imbibition is sufficient to pre-
vent seed germination (Martinez-Anddjar et al., 2011). On the
other hand, the major catabolic route is via the ABA
8-HYDROXYLASE (Matilla et al., 2015). The up-regulation of
NCED6 and NCED2 and the down-regulation of ABSCISIC
ACID 8-HYDROXYLASE 3 might be indicating higher ABA
levels in the deep-dormant accession than in the non-deep one.
Taking into account all the ABA-related genes of the DEGs, in
the up-regulated list, most of them are promoters of its synthesis
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or signalling, while in the down-regulated set, the most abundant
are repressors or sequences related to its catabolism. However, the
number of ABA-related genes with differential expression is more
limited than may have been expected, which was also observed in
several earlier studies (Cadman et al., 2006; Matilla et al., 2015;
Ibarra et al., 2016; Laspina et al., 2020). Footitt et al. (2020) pro-
posed a model in which dormancy cycling is regulated via a nega-
tive response to ABA.

With respect to the over-represented GO-terms of the down-
regulated DEGs that involve hormones, we observed a high num-
ber of GOs related to biosynthesis, signalling pathways or metab-
olism. For example, changes in the balance of catabolism and
synthesis of GAs are necessary for the promotion of germination.
Genes such as GIBBERELLIN 20-OXIDASE 1 (GA20ox1) (-12.24
and -5.22) and GIBBERELLIN 20-OXIDASE 2 (GA200x2) (-6.22)
were within the down-regulated DEGs. These are key players in
the biosynthesis of gibberellins, act partially redundantly and
are the most highly expressed of the genes implicated in the syn-
thesis of GAs during vegetative and early reproductive develop-
ment (Rieu et al, 2008; Tuan et al., 2018). The transcription
factor bHLH93, which is implicated in regulation of flowering
time in short days (SD), was also within the down-regulated
genes with fold changes of -5.87 and -4.13. Mutants of this
gene presented down-regulation of GA biosynthetic genes
(GA3ox1, GA30x2, GA200x1) and up-regulation of the GA cata-
bolic (GA20x2 and GA20x7) and receptor genes in comparison
with wild-type plants (Sharma et al., 2016). DEGs related to
GA-mediated signalling presented contrasting results. For
example, DELLA proteins (repressors of GA responses) showed
both up- and down-regulation, involving relatively small fold
changes [e.g. DELLA proteins GAI (1.48 and 1.39), RGL2
(-1.43 and -1.91) and RGL3 (-1.53 and -1.67)]. Although RGL2
plays an important role in secondary dormancy induction in
Arabidopsis as shown by mutant analysis (Ibarra et al., 2016),
our results indicate that its expression is lower in the deeper dor-
mant genotype during secondary dormancy induction. In add-
ition, F-BOX PROTEIN GID2, a positive regulator of gibberellin
signalling through degradation of DELLA proteins [including
RGL2 (Tyler et al, 2004; Yang et al, 2020)], was highly
up-regulated (68.91). Loss of GID2 (SLY1) results in increased pri-
mary seed dormancy (Ariizumi et al, 2011), and therefore, its
up-regulation in the deeper secondary dormant accession indi-
cates that this gene may also not be a candidate for explaining dif-
ferences in secondary dormancy depth.

Overall, the down-regulation of genes implicated in the bio-
synthesis of GAs in the deep dormant accession in comparison
with the non-deep dormant one and the up-regulation of genes
implicated in the synthesis or signalling of ABA suggest an active
involvement of the ABA/GAs balance in the differences in cap-
acity of induction of secondary seed dormancy found between
the accessions. However, a larger number of differentially
expressed genes between the accessions, especially those related
to ABA biosynthesis and signalling pathways, was expected
based on the literature related to primary seed dormancy of the
last decades (Finkelstein et al., 2008; Dekkers and Bentsink,
2015; Matilla et al., 2015; Tuan et al, 2018; Sano and
Marion-Poll, 2021).

There is abundant evidence that ABA and ethylene play import-
ant roles in the regulation of seed dormancy (Finkelstein et al., 2008).
Ethylene can promote seed germination and repress seed dormancy
establishment as it antagonizes the ABA pathway (Finkelstein et al.,
2008; Linkies and Leubner-Metzger, 2012). However, the
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ethylene-ABA antagonism during seed dormancy and germination
is still poorly understood (Wang et al., 2013). Ethylene’s biosynthesis
is controlled by the 1-AMINOCYCLOPROPANE-1-CARBOXYLIC
ACID OXIDASE (ACO), which is involved in counteracting the
inhibiting effects of ABA on endosperm cap weakening and endo-
sperm rupture (Linkies et al, 2009). The main role of ethylene
could be related to the promotion of radial cell expansion in the
embryonic hypocotyl, decreasing the seed water potential and
increasing the activity of cell wall hydrolases in the endosperm cap
(Kucera et al, 2005). In research carried out by Wang et al.
(2013), seeds of the snll snl2-1 double mutant (with higher germin-
ation than non-mutant Arabidopsis Columbia seeds) presented
affected transcription levels of genes regulating the ethylene path-
ways, including the up-regulation of the genes ACOI, ACO4,
ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR (ERF) 105,
ERF9 and ERFI12. This pointed to the involvement of SNLI and
SNL2 in seed dormancy by repressing ethylene synthesis and
response. As mentioned above, great differences in expression of a
potential SNLI [Cbp42606 (1633.68)] were found within our
study, a result that will be discussed later on.

Within the over-represented GO-terms of the down-regulated
DEGs, some were related to responses and signalling pathways of
ethylene. Specific genes related to its synthesis or responses could
be found, such as ETHYLENE RESPONSE FACTORS (ERFs). Some
of the down-regulated sequences were 1-AMINOCYCLOPROPANE-
1-CARBOXYLATE OXIDASE 1 (ACOI) (-526.98 and -244.23),
ERF4-LIKE (-1123.97 and -10.10), ERF109-LIKE (-14.21), ERF105
(-12.27 and -4.61), APETALA 2 (AP2)-LIKE ETHYLENE-
RESPONSIVE TRANSCRIPTION FACTOR AIL1 (-4.38 and
-1.58), ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR
CRF1 (-3.51), among others. These results are in accordance
with the hypothesis of Paul et al. (2014) and Wang et al
(2013), in which ethylene signalling pathways are important in
the regulation of dormancy, and also with previous works that
demonstrate that ethylene expression is partially regulated by his-
tone acetylation and deacetylation (Wang et al., 2020).

Aside from GAs and ethylene, the roles of BRs in the promo-
tion of germination by improving growth potential in a
GA-independent manner have begun to be elucidated
(Leubner-Metzger, 2001; Hao et al.,, 2017; Xu et al.,, 2020). They
constitute another antagonist of ABA (Kucera et al., 2005).
Although no GO-terms related to BRs were within the over-
represented GOs, multiple key genes implicated in BRs synthesis,
signalling pathways and homeostasis were markedly down-
regulated. Some of them could be highlighted, for example
those encoding BAHD ACYLTRANSFERASE BIAl (-226.23
and -11.17), CYTOCHROME P450 708A2-LIKE (-161.72 and
-89.40), PROBABLE WRKY TRANSCRIPTION FACTOR 46
(-25.35 and -6.99), BRASSINOSTEROID INSENSITIVE 1
(BRI1)-ASSOCIATED RECEPTOR KINASE 1 (BAK1) (-4.47),
PROTEIN BRII-5 ENHANCED 1 (BEN1) (-3.97 and -3.78),
BRASSINOSTEROID SIGNALLING POSITIVE REGULATOR
(BZR1) FAMILY PROTEIN (BES1) (-3.80 and -3.16) and BRI1
(-2.00 and -1.95), although a negative regulator was also down-
regulated: BRI1 KINASE INHIBITOR 1-LIKE (BKI1) (-3.22).
Most of these genes were previously found to be up-regulated dur-
ing the germination of peanut seeds (Xu et al., 2020). BES1 forms
a transcriptional repressor complex with TPL-HDA19, which dir-
ectly facilitates the histone deacetylation of ABI3 chromatin, lead-
ing to the transcriptional repression of ABI3 and consequently
ABI5 (Ryu et al,, 2014). BRI1 has been proposed to play a role
in the cold stratification pathway for releasing primary seed
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dormancy and triggering germination (Kim et al., 2019). These
differences of expression in several genes of the BR signalling
pathways are consistent with a lower dormancy/higher germin-
ation capability of the non-deep accession in comparison with
the deep dormant one.

Overall, auxins were the phytohormones with the greatest
number of associated GO-terms. They are hormones that can
regulate plant development by induction of cell elongation and
division (Campanoni and Nick, 2005; Chapman and Estelle,
2009). Their biosynthesis has been found to be of great import-
ance in seed germination as it is essential for hypocotyl elongation
(Kucera et al., 2005; Bai et al., 2018). Auxins can also affect ABA
and GAs signalling pathways through their transport in the root
tip, where AUXI plays an essential role (Wang et al., 2016).
Low auxins levels during the deep dormant stage of tea buds
and other species have been observed (Li et al., 2003; Nagar
and Sood, 2006), suggesting the need of changes in auxins content
and auxin-associated genes for dormancy transitions in these sys-
tems (Hao et al.,, 2017). Moreover, Carrera et al. (2008) found
auxins efflux and influx transporters up-regulated in after-ripened
seeds compared with dormant seeds.

A high number of auxin-related genes was found in the list of
down-regulated DEGs. Some examples of genes known to play an
important role in auxin synthesis or their signalling pathways should
be highlighted, such as those encoding INDOLE-3-ACETIC
ACID-AMINO SYNTHETASE GH3.6 (-133.53 and -2.38) and
GH3.3 (-24.06 and -8.72), ABC TRANSPORTER B FAMILY
MEMBER 19 (ABCB19) (-3266.98), MYROSINASE 4 (TGG4)
(-1406.78 and -190.45), AUXIN TRANSPORTER PROTEIN
1/AUXIN RESISTANT 1 (AUX1) (-487.14), AUXIN EFFLUX
CARRIER COMPONENT 6 (PIN6) (-421.66), PROTEIN WALLS
ARE THIN (WAT1) (-172.76) and ERFI09-LIKE (-14.21).
However, two repressors of auxin response genes were also down-
regulated: AUXIN-RESPONSIVE PROTEIN IAA17 and IAA27
(-23.74 and -23.53, respectively). The up-regulation of a potential
SNLI [Cbp42606 (1633.68)] and down-regulation of AUXI in this
study (i.e. lower expression of a potential SNLI and higher expression
of AUXI in the non-deep accession) would be in accordance with
Wang et al. (2016), where AUXI was proven to be positively impli-
cated in seed germination and negatively regulated by the histone
deacetylases SNLI and SNL2.

Overall, phytohormone synthesis or signalling was generally
up-regulated for ABA (e.g. NCED6, NCED2, ABCG40, ABI3)
and down-regulated for GAs (GA20ox1, GA200x2, bHLH93),
ethylene (ACOl, ERF4-LIKE, ERFI05, ERFI09-LIKE), BRs
(BIAI, CYP708A2-LIKE, probable WRKY46, BAKI, BENI,
BESI, BRII) and auxin (GH3.3, GH3.6, ABCBI19, TGG4, AUX1,
PIN6, WAT1I), while several ABA repressors or sequences related
to its catabolism were down-regulated (e.g. AFP4, ARAC7,
ARACI10, ZFP8, ZFP3, ABIl, CYP707A3 and CYP707AlI)
(Table 3). Together, these results suggest that phytohormones
play an important role in controlling differences in secondary
dormancy depth between accessions.

While the up-regulated DEGs included terms related to epigenetic
regulation in the over-represented GOs, the down-regulated DEGs
included these terms in the under-represented GOs. This indi-
cates an active expression and implication of these processes in
differences in secondary seed dormancy depth between the acces-
sions. The up-regulated DEGs were enriched for ‘chromatin
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remodelling’, ‘lysine-acetylated histone binding’ and ‘acetylation-
dependent protein binding. Chromatin remodelling factors
PROBABLE ATP-DEPENDENT DNA HELICASE CHR23 and
CHRI2 were both up-regulated (2.82 and 2.29). Overexpression
of CHRI12 or CHR23 reduced the frequency of seed germination
in Arabidopsis up to 30% relative to wild-type (Leeggangers
et al., 2015).

Several sequences encoding histone deacetylases were within
the up-regulated genes. As HDACs lack intrinsic DNA-binding
activity, they are recruited to target genes through association
with transcription factors or by incorporation into large multipro-
tein transcriptional complexes (Luo et al, 2017). Up-regulated

HDACs included HISTONE DEACETYLASE 14 (HDAI4)
(35.98), HISTONE DEACETYLASE 6-LIKE (HDAG6-LIKE)
(29.62) and HISTONE DEACETYLASE-LIKE PROTEIN

(HDA-LIKE) (3.50 and 2.58). HISTONE DEACETYLASE 6
(HDA6) and HDA19 have partially redundant functions in regu-
lating seed germination, embryo development and salt resistance
(Tanaka et al, 2008) and both can interact with HISTONE
DEACETYLASE COMPLEX 1 (HDC1), SNLs and MULTICOPY
SUPRESSOR OF IRA1 (MSI) in order to repress gene expression
and regulate plant development (Chen and Wu, 2010). The
AT-HOOK MOTIF NUCLEAR-LOCALIZED PROTEIN 22
(AHL22) was also highly up-regulated (241.89 and 28.15). This
protein acts as a chromatin remodelling factor, interacting with
HDAG®6, and modulating both H3 acetylation (through deacetyla-
tion of acetylated histones) and methylation of FLOWERING
LOCUS T (FT) (Yu et al., 2011). Another up-regulated gene, the
PHD FINGER PROTEIN ING2 (88.43), codes for a protein that
is a native subunit of the repressive complex mSin3a-HDAC1 in
mammalian cells (Shi et al., 2006).

The proteins PAIRED AMPHIPATHIC HELIX
SWI-INDEPENDENT?3 (SIN3)-LIKE (SNL) 1 and SNL2 can act
as components of a HDAC-SNL complex capable of modulating
the transcription of genes through histone deacetylation (Wang
et al, 2013). Out of 45 annotated PAIRED AMPHIPATHIC
HELIX proteins in the C. bursa-pastoris genome, two were
up-regulated [Cbp42606 (1633.68) and Cbp47861 (1.41)]. The
annotation results identified them as most closely related to
SNL4 and SNL6 (Supplementary Data S3), although the most
similar sequences in Arabidopsis were SNLI and SNL5
(Supplementary Data S7). Further research is needed to establish
their exact identity in C. bursa-pastoris and their potential role in
secondary seed dormancy depth variation. The high up-regulation
(1633.68) of a potential SNLI indicates possible similarities
between epigenetic regulation of primary and secondary seed
dormancy.

However, in the up-regulated genes, there were also sequences
implicated in histone acetyltransferase activity, such as the
CHROMATIN MODIFICATION-RELATED PROTEIN EAF6
(3.48). EAF6 is a small 13-kDa protein that in yeast forms part
of the PICCOLO NUCLEOSOME ACETYLTRANSFERASE OF
HISTONE H4 (NuA4) complex but its contribution to the tran-
scriptional regulation mediated by NuA4 has not been fully
addressed (Espinosa-Cores et al., 2020). Another example is the
gene transcription regulator of RNA polymerase II,
SPT-ADA-GCN5-ACETYLTRANSFERASE (SAGA) SUBUNIT,
with a fold change of 2.55.

As mentioned above, the down-regulated DEGs presented
under-representation of GO-terms related to epigenetic regula-
tion, with terms such as: ‘histone acetylation’, ‘peptidyl-lysine
acetylation’, ‘internal peptidyl-lysine acetylation’, ‘histone
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Table 3. DEGs potentially explaining the difference in secondary seed dormancy depth between two accessions of C. bursa-pastoris

Max group Log, fold Fold FDR

DEGs mean TPM change change P-value Sequence Description

Cbp42600 16.30 3.09 8.51 0.00 x 10" 9-Cis-epoxycarotenoid dioxygenase NCED6, chloroplastic

Cbp16271 9.53 0.75 1.68 1.59x107% 9-Cis-epoxycarotenoid dioxygenase NCED2, chloroplastic

Cbp22042 9.44 0.59 1.51 1.67x107% 9-Cis-epoxycarotenoid dioxygenase NCED2, chloroplastic

Cbp24455 0.82 3.92 15.16 9.96x 107 ABC transporter G family member 40 (ABCG40)

Cbp41780 0.82 3.41 10.65 8.11x107% ABC transporter G family member 40 (ABCG40)

Cbp42531 63.27 1.31 2.49 2.65x1071 B3 domain-containing transcription factor ABI3

Cbp30923 22.12 -1.72 -211.51 0.00x 10" Ninja-family protein AFP4

Cbp31262 0.44 —4.74 —26.70 1.60x 1072 Rac-like GTP-binding protein ARACT

Cbp39709 3.36 -1.92 -3.79 1.96 x 107 Rac-like GTP-binding protein ARAC10

Cbp13725 0.39 —4.10 -17.17 2.03x107% Zinc finger protein 8 (ZFP8)

Cbp3057 0.81 -1.80 —-3.48 4.58x107% Zinc finger protein 3 (ZFP3)

Cbp5869 8.51 -1.77 —3.41 6.18x 107 Protein phosphatase 2C 56 (ABI1)

Cbp37985 5.92 -172 -3.30 1.43x107% Protein phosphatase 2C 56 (ABI1)

Cbp26900 8.78 -2.31 —4.96 6.05x 107 Abscisic acid 8'-hydroxylase 3 (CYP707A3)

Cbp22128 4.61 -1.15 —221 4.80x107% Abscisic acid 8'-hydroxylase 1 (CYP707A1)

Cbp5936 0.89 -3.61 —12.24 6.22x107% Gibberellin 20 oxidase (GA200x1)

Cbp51055 1.74 —2.38 —5.22 2.95x107% Gibberellin 20 oxidase (GA200x1)

Cbp7789 0.76 —2.64 —6.22 291x107% Gibberellin 20 oxidase 2 (GA200x2)

Cbp19645 2.15 —2.55 —5.87 1.37x107% Transcription factor bHLH93

Cbp28889 7.22 -2.05 -4.13 1.06x107% Transcription factor bHLH93

Cbp39064 1.56 —9.04 —526.98 421x107% 1-Aminocyclopropane-1-carboxylate oxidase 1 (ACO1)

Cbp12844 0.95 -7.93 —244.23 1.93x107% 1-Aminocyclopropane-1-carboxylate oxidase 1 (ACO1)

Cbp19872 4.51 -10.13 —1123.97 1.38x107% Ethylene-responsive transcription factor 4-like (ERF4-like)

Cbp32893 114 -3.34 —10.10 1.91x107% Ethylene-responsive transcription factor 4-like (ERF4-like)

Cbp37700 17.85 -3.62 —12.27 0.00 x 10" Ethylene-responsive transcription factor ERF105

Cbp7837 20.10 -2.20 —4.61 2.16 x 10" Ethylene-responsive transcription factor ERF105

Cbp9675 0.74 -3.83 -14.21 2.28x107% Ethylene-responsive transcription factor ERF109-like

Cbp45862 0.49 -7.82 —226.23 1.99x 1072 BAHD acyltransferase BIA1

Cbp21867 0.52 -3.48 -11.17 1.37x107% BAHD acyltransferase BIAL

Cbp4525 0.30 —7.34 —161.72 4,08 x 1072 Cytochrome P450 708A2-like (CYPT08A2-like)

Cbp45864 1.10 -6.48 —89.40 7.99x 1077 Cytochrome P450 708A2-like (CYP708A2-like)

Cbp42351 0.54 —4.66 —-25.35 1.59x107% Probable WRKY transcription factor 46

Cbp12534 0.45 -2.81 —6.99 2.56x 107 Probable WRKY transcription factor 46

Cbp37729 0.88 -2.16 —4.47 1.44x107% BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1
(BAK1)

Cbp12623 1.02 -1.99 -3.97 9.69 x 107 Protein BRI1-5 ENHANCED 1 (BEN1)

Cbp42444 1.15 -1.92 —3.78 5.22x107% Protein BRI1-5 ENHANCED 1 (BEN1)

Cbp2918 2.31 -1.93 -3.80 2.02x107* Brassinosteroid signaling positive regulator (BZR1) family protein
(BES1)

Cbp32638 1.39 —-1.66 -3.16 1.15x107% Brassinosteroid signaling positive regulator (BZR1) family protein
(BES1)

Cbp20939 9.07 -1.00 —-2.01 5.05x 107% Protein BRASSINOSTEROID INSENSITIVE 1 (BRI1)

Cbp15487 7.44 —-0.97 —1.95 455%x107% Protein BRASSINOSTEROID INSENSITIVE 1 (BRI1)

(Continued)
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Max group Log, fold Fold FDR
DEGs mean TPM change change P-value Sequence Description
Cbp3699 0.20 —7.06 -133.53 4,98 x107% Indole-3-acetic acid-amido synthetase GH3.6
Cbp23761 1.82 -1.25 -2.38 3.56x 1072 Indole-3-acetic acid-amido synthetase GH3.6
Cbp2631 0.45 —4.59 —24.06 8.38x107% Indole-3-acetic acid-amido synthetase GH3.3
Cbp48208 1.13 -3.12 —8.72 3.27x107% Indole-3-acetic acid-amido synthetase GH3.3
Cbp3272 2.33 -11.67 —3266.98 5.04x107% ABC transporter B family member 19 (ABCB19)
Cbp4100 241 —10.46 —1406.78 459x107% Myrosinase 4 (TGG4)
Cbp52610 0.44 —7.57 —190.45 2.70x 1072 Myrosinase 4 (TGG4)
Cbp4566 0.97 —8.93 —487.14 6.95x107% Auxin transporter protein 1/auxin resistant 1 (AUX1)
Cbp14764 0.67 —8.72 —421.66 6.01x107% Auxin efflux carrier component 6 (PIN6)
Cbp14621 0.39 —7.43 —172.76 3.14x107% Protein WALLS ARE THIN 1 (WAT1)
Cbp42606 0.99 10.67 1633.68 1.20x107% Paired amphipathic helix Sin3-like protein, SIN3-like 1 (SNL1: Best
BLAST result with Arabidopsis)
Cbp38639 3.22 5.17 35.98 0.00 x 10" Histone deacetylase 14 isoform X1 (HDA14)
Cbp19750 8.99 4.89 29.62 0.00 x 10*%° Histone deacetylase 6-like (HDA6-like)
Chbp8867 3.48 1.81 3.50 1.06x107% Histone deacetylase-like protein (HDA-like)
Cbp32728 11.88 1.37 2.58 9.39x107% Histone deacetylase-like protein (HDA-like)
Cbp3768 4.54 6.47 88.43 0.00 x 10" PHD finger protein ING2
Cbp29763 8.45 —2.02 —4.05 0.00 x 10" Lysine-specific demethylase JMJ30 isoform X1
Cbp43411 19.81 -1.22 -2.33 5.45x 107 Lysine-specific demethylase JMJ30 isoform X1
Cbp9692 1.68 -3.11 —8.66 1.35x107% bZIP transcription factor 11 (bZIP11)
Cbp38739 1.39 -3.03 -8.19 2.83x107% bZIP transcription factor 11 (bZIP11)
Cbp23560 1.78 —2.89 —7.41 7.68x107% AT-rich interactive domain-containing protein 1A-like (ARID1A-like)
Cbp43511 0.09 3.61 12.22 1.87x107% Histone-lysine N-methyltransferase, H3 lysine-9 specific SUVH7
Cbp4106 4.19 2.57 5.93 0.00 x 10" Histone-lysine N-methyltransferase family member SUVH9
Cbp2612 0.52 -1.38 —2.60 3.69 x 1072 Histone-lysine N-methyltransferase CLF isoform X1

The selected DEGs are from a comparison of a deep dormant (-367) versus a non-deep dormant accession (-799): both were imbibed in darkness for 3 d at 30°C in water to induce secondary

seed dormancy.

modification’,  ‘histone  acetyltransferase  activity’  or
‘peptide-lysine-N-acetyltransferase activity’, as well as ‘chromo-
some organization’ and ‘chromatin organization’. Despite the
fact that the acetylation categories were under-represented, a
few examples were still found, such as BZIP TRANSCRIPTION
FACTOR 11 (-8.66 and -8.19), which physically interacts with
transcription factor ADAPTOR PROTEIN ADA2b to promote
recruitment of SAGA-like histone acetyltransferase complexes to
specific auxin-responsive genes (Weiste and Droge-Laser, 2014).
In this way, the bZIP11 transcription factor is able to recruit
the histone acetylation machinery to open up packed chromatin.
Another example of a down-regulated sequence implicated in his-
tone acetylation is AT-RICH INTERACTIVE
DOMAIN-CONTAINING PROTEIN 1A-LIKE (ARIDIA-LIKE)
(-7.41), which is responsible for maintaining the levels of histone
acetylation between the vegetative nucleus and the sperm nuclei in
pollen by associating with a histone deacetylation machinery
(Zheng et al., 2014).

With respect to histone methylation, several sequences were
within the up-regulated genes, such as HISTONE-LYSINE
N-METHYLTRANSFERASE (1.55), SUVH7 (12.22) and SUVH9
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(5.93), although others were down-regulated, including CLF
ISOFORM X1 (-2.60), ASHH]I (-1.92) and SUVH3-LIKE (-1.56).
However, CLF was suggested to be a repressor of a positive regu-
lator of primary dormancy (DOGI), as it was found to be nega-
tively correlated with seed dormancy in the soil seed bank by
Footitt et al. (2015) in the Cape Verdi Islands (Cvi) Arabidopsis
deep dormant genotype. Demethylases were also both up- and
down-regulated, as shown by LYSINE-SPECIFIC HISTONE
DEMETHYLASE 1 HOMOLOG 1 (LDLI) (4.06 and -4.43),
LYSINE-SPECIFIC DEMETHYLASE JMJ30 (-4.05, -2.33), JMJ25
ISOFORM X2 (-2.80) and JMJ14 ISOFORM XI (1.53). JMJ30 is
a histone demethylase that demethylates Lys-36 of histone H3
with a specific activity for H3K36me3 and H3K36me2.
H3K36me3 acts as a mark for HDACs to bind to and deacetylate
the histone, which would prevent run-away transcription. Thus,
the down-regulation of this demethylase is preventing the removal
of methylation from H3 and hence allowing HDACs to bind to
and deacetylate the histone (Yan et al,, 2014).

Regarding DNA methylation, we observed differential regula-
tion of DNA (CYTOSINE-5)-METHYLTRANSFERASE CMT3
(-3.42), but not others (e.g. DRM2, METI). Finally, HEN1
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SUPPRESSOR 1 (HESO1) uridylates miRNAs and siRNAs,
thereby leading to their degradation. Its low fold change in our
results (-158.33) could be indicating an over-accumulation of
small RNAs being stabilized by methylation catalyzed by HEN1
(small RNA methyl transferase) (Ren et al., 2014).

Altogether, these results indicate the need of a general
up-regulation of genes related to histone deacetylation and a
down-regulation of specific sequences implicated in histone
acetylation processes in the deep dormant accession in compari-
son with the non-deep dormant one in order to establish a deeper
secondary seed dormancy state (Table 3). Nevertheless, as indi-
cated before, some contradictions could be found, such as the
up-regulation of sequences implicated in histone acetylation or
the down-regulation of HISTONE DEACETYLASE 14 (-16.92),
which was also within the up-regulated DEGs (35.97). These con-
tradictions might be explained either by the functions of the genes
they control (positive or negative regulators of dormancy), or by
variations in the acetylation patterns found between different
areas or parts of the seeds when imbibed in water in darkness
at 30°C, as described previously (Gomez-Cabellos et al., 2021).
In that work, the immunolocalizations showed that after different
periods of imbibition in darkness at 30°C, certain parts of the seed
presented higher H4Ac signals than others, which would be in
accordance with the apparent contradictions described here.

With respect to histone (de)methylation, we observed both up-
and down-regulation of genes involved, although the expression
patterns were generally in accordance with the difference in sec-
ondary dormancy depth between the accessions (Table 3).
However, this was not always the case, such as for the
LYSINE-SPECIFIC HISTONE DEMETHYLASE 1 HOMOLOG 1
(LDLI), which presented both down- (-4.43) and up-regulation
(4.06). LDL1 acts redundantly with LDL2 in repressing primary
seed dormancy (Zhao et al., 2015). The Idl1 Id]2 double mutant
displays increased seed dormancy, whereas overexpression of
LDLI or LDL2 in Arabidopsis causes reduced dormancy.
Our results show that LDLI may not play a significant role in
secondary dormancy depth between accessions. Regarding DNA
methylation, the fact that only one DNA methylase was
differentially regulated seems to be in accordance with results
from previous work that showed elevated global DNA
methylation levels after 3 d in darkness at 30°C in seeds from
both the deep and non-deep dormant accessions studied here
(Gomez-Cabellos et al., 2021).

Thus, these results indicate an active involvement of epigenetic
regulation in the establishment of different secondary seed dor-
mancy depths. Moreover, it seems that histone (de)acetylation
and (de)methylation play a larger role in establishing differences
in secondary seed dormancy depth than DNA methylation.
However, the effect of specific epigenetic processes on the level
of secondary seed dormancy depth could potentially depend on
the function of the genes they regulate (negative or positive regu-
lators of dormancy), the area or part of the seed, or the time per-
iod since secondary dormancy induction. Future studies could
focus on particular genes, sub-sections of seeds or different
time points to further elucidate the epigenetic mechanisms under-
lying differences in secondary seed dormancy depth.

Conclusion

The HDAC inhibitors TSA and valproic acid caused a delay of t50
for germination but not of t50 for testa rupture in comparison
with their respective controls, demonstrating they were lowering
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the speed of germination. In addition, valproic acid exposure
led to an increase in secondary dormancy depth. Transcriptome
analysis of non-deep dormant seeds exposed to valproic acid or
water revealed that even though sequences related to ABA showed
complex regulation in seeds treated with valproic acid, the synthe-
sis of GAs (GA200xI), BRs (CYP708A2) and auxins (CYP79B3,
SNLI) was negatively regulated (Table 2), thereby providing a
potential mechanistic explanation for the observed delay in t50
for germination in seeds treated with HDAC inhibitors. Among
those genes implicated in epigenetic regulation, SNLI could be
involved in the enhanced secondary seed dormancy observed.

Transcriptome analysis of the deep dormant versus non-deep
dormant seeds comparison showed that differential regulation
of phytohormone-related genes may play an important role in
secondary dormancy depth of C. bursa-pastoris (Table 3).
Taking into account all the ABA-related DEGs, most of the
up-regulated genes were promoters of its synthesis or signalling
(e.g. NCED6, NCED2, ABCG40 and ABI3), while in the down-
regulated set, the most abundant were repressors or sequences
related to its catabolism (e.g. AFP4, ARAC7, ARACIO, ZFPS,
ZFP3, ABI1, CYP707A3 and CYP707A1). In contrast, several key
(regulators of) genes related to the biosynthesis of gibberellins
were down-regulated, such as GA20ox1, GA200x2 and bHLH93.
Down-regulation was also observed for important genes involved
in the synthesis and signalling pathways of ethylene (ACOI,
ERF4-LIKE, ERF105, ERF109-LIKE), BRs (BIAL,
CYP708A2-LIKE, probable WRKY46, BAKI, BENI1, BESI and
BRII) and auxin (GH3.3, GH3.6, ABCBI19, TGG4, AUX1, PIN6
and WATI). Future research could confirm whether the differen-
tial regulation of a potential SNLI, several histone deacetylases
and associated genes (HDAI14, HDA6-LIKE, HDA-LIKE, ING2,
JM]J30), sequences linked to acetylases (bZIP11, ARIDIA-LIKE),
or to gene silencing through histone methylation (SUVH7,
SUVHY, CLF), may be responsible for the observed differential
expression of genes related to phytohormones between accessions
of C. bursa-pastoris varying in secondary dormancy depth.
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