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Abstract

Agricultural weeds are a serious threat to sustainable intensification. Reduction of the
‘crop protection toolbox’ due to herbicide resistance and a changing regulatory
environment necessitates the development of alternative weed control strategies. Seed
dormancy is a key trait determining weed emergence within crop fields however there
is a fundamental lack knowledge on the mechanisms regulating seed dormancy in
weeds, particularly at the molecular level. This Thesis aims to investigate the
mechanisms of dormancy and germination in a panel of economically important grass
(Family Poaceae) weeds in order to gain an insight into the diversity of mechanisms
regulating germination in weed species. An ecophysiological characterisation of
dormancy in five grass weed species demonstrates the role of dormancy in regulating
germination responses to changing temperatures. Screening of a target-catalogue
compound library identifies novel dormancy breaking responses across species to
identify targets for manipulating weed emergence in the field and demonstrates
diversity in the regulation of germination across grass species. Advances in next-
generation sequencing technologies and analysis of publically available transcriptome
datasets are employed to investigate the mechanisms of weed seed responses to
temperature. Based on this analysis, dormancy-specific cell wall remodelling processes
are identified leading to the hypothesis that cell wall strengthening is involved in
dormancy enforcement. Biomechanical methods are employed to demonstrate that the
coleorhiza, a tissue surrounding the embryonic radicle, becomes reinforced in dormant
grass seeds. Model species and grass weeds are contrasted and examples of the
conservation, divergence and convergence of mechanisms are discussed. The findings
from this Thesis will support improved weed emergence models and provide targets for
weed management at the level of the seed, as well as contributing to a broader

understanding of the diversity in the regulation of germination across species.
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1. General Introduction

1.1 The importance of weeds in agriculture

1.1.1 What is a weed?

Weeds are plants that have co-evolved with humans to in order to take advantage of
the niches created by agriculture (Baker, 1991). These weeds typically evolved from
species specialising in disturbed habits, for example on the migratory routes of grazing
animals, and share similar traits that contribute to their ‘weediness’ existing in a state of
constant adaptation to changing agronomic practises (Neve et al. 2009). Weeds are
typically self-compatible and highly fecund, adaptable to different environmental
conditions through phenotypic plasticity and produce seeds that are able to survive for
long periods of time in the soil (Baker, 1974). Another key component of weediness is
the ability to effectively compete with crops for resources such as light, water and
nutrients. The effect of weed competition on later crop establishment and yield, as well
as the reproductive success of weeds, is determined by the weed-crop interaction
during early crop establishment (Zimdahl, 1988). Therefore the ability of weeds to

synchronise their emergence with crop establishment is a key weediness trait.

Understanding the economic impact of weed competition with crops is complicated by
the ubiquitousness of weeds in agricultural systems — since it is almost impossible to
eradicate them from a field it is hard to compare a weedy and weed free-field. However
it is possible compare the theoretical ‘attainable yield’, or maximum yield achievable in
a certain context, to the yields achieved when no efforts are made to control weeds.
For example, in wheat there is a 50% potential global yield loss when pests and weeds
are uncontrolled, that drops to an actual yield loss 29% due to the use of crop

protection products. Actual percentage losses vary considerably in different regions
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depending primarily on technology uptake. For example a 35% increase in yield could
be gained from eradicating pests in wheat in Central Africa and Southeast Asia,
whereas only a 14% increase in yield could be gained by eradicating all wheat pests in
Northern Europe (Oerke, 2006). The importance of weeds in agricultural systems can
be gauged by the amount farmers spend trying to control weeds. In 2012 global
pesticide expenditure totalled approximately $56 billion at the farm level, herbicides

accounting for 45% of this cost to farmers (Atwood & Paisley-Jones, 2017).

1.1.2 Loss of the crop protection toolbox

For centuries farmers have relied on a combination of mechanical control and crop
rotation to control weeds, however there was a shift in the middle of the 20" century
towards the use of chemical weed control (Zimdahl, 2018). Herbicides became
prevalent due to their effectiveness and ease of application and the development of
transgenic crops with tolerance to popular herbicides reduced the need for more
traditional rotational cropping practises. This increased dependence on herbicides is
causing concern about the environmental and public health effects of some herbicides
(Rémer et al., 2019). The regulatory environment has responded by taking older
chemistry off the market whilst creating more barriers to the registration of new
herbicides (Chauvel et al., 2012; NFU, 2015). Herbicides that are in development must
also compete with established herbicides for which herbicide-tolerant crops have been
developed. Consequently no new herbicide mode of actions (MOAs) have been

commercialised in the last 30 years (Duke, 2012; Davis & Frisvold, 2017).

This reliance on a limited range of herbicide chemistries has contributed to increasing
levels of herbicide resistance (Fig. 1.1) in weed populations globally (Peterson et al.,
2018). Herbicide resistance (HR) is an example of the evolutionary capacity of

agricultural weeds, where under a continual selective pressure against a specific
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Fig. 1.1. Loss of the 'crop protection toolbox'. (a) The number of crop protection products
registered in the UK with those registered from 1995 onwards shaded in green. Redrawn from
NFU (2009). (b) Levels of reported herbicide resistance cases across individual species for
different herbicide modes of action. (¢) The number of resistances to different herbicide modes
of action across weed families. (a,b). Data from Heap (2019).

target, resistance develops either by changes in the active site of the target protein or
through other metabolic processes involved in herbicide detoxification or biokinetics
(Délye et al., 2015). Concomitant with the decline in the release of new herbicides,
resistance has developed to all available MOAs and in many weed species resistance
has evolved to multiple herbicide MOA within individual populations (Heap, 2019). For
example, some populations of Lolium rigidum have developed resistance to 7
independent MOAs, making it difficult to find registered herbicides to control weeds
(Owen et al., 2014). Amongst herbicide resistant weeds, the grasses (family Poaceae)

have developed resistance to the greatest number of herbicide MOAs (Heap, 2019).

The combined effects of reduced herbicide discovery, pesticide regulation, HR and a
loss to traditional weed control techniques in high-input arable farming has led to a
reduction in the ‘crop protection toolbox’ - the tools which farmers have to control
weeds. This situation is causing a shift in weed science away from herbicide chemistry-
driven research towards developing a better understanding of weed biology in order to

develop more integrated approaches to weed management (Westwood et al., 2018).
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Integrated weed management (IWM) is an agronomic concept that takes a holistic
approach to weed control based on the synergistic effects of different weed control
practises such as tillage, cultivar competitiveness, biological control and herbicide
applications (Swanton & Weise, 1991). Whilst there has been increasing interest in
IWM in recent years, possibly as a result of the reduction in the crop protection toolbox,
IWM practises remain difficult to implement in the field (Harker & O’Donovan, 2013).
This is perhaps because IWM practises are dependent on an understanding of the
effects of different agronomic practises on weed biology. There is diversity in weed
populations across climactic regions, cropping systems, between fields and even
between different areas of a single field (Bhowmik, 1997). Consequently IWM
strategies have to be tailored to specifically for a particular context on-farm, a practise

that is typically not economically viable for field crops.

1.2 Seedbank dynamics determine weed emergence patterns

1.2.1 Weed seedbank dynamics explain emergence patterns

One component of IWM involves understanding and manipulating the emergence
patterns of weeds (Dyer, 1995). The concept of the ‘soil weed seedbank’ (WSB)
describes the pool of ungerminated weeds seed stored in the soil that have the
capacity to germinate and emerge as weeds. Weed populations are regulated by the
dynamics of the WSB (Buhler et al., 1997). This has particular relevance to HR weeds,
where at any point many different HR genotypes may be present in the WSB and
emerge across seasons, making the HR profiles of weeds present in a single season
difficult to predict (Schwartz-Lazaro & Copes, 2019). Agronomic practises can have
different effects on the WSB that can be exploited to manage the timing and extent

weed emergence. For the example of tillage, shallow cultivation in combination with
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fallowing (leaving land unplanted) can be used to stimulate the emergence of weeds at
a convenient time during the cropping cycle. These weeds can then be controlled with
herbicides or soil inversion before planting the crop (Dyer, 1995). Conversely such
tillage practises can also bring deeply buried weed seeds to the surface of the WSB,
stimulating the emergence of unexpected species that were buried in previous seasons
(Zimdahl, 2018). An understanding of how WSB dynamics regulate weed emergence
patterns is therefore particularly important both for predicting and controlling weed

emergence.

1.2.2 Inputs and outputs to the weed seedbank

The vast majority of weeds seeds in the WSB come from annual, rather than perennial
weeds and therefore the input of seeds to the WSB is dependent on the number of
weeds that flower and produce seed within a season. Successful weeds are typically
highly fecund, producing hundreds of seeds per plant where only the complete lifecycle
of a single offspring is required to maintain the population (Baker, 1974). Consequently
WSBs in fields with moderate infestations can have more than 1 million viable weed
seeds m? (1 seed mm2) buried at different depths (Baskin & Baskin, 2006). These
seeds can have either of two fates: to germinate and attempt to survive in competition
with other weeds and the crop or to remain ungerminated and gradually lose the ability
to emerge as the processes of seed ageing result in irreparable damage and eventual

exhaustion of the seed along with seed predation and pathogenesis (Long et al., 2014).

These two fates are controlled by the inherent seed properties of dormancy and
longevity respectively. Seed longevity is a property of seeds that allows them to persist
long-term in the WSB. This phenomenon is well exemplified by the long term seed
burial experiment initiated by Dr. Wiliam James Beal in 1879, where seed samples

have been taken every 5 years until the present day. This experiment has
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demonstrated that, whereas some species persist for only a few years, many seeds are
able to germinate after over 120 years of burial and produce normal seedlings
(Telewski & Zeevaart, 2002). From an evolutionary perspective, this property of seeds
allows plants to disperse their seeds through time as well as space as a bet-hedging
strategy that spreads the risk of reproductive failure where the threat of plant mortality
is high (Cohen, 1966). This is the typical situation for agricultural weeds, where
cultivation adds an element of unpredictability and weed populations are subjected to
mass mortality events such as those caused by tillage and herbicide applications.
Consequently seed longevity is an adaptive trait that is considered to contribute

strongly to the ‘weediness’ of agricultural weeds (Baker, 1991).

The inherent property of seeds that creates the need for longevity is dormancy. There
are many definitions of seed dormancy (Hilhorst, 1995; Li & Foley, 1997; Finch-Savage
& Leubner-Metzger, 2006; Bewley et al., 2013) that have a common argument: seed
dormancy is any block on the germination of a seed under otherwise favourable
conditions for germination. In the context of agricultural weeds, seed dormancy is a
restraint on germination of weeds that prevents their emergence until their chances of
contributing their offspring to the WSB are greatest. Seed dormancy also allows plants
to transfer information about previous environmental conditions across multiple
generations in order to optimise germination timing in changing environments (Auge et
al.,, 2017a,b; Vayda et al., 2018). This trans-generational control of the depth of
dormancy can be the result of environmental factors perceived by the developing
embryo (‘maternal zygotic effects’) or from factors that are perceived earlier by the
vegetative mother plant (‘true zygotic effects’) that are transduced to the embryo

through epigenetic mechanisms (Penfield & MacGregor, 2017).
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Fig. 1.2. Seed dormancy in an agricultural context. Weed seeds are typically dispersed with
primary dormancy. As this dormancy is released a fraction of the population germinates and the
remaining fraction may enter secondary dormancy. As dormancy levels cycle with
environmental conditions the fraction of the population with less dormancy germinate. This way
weeds can emerge during the ‘critical window’ for crop competition. If seeds remain for long
periods in the weed seedbank they accumulate damage that may eventually lead to ageing and
exhaustion.

1.2.3 Ecology of seed dormancy

From an ecological perspective, physiological seed dormancy is classified into two
types depending on the timing when dormancy is imposed. Primary dormancy is
induced before dispersal during seed maturation and limits the range of conditions
under which the seed can germinate (Baskin & Baskin, 2014). Seeds with primary

dormancy are typically dispersed into conditions that prevent their germination. In
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temperate environments where there are seasonal changes in environmental
conditions, as the seasons progress there is eventually an overlap between the range
of temperatures permitted for germination by primary dormancy and the current
environmental conditions during which time the seed germinates (Fig. 1.2) (Finch-
Savage & Leubner-Metzger, 2006). For winter annuals, seeds are typically dispersed in
the summer when soil moisture is too low to permit germination. In this ‘dry state’
seeds may undergo a process of ‘after-ripening’ whereby dormancy is gradually lost,
permitting germination when water becomes available if other environmental conditions

are favourable (Bewley et al., 2013).

In summer annuals, seeds are dispersed during the colder months, when soil moisture
is not a limiting factor. There is often a requirement for these imbibed seeds to
experience cold temperatures (‘cold-stratification’) in order for dormancy to be
released. For example in seeds of the common summer annual maize weed
Echinochloa crus-galli (barnyard grass) primary dormant seeds do not respond to after-
ripening (even after 400 days) yet 1-2 weeks of cold stratification is sufficient to break
dormancy (Honek et al., 1999). On the other hand, many winter annual weeds such as
Ambrosia artemisiifolia (common ragweed) respond to after-ripening (Baskin & Baskin,
1985) and may require periods of warm stratification to break dormancy (Baskin &

Baskin, 2014).

Secondary dormancy occurs post-dispersal, often when seeds fail to germinate within
the first season and encounter prolonged conditions unfavourable to germination. For
example secondary dormancy can be induced in the model species Arabidopsis
thaliana by imbibition at high temperature (Donohue et al., 2007) or by prolonged
incubation under temperatures below the minimum permissive temperature for
germination (Penfield & Springthorpe, 2012). Other factors such as moisture content,
light and the chemical or gaseous environment of the WSB can also influence the

entrance and exit from secondary dormancy (reviewed in Baskin & Baskin, 2014).
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Whilst there is a tendency to consider primary and secondary dormancy as two distinct
processes, in nature dormancy exists in a continuum across time (Baskin & Baskin,
1985) and the maternal environment as well as the primary dormancy levels of seeds
influences the subsequent depth of secondary dormancy (Auge et al., 2015). In the
laboratory, dormancy types can be distinguished by transferal of seeds between
different fixed imbibitional environments, however in the field dormancy levels ‘cycle’

depending on environmental conditions (Baskin & Baskin, 2014).

1.3 Seed dormancy mechanisms

Seed dormancy has been extensively studied both at ecological and molecular levels
yet dormancy remains ‘one of the least understood phenomena in the field of seed
biology’, partly due to a lack of interaction between these two disciplines (Finch-Savage
& Leubner-Metzger, 2006). Whilst ecological studies have investigated dormancy
cycling in a wide range of species (reviewed in Baskin & Baskin, 2014), molecular
studies of dormancy have focused almost entirely on the model species A. thaliana and
Hordeum vulgare (barley) that have typically have only a shallow dormancy (Cohn,
1996). Understanding of the mechanisms underlying seed dormancy came initially from
forward genetics approaches using mutants with abnormal dormancy phenotypes and
then by mapping of quantitative trait loci (QTL) and more recently through omics-

technologies and reverse genetics approaches (Nakabayashi et al., 2017).

1.3.1 Genetic regulation of physiological seed dormancy in model species

Primary seed dormancy is imposed during the seed maturation phase when the seed
develops the ability to germinate and survive desiccation (Bewley et al., 2013). During

maturation the interaction between four key transcription factors, ABSCISIC ACID
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INSENSITIVE 3 (ABI3), FUSCA 3 (FUS3) and LEAFY COTYLEDON 1 & 2 (LEC1 & 2),
regulate both seed maturation and the acquisition of dormancy. Disruption of these
genes leads to aberrant seed development including severely reduced seed dormancy
(reviewed by Holdsworth et al., 2008). Further identification of mutants with reduced
dormancy phenotypes in both Zea mays (maize) and Arabidopsis identified a central
role for abscisic acid (ABA) metabolism in seed dormancy. In maize, a number of
viviparous mutants that germinated whilst still on the cob were identified (McCarty,
1995) that were later found to have disrupted genes with roles in ABA biosynthesis.
One of these genes was Viviparous14 (vp14) that encodes 9-cis-epoxycarotenoid
dioxygenase (NCED), a key rate limiting ABA biosynthesis enzyme (Schwartz et al.,
1997). Additional ABA biosynthesis mutants in Arabidopsis, such as aba-deficient 1
defective in zeaxanthin epoxidase, the enzyme responsible for the first step in ABA
biosynthesis, also have a reduced dormancy phenotype (Koornneef et al., 1982).
Mutants of ABA catabolism such as cyp707a2, encoding an ABA 8’hydroxylase, exhibit

an increased dormancy phenotype (Okamoto et al., 2006).

Confirming the finding that ABA is an important positive regulator of dormancy, mutants
of genes involving ABA signalling components also show reduced dormancy
phenotypes. During ABA signalling, ABA binds to PYR/PYL/RCAR receptor proteins
that then form a complex with Type 2C Protein Phosphatases (PP2Cs) releasing the
repression of SNF1-related protein kinases (SnRK2s) on downstream regulators of
ABA responsive genes (reviewed by Nambara et al.,, 2010). Mutants of both PP2Cs
(e.g. ABA insensitive 1 & 2) and SnRK2s again result in altered dormancy phenotypes

(Koornneef et al., 1984; Fuijii et al., 2007).

Classical mutant screening approaches have also identified negative regulators of seed
dormancy (Nakabayashi et al, 2017). In species with a non-deep physiological
dormancy, exogenous bioactive gibberellin (GA) application promotes germination

(Baskin & Baskin, 2004; Finch-Savage & Leubner-Metzger, 2006). A number of
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mutants that show a reduced apical dominance and repressed germination have been
identified in crop and model species (reviewed by Ross, 1994) and have later been
characterised as having disrupted GA biosynthesis or signalling. In Arabidopsis, the
mutants ga? through gab, that have with reduced gibberellin accumulation and
germination, has been identified as having disrupted in the GA biosynthesis genes. Of
these genes, GA4 (Gibberellin 3-oxidase 1) and GAS5 (Gibberellin 20-oxidase 1) have
been identified as the most important genes regulating the accumulation of gibberellins
during germination (Yamaguchi, 2008). Mutants with aberrant gibberellin signalling,
such as the gibberellin insensitive dwarf 1 (gid1) mutant of Arabidopsis, barley and rice,
that were found to be deficient in the GA receptor (Ueguchi-Tanaka et al., 2005) have
an increased dormancy phenotype that is not restored by exogenous GA application in
Arabidopsis gid1a gid1c double knockouts (Voegele et al., 2011). Negative regulators
of gibberellin activity have been identified in genes encoding members of the RGA/GAI
family of proteins that repress GA responses and are negatively regulated by the GA-
GID1 complex. Disruption of these genes in Arabidopsis (rga & gai), barley (sin7),
maize (d8), rice (slr1) and wheat (rht) result in diverse plant height phenotypes (Peng

et al., 1999; Olszewski et al., 2002).

The antagonistic interaction of ABA and GA (Fig. 1.3) has been widely researched and
is considered the core of the hormonal regulation of dormancy and the transition to
germination (Finch-Savage & Leubner-Metzger, 2006). However additional hormonal
signalling pathways have been shown to influence dormancy through their interaction
with ABA and GA signalling (reviewed by Linkies & Leubner-Metzger, 2012). Ethylene
is a gaseous hormone produced by the methionine cycle (Yang & Hoffman, 1984) that
can revert the effect of exogenous ABA application when its precursor 1-amino-
cyclopropane-1-carboxylic acid (ACC) is applied to Lepidium sativum (garden cress)

seeds (Linkies et al., 2009).
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Fig. 1.3. Hormonal regulation of seed dormancy in Arabidopsis. Model for the regulation of
dormancy and germination by ABA, GA and ethylene. Ambient environmental factors affect the
balance between ABA and GA. In the dormant state ABA synthesis and signaling dominate, and
in the non-dormant state GA signaling and synthesis induce the transition to germination. Cross-
talk between ABA and GA may take place via ethylene synthesis and signaling. The ABA:GA
balance cycles according to environmental conditions, and when there is an overlap between
the temperatures required for germination as set by the ABA:GA balance and the ambient
environment the germination process is induced. This model is based on microarray data from
Cadman et al. (2006) and is modified from a figure in Finch-savage & Leubner-Metzger (2006)
to include information from Linkies & Leubner-Metzger (2011) and Graeber et al. (2012).

Ethylene signalling mutants have differing sensitivities to exogenous ABA application.

For example the ethylene receptor mutant efr2 is hypersensitive to ABA and has a
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greater cold stratification requirement to break primary dormancy (Beaudoin et al.,
2007). Forward genetics approaches have also identified a role for jasmonates (JA),
hormones generally associated with defence and stress responses, in seed dormancy.
For example the JA-insensitive mutants coi7-16 and jin4 are ABA-hypersensitive

(reviewed by Linkies & Leubner-Metzger, 2012).

Despite the effectiveness of the forward genetics approach to identify the core
hormonal regulation of dormancy, this approach is limited when investigating gene
families where there is a high level of redundancy (Nakabayashi et al., 2017). This
short-coming in seed dormancy research was overcome using recombinant inbred
lines (RILs) of parents with contrasting dormancy phenotypes through the analysis of
quantitative trait loci (QTLs). Numerous seed dormancy QTL studies have been
performed in Arabidopsis, barley and rice identifying both conserved and unique QTLs.
In Arabidopsis the first major QTL to be cloned was the DELAY OF GERMINATION 1
(DOG1T) gene where a loss of function in dog7 leads to a complete lack of seed
dormancy (Bentsink et al., 2006) and DOG1 protein levels typically correlate with levels
of dormancy across different maternal environmental conditions (Nakabayashi et al.,
2012). In monocots, QTL analysis for dormancy and the pre-harvest sprouting (PHS)
trait has identified more than 150 QTLs, most of which have an unknown molecular
function (reviewed in Li et al., 2019). For example, one QTL that has been identified as
a major determinant of reduced seed dormancy in barley is Qsd7 that encodes an
alanine aminotransferase which controls seed dormancy through an unknown

mechanism (Sato et al., 2016).

More recently ‘-omics’ approaches have been employed to understand the downstream
genes regulated by specific environmental signals, hormones and mutations.
Microarray-based studies in Arabidopsis have identified a pool of transcripts specific to
the dry state that have an influence on the dormancy of imbibed seeds (Nakabayashi et

al., 2005; Nelson et al., 2017). There is an overrepresentation of genes controlled by
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ABA responsive elements (ABRES) in the dry seed transcriptome and the expression of
many dry seed transcripts is affected in abi5, an ABA-insensitive mutant (Nakabayashi
et al., 2005). The role of gibberellins during germination has been investigated through
exogenous GA application to a GA biosynthesis mutant, identifying GA-responsive
genes associated with progression of the cell cycle, cell wall remodelling and the
regulation of other hormones (Ogawa et al., 2003). Microarray technology has also
been used to compare primary dormancy, after-ripening and cycling secondary
dormancy, identifying many of similarities in the ABA:GA dynamics of dormancy states,
but also some transcripts specific to either dormancy type (Cadman et al., 2006). The
ongoing development of next-generation sequencing (NGS) technologies, such as
RNAseq for global transcriptome analysis, have also permitted the study of the
molecular mechanisms of dormancy and germination in non-model species such as
Suaeda spp. (seepweed) (Wang et al., 2017; Xu et al., 2017), Aethionema arabicum
(stonecress) (Wilhelmsson et al., 2019), Cunninghamia lanceolata (chinese fir) (Cao et
al., 2016) and the parasitic weed Phelipanche aegyptiaca (Bao et al., 2017) but to date
no NGS experiments have been performed in non-model monocot seeds. These
studies confirm the conserved role of ABA and GA signalling processes across diverse
species, but also identify species specific processes indicating that there are diverse
mechanisms interacting with the core ABA:GA system to regulate germination across

different species.
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Fig. 1.4. Comparative morphology of eudicot and monocot embryos. (a) Schematic of a
eudicot seed showing the embryo with two cotyledons surrounded by endosperm and testa. (b)
Schematic of a grass embryo showing embryonic root (radicle) and shoot (plumule) surrounded
by the coleorhiza and coleoptile respectively all contained within the pericarp and testa. Arrows
represent growth potential and caps represent barriers potentially restraining this growth.

1.3.2 The role of different organs

The majority of studies on the regulation of germination and dormancy through
hormonal and transcriptomic mechanisms comes from work sampling whole
undissected seeds (Graeber et al., 2010). However, seeds are structurally complex and
the different embryonic structures within the seed provide different contributions to
seed dormancy (Linkies et al., 2010). In terms of its morphology, a seed can be broken
down into two functional compartments: the embryo that expands in response to
environmentally-mediated hormonal signals, and the covering layers that restrain the
growth of the embryo up to a threshold point, above which germination occurs
(Steinbrecher & Leubner-Metzger, 2017). The endosperm in Arabidopsis is a living
tissue that actively produces ABA in response to environmental conditions that can
prevent the growth of excised embryos (Lee et al., 2010, 2012). The part of this
endosperm that surrounds the radicle is the micropylar endosperm (MPE), which is a
key tissue that regulates the expansion of the embryonic axis through physical restraint

(Fig. 1.4a). The force required to puncture this tissue, and hence complete germination,
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is changed in response to cold stratification and hormone application (reviewed by

Steinbrecher & Leubner-Metzger, 2017).

Monocotyledonous seeds lack an MPE (Fig. 1.4b) that has such an important role in
Arabidopsis seed dormancy and germination. Instead, the embryonic axis (formed from
the embryonic root ‘radicula’ and embryonic shoot ‘plumule’) is surrounded by non-
vascularised embryonic tissues called the coleorhiza and coleoptile (Fig. 1.4b), which
expand during germination and are thought to have a role in protecting the growing
embryo during the germination process (Sargent & Osborne, 1980; Sargent et al.,
1981; Debaene-Gill et al., 1994). However, it has been suggested that the coleorhiza of
monocots and the MPE of dicots are functionally related tissues, and that the
coleorhiza may have an important role in regulating the dormancy in grasses (Millar et
al., 2006). In germinating barley grains ABA 8’hydroxylase accumulates specifically in
the coleorhiza indicating an important tissue-specific division of labour in hormone
metabolism (Millar et al., 2006). Quantification of ABA in dormant and after-ripened
barley embryos showed that ABA is present at high levels in the coleorhiza and that
this level is reduced after 24 hours imbibition in AR coleorhiza but remains high in
dormant coleorhizae (Barrero et al., 2009). Tissue specific microarrays also identified
coleorhiza-specific differentially expressed genes (DEGs) involved in ABA catabolism,
cell wall modification and jasmonate metabolism (Barrero et al., 2009). Mannanases,
that are thought to have a role in cell wall loosening, have a strong localisation signal in
the coleorhiza, indicating a requirement for cell wall loosening that is also seen in the

MPE (Gonzélez-Calle et al., 2015).

Weakening of the MPE is a prerequisite for the completion germination of many eudicot
species (Steinbrecher & Leubner-Metzger, 2017). This weakening is directed by
environmentally-mediated hormonal mechanisms involving reactive oxygen species
(ROS) (Mdller et al., 2009). Ethylene and GA increase the weakening effect (Muller et

al., 2006; Mdiller et al., 2009) through the increased production of cell wall remodelling
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proteins (CWRPs) such as expansins, glucanases and mannanases that loosen the
polysaccharide bonds within the MPE cell walls (Chen & Bradford, 2000; Chen et al.,
2002; Leubner-Metzger, 2003; Martinez-Andujar et al., 2012). Biomechanical
techniques have been applied to confirm that regulation of CWRPs results in a
decrease in the force required to puncture the MPE in a number of crop and model
species (reviewed by Steinbrecher & Leubner-Metzger, 2017) such as in Arabidopsis,
L. sativum (garden cress), Lactuca sativa (lettuce) and Solanum lycopersicum

(tomato), yet these techniques have yet to be applied to the coleorhiza of grasses.

1.4 Manipulation of seed dormancy as a target for weed management
1.4.1 Current practices in the management for the weed seedbank

Seed dormancy is a highly adaptive trait in agricultural weeds that determines their
timing of emergence and consequently their competitiveness and detrimental effects on
crops. Prior to knowledge of the mechanisms of dormancy in seeds, seed dormancy
has been used as a target for the management of weeds (Dyer, 1995). Agronomic
practices can have a substantial effect on the number of viable seeds in the WSB
(Clements et al., 1996). For example conventional tillage practices can be used to bury
viable weed seeds and prevent their germination within a particular season, whereas in
conservation tillage practices seed return to the WSB is typically much greater
(Forcella & Lindstrom, 1988) with seeds remaining in the top centimeter of the soil
profile (Yenish et al., 1992). The time of day during which tillage takes place has also
been used to control weed emergence. Where tillage occurs at night, emergence can
be minimised since seeds with a light requirement to break dormancy do not germinate
(Wesson & Wareing, 1969) and strong artificial irradiance during tillage promotes weed
emergence (Scopel et al., 1994). However an awareness of the environmental impacts

of conventional tillage has led to a shift towards conservation tillage systems in which
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weed pressure is typically higher and accordingly there is a greater dependence on
herbicides (reviewed by Busari et al., 2015). This shift is necessitates the development
of alternative WSB control approaches that less dependent on soil disturbance (Dyer,

1995).

1.4.2 Management of the weed seedbank using chemicals.

Whilst most chemical weed control practices target processes in seedlings to adult
plants, weeds typically spend the majority of their lifecycle as dormant seeds in the
WSB, invulnerable to herbicides (Papenfus et al., 2015). An alternative to the use of
tillage for the management of the WSB could be to use chemicals to manipulate the
emergence patterns of weeds. This approach would have a number of important
advantages. Stimulating the emergence of weeds before the planting of the crop would
allow weeds to be controlled with an herbicide, or by alternative means for HR weeds,
without the concern of herbicide tolerance (safety/selectivity) in the crop. Alternatively
weeds could be forced to germinate during periods that would be unfavorable for their
further growth, causing seedling mortality or ‘suicidal germination’. If germination
stimulants were combined with pre-emergence herbicides (‘Flush and Kill’),
synchronous weed emergence immediately after application would cause weed
seedlings to receive the greatest herbicide dose before herbicide concentrations are
reduced by degradation. Conversely, germination inhibitors could be used to uncouple
the synchronised emergence of weeds with crops, preventing weeds from emerging
during the critical ‘competition window’ where the effects of weed competition on crop
yield are greatest. This system would also be likely to be compatible with conservation
tillage practices, since in these systems weed seeds typically inhabit the uppermost

layer of soil where they would easily be targeted by germination stimulants.
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This approach has been demonstrated on a small scale with parasitic Striga and
Orobanche spp. weeds of maize, sorghum and millet in Africa and Asia (reviewed by
Zwanenburg et al., 2016). Parasitic weeds are entirely dependent on their host-plants,
and hence the germination in these plants is initiated only through perception of low
concentrations of the root exudates from their host plants such as strigolactones (Cook
et al., 1966, 1972; Brooks et al., 1985). Initially it was discovered that these parasitic
weed seeds responded to germination stimulants, such as ethylene, that could be
pumped under pressure into the soil and stimulate the germination of Striga but not
Orobanche spp. (Eplee, 1975). Germination in the absence of a nearby host-plant
caused the death of the seedling and hence this technique was an effective and
specific Striga spp. control method. However application in the field was technically
challenging and cost-limiting at larger scales (Parker, 1991). The development of easily
synthesisable synthetic strigolactone analogs, such as Nijmegen-1 (Thuring et al.,
1997), made chemical control of the parasitic WSB more feasible at very low doses (<7
g ha) with very promising field trial results (Zwanenburg et al., 2016). However the
factors that limit the widespread use and commercialisation of ‘suicidal germination’ are
agronomic rather than biological. Strigolactone analogs typically have low soil mobility
and stability and therefore application timing was critical to avoid drought periods when
germination could not occur (Babiker & Hamdoun, 1982; Babiker et al., 1987, 1988).
Much of the continuing work on ‘suicidal germination’ of parasitic weeds is now focused
on developing strigolactone analogs and mimics with greater stability against hydrolysis

in the soil (Zwanenburg et al., 2016).

Whilst research into chemical manipulation of the parasitic WSB has progressed
substantially, nearly to the point of commercialisation, research into the chemical
control of the non-parasitic WSB is limited to just a handful of papers. This may be in
part due to a lack of the specific and potent chemistry that exists for non-parasitic

weeds. In contrast to the quantities of strigolactone analogs applied to induce suicidal
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germination (<10 g ha™), some GA mimics and ABA biosynthesis inhibitors need to be
applied at 3.5 kg ha™ and 367 g ha™' respectively to see a stimulatory effect in a narrow
range of species (Donald & Tanaka, 1993; Goggin & Powles, 2014). Therefore if
germination stimulants are to become successful WSB management tools then more
potent germination stimulants with activity against a broader range of weed species will

be required.

A key limitation to the development of these ‘Flush and Kill’' strategies is the lack of
knowledge regarding the mechanisms of dormancy and germination in agricultural
weeds, particularly at the molecular level (Dyer, 1995). Across the literature on
germination stimulants in weeds, there is also a lack of standardisation in the methods
employed as well as the origin and dormancy status of the seeds used. Results even
between comparisons of the effect of individual compounds in a single species across
different experiments are often confounding. The same challenge applies also to
attempts to model weed emergence, where the data used to parameterise emergence
models often vary considerably due to differences between seed batches. This thesis
attempts to transfer knowledge from model species to the study of seed dormancy in a
panel agricultural grass weeds. A physiological characterisation of the dormancy in
these species is conducted in order to define conditions for further experiments. The
contribution of different embryonic organs to grass seed dormancy is also investigated
to identify the biomechanical processes involved in the germination of grasses.
Developments in NGS technologies are employed to develop an understanding of the
molecular mechanisms of dormancy and germination a grass weed in order to identify
potential targets for WSB management. A small compound library is screened against
this panel of weed species to identify MOAs with potential for WSB germination

stimulants.
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1.4.3 Selection of a panel of grass weed species with diverse life history traits

To investigate dormancy and germination in grass weeds a selection of economically
important weed species with a variety of growth habits from different agronomic
contexts was made (Fig. 1.5 and 1.6). In general grass weeds that had the greatest
economic impact due to HR were selected. Weeds have a high degree of phenotypic
plasticity (Grundy, 2003) that, along with the globalisation of agriculture, has allowed
many weeds to become ubiquitous around the world. This phenotypic plasticity makes
the lifecycles of weeds difficult to define since within a single species many growth
forms and lifecycle habits may be present depending on the environment in which they

grow.

Alopecurus myosuroides Huds. (blackgrass)

Alopecurus myosuroides is a facultative winter annual what has a major peak of
emergence in autumn and a minor emergence in spring, and is a successful weed of
winter and spring cereals in Europe (Fig. 1.5a) (Clarke et al., 2015). Alopecurus
myosuroides has been described has the most destructive agricultural weed in Europe
(Lutman et al., 2013) due to its high fecundity and competitive ability in winter cereals
(Maréchal & Henriet, 2012; Moss, 2017). Alopecurus myosuroides has complex
herbicide resistance traits, with many populations in Europe having multiple resistance
to up to five herbicide MOAs (Heap, 2019). The increased use of conservation tillage
as well as a long term trend for earlier autumn sowing has favored the increase in A.
myosuroides populations across Europe (Moss, 2017). In this work we use A.
myosuroides as a ‘model’ to investigate the molecular mechanisms of dormancy and
germination since it has a diploid genome, facilitating de novo transcriptome assembly

(Aude et al., 2015).
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(a) A. myosuroides (b) A. fatua

. Resistance to Multiple Herbicide MOAs
Resistance to Single Herbicide MOA

Present Without Herbicide Resistance

Fig. 1.5. Global patterns of herbicide resistance in selected grass weeds. Global
distribution maps of weed species based on political boundaries showing affected crops. The
Intensity of green colour reflects non-resistant presence of the weed, resistance to a single
herbicide mode of action (MOA) or resistance to multiple herbicide MOAs. Letters represent
affected crops: AM, amenity; CT, cotton; MZ, maize; OSR, oil seed rape; SC, spring cereals;
SB, sugar beet; VG, vegetables; WW, winter wheat. Data were obtained from Heap (2019) and
the CABI Invasive Species Compendium (CABI 2019).

Avena fatua L. (common wild oat)

Avena fatua is a native of the Central Asia and is considered to one of the oldest
weeds of cultivation (Paterson & Jones, 1977) that has now become naturalised across
the globe. More recently A. fatua has become a problematic weed of winter and spring
cereals in the USA, Canada and the UK (Fig. 1.5b) (CABI, 2019). Avena fatua is
another facultative winter annual and typically has a minor emergence peak in autumn
and the major peak in spring and hence is a problem in spring cereals (Clarke et al.

2015). Like A. myosuroides, A. fatua has complex herbicide resistance traits with
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populations in the USA and Canada having resistance to up to four herbicide MOAs
(Heap, 2019). Before the genomic era, A. fatua was used as a model species to study
dormancy in grasses (Simpson, 1990) however research into the molecular
mechanisms of dormancy in this species is limited by its very large hexaploid genome
(Stewart et al., 2009). In this work A. fatua is used to understand the roles of different
tissues during germination since its large embryo size facilitates dissection and tissue

preparation.

Poa annua (UK: annual meadowgrass, USA: annual bluegrass)

Poa annua is a highly cosmopolitan tetraploid weed that is found across the globe
including in the Arctic and Antarctic (Fig. 1.5¢) and is present in both annual and
perennial biotypes (CABI, 2019). Individual P. annua plants are low growing and have
a poor competitive ability against many crops, however their lifecycle can be completed
within 6 weeks and they continue to flower and produce seed year round except in cold
winter conditions and so P. annua populations can grow exponentially within a season
if not controlled (Clarke et al., 2015). Herbicide resistance in P. annua typically occurs
on golf courses, where some populations have multiple resistance to five herbicide

MOAs (Heap, 2019).
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(f)

Arabidopsis thaliana

Oryza sativa (rice)

. Digitaria sanguinalis

Setaria faberi
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il Brachypodium distachyon

NJ Tree Hordeum vulgare (barley)
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0.02 Triticum aectivum (wheat)
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Lolium perenne

Alopecurus myosuroides

Alopecurus myosuroides Poaannta
Avena fatua

Poa annua

Digitaria sanguinalis

Setaria faberi

Fig. 1.6. Photographs and phylogenetic tree of selected grass weed species. (a-e)
Photographs of grass weeds (a) Alopecurus myosuroides at seed dispersal in a wheat field,
UK. (b) Avena fatua at seed dispersal in a wheat field, UK. (¢) Poa annua inflorescence at
flowering. (d) Digitaria sanguinalis inflorescence at flowering. (e) Setaria faberi during seed
maturation in a sunflower crop, USA. Image credits: (a) taken by the author, (b-e) purchased
from shutterstock.com. (f) Neighbor joining (NJ) tree of a MUSCLE alignment of the genomic
sequence of the large subunit of RuBisCO (rbcL). Species with an available genome are shown
in purple, and with no genome in green. Scale bar represents 0.02 substitutions per base.

Digitaria sanguinalis (large crabgrass, hairy crabgrass)

Digitaria sanguinalis is a highly competitive weed in Southern Europe and the USA
(Fig. 1.5d) as a weed of maize, beets and vegetable crops that can return up to
150,000 seeds to the weed seed bank from a single plant (CABI, 2019). D. sanguinalis
is @ summer annual and emergence typically occurs during the summer months and
flowering and seed dispersal occurs during the autumn and winter months (Cardina et
al., 2007). The oldest cases of HR in D. sanguinalis occur in vegetables in Australia,
however more recently resistance has developed to a variety of MOAs in vegetables in

the USA and Canada (Heap, 2019).
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Setaria faberi (giant foxtail, Japanese bristlegrass)

Setaria faberi is a native of China however it has been introduced in the USA, where it
is one of the most important weeds of the maize belt and has become the subject of
many studies modelling weed emergence (CABI, 2019). Like D. sanguinalis, S. faberi
has a summer annual habit emerging in spring and setting seed during late summer
and autumn (Fausey et al., 1997). There are many reports of herbicide resistance in S.
faberi to acetolactate synthase (ALS) inhibitors in the USA in maize crops (Heap,

2019).
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1.5 Aims and objectives

1.5.1 Overall objective of the project

The development of chemical control strategies for the WSB are limited by a lack of
understanding of the physiological and molecular mechanisms of dormancy and
germination in weeds. This work aims to investigate these mechanisms under
controlled conditions in a range of grass weed species with diverse life history traits in

order to identify targets that could be exploited for WSB management.

1.5.2 Specific aims of the project

Aim 1: Develop an understanding of the role of imbibitional temperature on the
germination of grass weed seeds with defined levels of dormancy and investigate how

these patterns of germination can be explained by patterns of gene expression.

Objective 1a: Develop a quantitative measure of the effect of after-ripening on

dormancy release.

Objective 1b: Perform germination kinetics using seed batches with defined
dormancy levels across a range of temperatures to identify how dormancy

influences the temperature window permissive to germination.

Objective 1c: Investigate the molecular mechanisms involved in the interaction
between seed dormancy, after-ripening and imbibitional temperatures in a

selected species using transcriptomic approaches.
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Aim 2: Using information and experimental conditions obtained from Aim 1, select and

test putative germination stimulants on seed batches with defined dormancy levels.

Objective 2a: Screen diverse compounds against a selected weed species and

compare the response to effective compounds across the species.

Objective 2b: Compare the response to effective compounds across seed
batches with differing dormancy levels to understand the degree to which

dormancy determines compound efficacy.

Objective 2c: Compare the response to effective compounds across seed
batches with differing genotypes to understand the degree to which batch

effects influence compound responses.

Aim 3: Investigate the hypothesis that the coleorhiza and MPE share a common

function in the physical restraint of the radicle during dormancy and germination.

Objective 3a: Optimise and employ the biomechanics approaches developed
for the MPE to the coleorhiza to determine if the MPE and coleorhiza share a

conserved function in the mechanical restraint of radicle expansion.

Objective 3b: Identify cell wall remodeling processes that may be involved in
the regulation of coleorhiza biomechanical properties by analysing publically

available transcriptome datasets.

Objective 3c: Develop biochemical approaches to investigate the dynamics of

identified cell wall remodeling process in distinct embryonic tissues.
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1.6 Structure of the thesis

This thesis is composed of both experimental chapters in a monograph format as well
as research papers that have been prepared for submission to peer-reviewed journals.
Chapter 2 provides an ecophysiological characterisation of dormancy in different
species and gives a description of seed batches as well as experimental conditions for
further experiments. Chapter 3 describes the results from the screening of germination
stimulants across different grass weed species with defined dormancy levels. Chapter
4 contains a manuscript prepared for submission to New Phytologist (Online ISSN:
1469-8137) describing the results from an RNAseq experiment in A. myosuroides to
understand the changes in gene expression associated with dormancy enforcement
and release at different temperatures aiming identify potential targets for germination
stimulants. Chapter 5 contains a manuscript prepared for submission to Nature Plants
(Online ISSN: 2055-0278) describing the biomechanical role of the coleorhiza in the
regulation of germination in A. fatua and how this can be explained by the dynamics of
cell wall remodeling enzymes. Chapter 6 contains a manuscript prepared for
submission to Seed Science Research (Online ISSN: 1475-2735) describing how
vernalisation of A. myosuroides plants affects the seed dormancy of their progeny. In
Chapter 7 the results from both monograph and manuscript chapters are discussed as
well as the future perspectives for research into germination stimulants in weeds. A
detailed description of the methods employed in both monograph and manuscript
chapters is provided in Chapter 8. An appendix for all Chapters is provided in Chapter

9.
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2. An Ecophysiological Approach to Understanding Grass
Weed Seed Dormancy and Germination

2.1 Abstract

Germination represents the most important ‘decision’ in the lifecycle of agricultural
weeds. By synchronising their emergence with crop establishment, annual weeds take
advantage of a ‘competitive window’ to maximise their fitness. Dormant weed seeds
perceive seasonal changes in environmental conditions in order to determine the
optimal timing for germination. In this chapter the relationship between imbibitional
temperature and seed dormancy is investigated. Controlled after-ripening is used as a
method to generate seed batches with defined dormancy levels. Dormant grass weed
seeds are limited in the range of temperatures in which they germinate. As dormancy is
released by controlled after-ripening, this range of temperatures permissive to
germination widens. In winter annual weeds (e.g. Alopecurus myosuroides and Avena
fatua) dormancy restricts germination to cooler temperatures and the loss of dormancy
permits germination at warmer temperatures. In summer annuals (e.g. Digitaria
sanguinalis and Setaria faberi) dormancy performs the opposite role, limiting
germination to warmer temperatures and dormancy release permits germination at
cooler temperatures. Data for the response of dormant seed batches to a gradient of
temperatures is used to calculate quantitative parameters (‘cardinal temperatures’) to
describe this effect. When compared to example soil temperature and emergence data,
these cardinal temperatures predicted seasonal emergence patterns in some species,
demonstrating the applicability of this approach for informing weed emergence models.
Finally, this chapter provides a physiological basis for further work investigating the

mechanisms of dormancy in grass weed seeds.
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2.2 Introduction
2.2.1 Ecology and classification of weed seed dormancy

Seed dormancy is the single most important factor determining weed emergence in the
field (Grundy, 2003). This dormancy can be imposed by physical restraint of the growth
of the embryo by thick covering layers (physical dormancy, PY), by the presence of an
immature embryo that has to develop before germination can occur (morphological
dormancy, MD) or be regulated through interaction with the environment (physiological
dormancy, PD) with dormancy in different species having different contributions from
each of these components (Baskin & Baskin, 2004). Whilst PY and MD dormancy
types are essentially set at the point of seed dispersal, PD seeds exist in a ‘dormancy
continuum’ where dormancy level cycles across the season depending on
environmental conditions (Baskin & Baskin, 1985). Much of our understanding of this
dormancy cycling comes from the study of the changes in the germinability of weed
seeds, that typically show PD, exhumed from arable fields across the year (Baskin &
Baskin, 1985, 2014). Temperature plays a fundamental role in the regulation of
dormancy cycling since treatments that release or enforce dormancy widen or restrict
the range of temperatures under-which dormant seeds will germinate in many PD

species (Vegis, 1963, 1964, Baskin & Baskin, 1985, 2014).

There are many systems for the classification of seed dormancy (reviewed in Baskin &
Baskin, 2014) however for the purposes of this chapter the system proposed by Baskin
& Baskin (2004) is used because it provides a robust description of the role of
temperature in the regulation of PD (Fig. 2.1). This system divides PD into three types
depending on the strength of treatment required to break dormancy. Seeds with ‘deep’
PD to not respond to gibberellin application and require long periods of cold
stratification to germinate whereas in seeds with ‘non-deep’ PD gibberellin application

and periods of dry storage (after-ripening) promote germination. In an ‘intermediate’
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type seeds respond when a combination of both of these treatments are applied
(Baskin & Baskin, 2004). Agricultural weed seeds typically fall into the ‘non-deep PD’
category, potentially allowing them to respond rapidly to changes in environmental

conditions (Baskin & Baskin, 2014).

Type 1 Type 2 Type 3 Type 4 Type 5
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Fig. 2.1. Types of non-deep physiological dormancy (PD). At high dormancy levels
germination is restricted to a narrow range of temperatures, and as dormancy is released the
range of temperatures under which a non-deep PD seed will germinate widens. Types 1-3 non-
deep PD show a continuum of change in temperature ranges, where as in types 4 & 5
dormancy release results in germination only at specific high (H) or low (L) temperatures. Figure
modified from Baskin & Baskin (2004).

During the loss of dormancy in ‘non-deep’ PD seeds, the range of temperatures under
which a seed population will germinate increases until there is an overlap between this
‘temperature window’ and the ambient conditions in the soil seedbank, at which point
germination occurs (Finch-Savage & Leubner-Metzger, 2006). In climates
characterised by a seasonal variation in temperature, the direction in which this
temperature window opens typically reflects the lifecycle of the plant (Baskin & Baskin,
2014). For example in obligate winter annual ecotypes of Arabidopsis that emerge in
autumn, dormancy of exhumed seeds is released by cold temperatures (Baskin &
Baskin, 1983) whereas comparable studies on summer annual weed species, such as
Chenopodium album, show a germination preference for warm temperatures in the
dormant state (Baskin & Baskin, 1987). Through the interaction of dormancy and

environmental signals such as temperature, weed seeds determine the optimal timing
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Table 2.1. Summary of weed lifecycle, dormancy and germination preferences. Life
Cycle: WA, winter annual; SA, summer annual. Dormancy (based on classification system
from Baskin & Baskin (2004): CD, conditionally dormant; ND, non-dormant; PD, physiological
dormancy; PY, physical dormancy. Light: L, light; D, dark; where inequalities represent
preference for either condition. Temperature range: T, base temperature; T, optimum
temperature; T, ceiling (maximum) temperature.

Temperature
Life Range (°C)
Species Cycle Dormancy Light Tp» To T¢ References
Alopecurus WA'2  pPD4 L>D* 33 26° '(Kazinczi & Hunyadi
myosuroides PY34 0+ 234 324 1992)
CD! 2(Wellington & Hitchins,
ND? 1966)
3(Colbach et al.,
2002b,a)
4(Holloway, 2016)
Avena fatua WA? PD"3 L>D2 163 (Fennimore et al.,
ND® 44 124 244 1998)
PY® 22a 3028  2(Boyd & Van Acker,
2004)
3(Myers, 1997)
4(Sawhney, 1989)
Digitaria SA! CD? L>Dp 350 (Masin et al., 2006)
sanguinalis NDb 302 2(Gallart et al., 2008)
PY? 3(Miller et al., 1965)
PD34 4(Gianfagna, 1951)
Poa annua WAP PD’ L2 <5t 10" 25 1(Standifer & Wilson,
1988)
2(Ohadi et al., 2010)
Setaria faberi  SAZ PDb4 - <7' 20" >30" '(Fausey & Renner,
<03 243 1997)

2(Dekker, 2003)
3(Leon et al., 2004)
4(Stanway, 2016)

a(Simpson, 1990), ®(Baskin & Baskin, 2014)

for germination in order to maximize their chances of seedling survival and gain a

competitive advantage over the crop (Zimdahl, 1988, 2018; Grundy, 2003).

2.2.2 Dormancy can predict weed emergence patterns

An understanding of the interaction between seed dormancy and temperature is
therefore important for agronomists attempting to model weed emergence in the field.
An ability to predict both the level of seed dormancy and weed emergence patterns

have important applications in optimising the timing of weed management strategies
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such as tillage and herbicide application (Dyer, 1995). Classical weed emergence
models rely on empirical measurements of emergence in the field in comparison to
meteorological data (e.g. Roberts & Feast, 1970; Stoller & Wax, 1973; Roberts &
Potter, 1980). However data collection for these methods is highly resource intensive
and so these models are largely descriptive. More recent emergence models consist of
sub-models that integrate separate elements contributing to emergence; such as
dormancy, germination and pre-emergence growth, to give quantitative emergence
predictions (e.g. Vleeshouwers & Kropff, 2000). These models are parameterised using
data generated under laboratory conditions and validated against field emergence
patterns. A key limitation of this approach is the quality of input parameters that are
typically derived from the literature. In many cases, predictions about seed dormancy
are made based on data generated on seed batches with unknown dormancy levels
across a limited number of conditions due to a lack of available data (Colbach et al.,

2006a,b).

Within the study species in this thesis, there is disparity across the literature with
respect to the type of dormancy expressed by different species (Table 2.1). There is
also considerable variation in the cardinal temperatures (Bradford, 2002) permissive to
germination (T, base temperature; T, optimum temperature; T., ceiling maximum
temperature) that are used to parameterise emergence models (Table 2.1). Whilst it is
likely that genotype plays a role in these parameters, differences in dormancy levels
between batches is likely to be a predominant factor determining these differences due
to role of dormancy in determining the temperature window permissive to germination.
A better understanding of the physiological responses of weed seeds to temperature
will also support research into both the molecular mechanisms of weed seed dormancy
and germination stimulants by providing appropriate incubation temperatures for

compound screening and molecular analysis.
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2.2.3 Using after-ripening to generate seed batches with defined dormancy

levels

In order to develop an understanding of how dormancy influences the temperature
responses of weed seeds it would be advantageous to be able to compare the changes
in temperatures permissive to germination in seed batches as dormancy levels are
reduced. Controlled after-ripening is a useful method to achieve this because the
dormancy of large seed batches can be released in a controlled and predictable
manner and batches can be stored for further analysis. Under natural conditions, after-
ripening occurs in seeds of winter annuals that disperse their seeds during the summer
when soil moisture is too low to support germination (Bewley et al., 2013). Under this
dry condition (<20% seed moisture content) it is generally accepted that enzyme-
dependant processes including transcription and translation are inactive (Bewley et al.,
2013). It has therefore been proposed that after-ripening occurs though spontaneous
biochemical modifications involving reactive oxygen species (ROS), such as oxidation
and carbonylation, to the pool of stored mMRNA and protein present in dry seeds after
dispersal (Bailly et al., 2008; El-Maarouf-Bouteau & Bailly, 2008; Bazin et al., 2011b,3;

Nelson et al., 2017).

The rate of after-ripening in model species is primarily dependent on temperature and
seed moisture content (Bazin et al., 2011a), where after-ripening occurs more rapidly at
intermediate moisture contents and is inhibited at moisture contents greater than 70%
(w/w) (Bewley et al., 2013). Conversely the rate of after-ripening can be greatly
reduced when seeds are stored dry at freezing temperatures, allowing for the
preservation of dormancy levels of seed batches generated by controlled after-ripening.
This approach permits the production of seed batches with defined dormancy levels,

where the same batch can reliably be used for multiple experiments over time.
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2.2.4 Aims and objectives

In this chapter, the relationship between primary dormancy and temperature is
investigated across five grass weed species with differing life history traits. We aim to
generate robust temperature responses that can better inform weed emergence
models and further analysis of the mechanisms of dormancy in weed species.
Controlled after-ripening is explored as a method to generate weed seed batches with
defined dormancy levels. The responses of these seed batches to imbibition across a
temperature gradient demonstrates the role of dormancy in setting the permissive
temperatures for germination in grass weeds. Calculated cardinal temperatures (Ts, To
& T.) for weed seed batches with differing levels of dormancy are compared to
example soil temperature and weed emergence data to demonstrate the usefulness of

these parameters in predicting patterns of weed emergence in the field.

2.3 Results & Discussion

2.3.1 Morphophysiological characterisation of the germination process in grass

weeds

The dispersal unit (diaspore) of the species investigated consists of a single caryopsis
(grain) held within maternally derived tissues such as glumes (lemma or palea), in
contrast to grains of free-threshing cereal crops such as wheat or rye, that lack these
structures at dispersal (Hubbard, 1968). These covering layers provide multiple barriers
to water and oxygen that can enforce dormancy through reducing uptake into the
caryopsis (Simpson, 1990). Additionally they have a role in seed persistence through
the release of anti-microbial compounds (Raviv et al., 2018) and can aid the dispersal
of diaspores (Peart, 1984). In the five weed species tested the caryopsis was retained

within these covering layers during the germination process.
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(a) A. myosuroides (blackgrass)

(d) D. sanguinalis (hairy crabgrass)

DS

_-qree

CS
(e) S. faberi (giant foxtail)

Fig. 2.2. Visible events during the germination of grass weed seeds. CE, coleorhiza
emergence; CRZ, coleorhiza; CS, caryopsis; DS, diaspore; OP, operculum; RAD, radicle (1°,
primary radicle; 2° secondary radicles); RE, radicle emergence; SE; shoot emergence. Scale
bar represents 2 mm. Additional seedling images in Appendix Fig. 9.6.
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In order to be able to quantitatively compare the germination of different grass weed
seeds a standard measure for the initiation and completion of germination was
required. There was much diversity in the morphology of germinating grasses,
particularly in the relative size of the coleorhiza; an embryonic tissue that covers the
radicle. For example the coleorhiza of A. fatua (Fig. 2.2b) was small when compared
with the length of the caryopsis (1/10 of the length) however in other species, such as
D. sanguinalis (Fig. 2.2d), the coleorhiza expanded to nearly the length of the
caryopsis. In D. sanguinalis and S. faberi an operculum (analogous to a flap or lid) was
present on the lemma that allowed the large coleorhiza to emerge from this ridged

structure (Fig. 2.2e).

Irrespective of this morphological diversity, the emergence of the coleorhiza from the
margins of the lemma and palea was the first visible sign that germination was
occurring across all the grass weeds tested therefore coleorhiza emergence was
chosen to distinguish between germinated and non-germinated diaspores across all
the experiments in this chapter. Coleorhiza emergence was typically followed by the
rupture of the coleorhiza by a single primary radicle, with the exception of A. fatua,
where secondary radicles ruptured the lateral sides of the coleorhiza. Radicle
emergence was typically followed by the emergence of the shoot (plumule surrounded
by the coleoptile) with the exception of S. faberi (Fig. 2.2e), where radicle and shoot

emergence occurred simultaneously.

In order to investigate the roles of different tissues during the germination process we
chose to work with A. fatua due to its large caryopsis size (Fig. 2.2b) that facilitates
dissection, microscopy and tissue preparation for further analysis. A tissue embedding
protocol was optimised to address the problem of poor infiltration of embedding media
into the starchy caryopses (Chapter 8.3). After-ripened A. fatua caryopses were
imbibed for varying lengths of time and embedded, sectioned and stained according to

this protocol. After 24 hours of imbibition, the cells of the embryo have become fully
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(a) A. fatua 24h imbibed _ i (b) A. fatua 24h imbibed detail

Fig. 2.3. Changes in embryo morphology during early germination of A. fatua.
Micrographs of after-ripened A. fatua embryos at 24 (a,b) or 48 (c,d) hours after imbibition.
Micrographs show 5 um lateral sections stained with safranin and methylene blue to stain
nuclei blue and cell walls pink. Scale bar represents 200 uym. AS, adaxial scale; CPT,
coleoptile; CRZ, coleorhiza; EB, epiblast; END, endosperm; PML, plumule; RAD, radicle; RC,
root cap; T+P, testa and pericarp.

hydrated and surrounded by the testa and pericarp (Fig. 2.3a,b). After 48 hours of
imbibition, a localised expansion of cells in the lateral sides of the coleorhiza push the

densely cellularised tip of the coleorhiza out, rupturing the testa and pericarp.
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(a) A. myosuroides 24h imbibed (d) S. faberi 72h imbibed

(b) A. myosuroides 48h
= imbibed

Fig. 2.4. Changes in embryo morphology during the germination of A. myosuroides and
S. faberi. Micrographs of after-ripened A. myosuroides (a-c) and S. faberi (d) embryos at 24 (a)
or 48 (b) and 72 (c,d) hours after imbibition. Micrographs show 5 um lateral sections stained
with safranin and methylene blue to stain nuclei blue and cell walls pink. Scale bar represents
200 pym. CPT, coleoptile; CRZ, coleorhiza; PML, plumule; RAD, radicle; RC, root cap; T+P,
testa and pericarp.

This expansion of the coleorhiza occurs before any significant expansion of the cells of
the radicle indicating that coleorhiza expansion is not occurring due to tension from the
radicle but instead is an independent process that represents the first morphological
change in the embryo during germination. Similar experiments were conducted with A.
myosuroides, D. sanguinalis and S. faberi (Fig. 2.4, D. sanguinalis not shown) that
demonstrated this dramatic expansion of coleorhiza cells during early germination. For
example, in A. myosuroides the coleorhiza expands to form an outpouching which the
radicle then expands into (Fig 2.4b,c) and in S. faberi coleorhiza cells expand

dramatically and become highly vacuolated (Fig. 2.4d). Taken together these results
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demonstrate that germination in grass weeds is a process, rather than a single event,

involving different steps and distinct tissues that may be independently regulated.

2.3.2 Generation of seed batches with defined dormancy levels

The seed material used in this chapter, and through-out the rest of this thesis, come
from a number of sources including collection from the field, propagation under
controlled environment conditions and from an industrial seedbank (Table 2.2). In order
to investigate primary dormancy, it is necessary to harvest seeds at the point of
maturity as they are dispersed from the mother plant, before dormancy levels become
reduced due to uncontrolled after-ripening. To preserve this initial dormancy state,
freshly harvested (FH) seed batches were subjected to a seed storage protocol
(Chapter 8.1) involving drying the seed batch down to less than 10% moisture contents

and freezing the batches in hermetically sealed containers containing a desiccant.

(a) A. fatua (b) A. myosuroides
100 100 .
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3 e 14 & 754 - 14
@ —e— 290 & —— 133
4 —e— 729 g —- 537
E - 1018 E - 721
364 days
g 112 days e - S
E -0 Aﬁer-R\inening _E After-Ripening
<} e]
Q 2
[} o
8] 3]
0 5 10 15 20 0 10 20 30
Incubation time [Days] Incubation time [Days]

Fig. 2.5. Storage of seeds at -20°C preserves dormancy. The effect of different periods of
dry frozen storage on cumulative coleorhiza emergence (germination) of (a) A. fatua LH840-
D and (b) A. myosuroides LH170-D seeds in comparison to fully after-ripened seed (A. fatua
LH840-AR112, A. myosuroides LH170-AR364) from the same batch. Individual lines represent
a comparison of experiments conducted at different times under the same conditions (20°C
under constant light). Error bars show standard error of the mean.
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Table 2.2. Description of seed batches used in this thesis. Batch number refers to a
naming system where ARx shows the number of days of after-ripening where x is number of
days. Shared genotype is represented by symbols where the parent line is identified by ‘¢’
For the sources of seeds: 2seed batches provided by Syngenta Ltd. from the Seed Store at
Jealott’s Hill International Research Centre; "seed batches collected from arable fields by the
author; °seed batches propagated by the author under controlled environment conditions.
‘State’ describes the dormancy of seed batches: D, dormant; =D unknown intermediate
dormancy level; ND, not dormant; ARxe%, after ripened at 50 % relative humidity at 20°C where
x% represents a proportion of after-ripening relative to fully after ripened (AR100%); ‘Aged’
batches are those with low viability.

Species Batch Harvest Date Source State
Alopecurus LH841 Sept. 2013 UKa ND
myosuroides LH1004% May. 2015 Germany? ND
LH150 July. 2015 UK, BerkshireP D
LH128 Dec. 2018 UK, Berkshire® ND
LH216 2008 France? =D
LH312 March 2018 UK, Berkshire? ND
LH170-D June 2017 UK, Berkshire® D
LH170-AR120 June 2017 UK, BerkshireP ARs50%
LH170-AR364 June 2017 UK, Berkshire® AR100%
LH192V-D4 Sept. 2017 UK, RHUL¢® D
LH192V-AR1964 Sept. 2017 UK, RHUL® AR50,
LH192NV-D4 Sept. 2017 UK, RHUL® D
LH192NV-AR194  Sept. 2017 UK, RHUL¢® AR100%
Avena fatua LH401 Aug. 2013 UK, Aberdeenshire? ND
LH110 Aug. 2016 USA, Mississippi? Aged
LH125 Aug. 2018 UK, Nottinghamshire? =D
LH937 Nov. 2014 USA? ND
LH840-D Aug. 2016 UK, Hampshire® D
LH840-AR112 Aug. 2016 UK, Hampshire® AR100%
Digitaria sanguinalis | H173=¢ Jan. 2016 USA? ND
LH181-D= Nov. 2018 UK, RHUL® ND
LH181-AR140" Nov. 2018 UK, RHUL¢ D
LH181-AR196" Nov. 2018 UK, RHUL® AR100%
Poa annua LH101e% Jan. 2016 UK, Berkshire? ND
LH161-D Oct. 2016 UK, Berkshire? D
LH161-AR110 Oct. 2016 UK, Berkshire? AR100%
LHO11V-D* Nov. 2018 UK, RHUL¢ D
Setaria faberi LH905" % July 2014 Serbia® ND
LH179-DY Sept. 2017 UK, RHUL¢ D
LH-179-ARzs0 Y Sept. 2017 UK, RHULe® AR100%
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This method was effective in preserving the primary dormancy of all 5 species. In A.
fatua, dry storage at -20°C gradually released dormancy in a dose-dependent manner
so that after 1000 days of storage germination had increased from ~5% to ~15% when
imbibed at 20°C under constant light (Fig. 2.5a). However this effect was not observed

in other species, such as A. myosuroides.

In order to after-ripen seed batches in a defined and reproducible manner, saturated
solutions of hygroscopic salts were used to generate defined relative humidities in
sealed containers as described by Vertucci & Roos (1993). A dew point hygrometer
was used to determine the equilibrium relative humidity (ERH) generated by these salt
solutions at different concentrations and temperatures (Fig. 2.6a,b). Intermediate
relative humidities that generate seed moisture contents between 20-40% are typically
the most effective for after-ripening (Bewley et al., 2013). On this basis, saturated

solutions of MgCl. (32 %ERH at 20°C) and Ca(NOs). (53 %ERH at 20°C) were chosen.
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Fig. 2.6. Using salt solutions to generate seed batches with a known moisture content. (a)
Concentration (% w/v) (relative to the saturation point) of different hygroscopic salts causes a
predictable change in the equilibrium relative humidity (%ERH = 100 x aW) of the atmosphere
above the solution. (b) The thermal stability of relative humidities generated by saturated
solutions of different hygroscopic salts. An asterisk represents salt solutions where the linear
regression slope is significantly non-zero (p < 0.001). (c) Sorption isotherm curves for diaspores
from five grass weed species showing the relationship between the water activity (aW) of the
storage condition and the moisture contents of the seeds (% w/w).
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Table 2.3. The effect of seed storage at defined humidity on seed water content. Water
activity of seeds of five species of grass weed seeds after one week stored above saturated
solutions of MgClz or Ca(NOs)2 measured using a dew point hygrometer. These values were
used to interpolate the moisture contents (% w/w) of the seeds using a five parameter
asymmetric sigmoidal curve (Gottschalk & Dunn, 2005) fitted to the sorption isotherms (Fig.
2.6¢).

Water activity (aW) Interpolation of % Water Content
Species MgCl. Ca(NOs); R? MgCl. Ca(NOs),
P. annua 0.339 £ 0.002 0.476 £ 0.011 0.9969 23.4 34.8
D. sanguinalis 0.332 +£0.002 0.483 + 0.009 0.9918 18.9 29.9
S. faberi 0.332+0.017 0.484 £ 0.010 0.9945 18.6 30.0
A. fatua 0.332+£0.001 0.479 £+ 0.007 0.9955 14.5 29.5
A. myosuroides  0.331+0.004 0.482+0.013 0.9982 10.3 18.1

It has been suggested that seed moisture contents, rather than water activity, is the key
factor determining the rate of after-ripening (Bazin et al., 2011a). The relationship
between the ERH and moisture contents of any matrix can be described at a particular
temperature using sorption isotherms that are typically non-linear and in seeds are
dependent on the composition of seed storage organs such as differences in starch
and oil contents (Weitbrecht et al., 2011). In order to determine if there are differences
in the moisture contents of seeds stored above defined ERHs that may affect the rate
of after-ripening, sorption isotherms were constructed for five weed species (Fig. 2.6¢).
Interpolation of moisture contents from these curves for seeds stored above saturated
solutions of MgCl, or Ca(NOs), identified large differences in moisture contents
although the seeds had been equilibrated at defined ERHs (Table 2.3). For example,
when stored above saturated MgCl,, P. annua seeds achieved a moisture contents of

23.4% whereas A. myosuroides seeds only 10.3% moisture contents (Table 2.3).

If moisture content is a more reliable predictor of after-ripening rate than the ERH of the
storage condition then we expect to see differences in the rate of after-ripening that
reflect this dissimilarity. Generating ‘after-ripening curves’ showing the change in
maximum cumulative germination (gQMAX) over time in an after-ripening condition
reveals differences in the after-ripening requirement of the grass weed seeds tested

(Fig. 2.7). A four parameter logistic curve fitted to the after-ripening curves was used to
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interpolate the half-maximal after-ripening time (ARso%) across the species stored at
either 30% or 50% ERH. Values were not interpolated for S. faberi since the
relationship between after-ripening and gMAX was ambiguous (Fig. 2.7f). Comparisons
of the after-ripening rate across species demonstrated significant differences in ARsoe
(One-way ANOVA, F(6,14) = 47.72, p<0.0001). The difference between the 30% and
50% ERH storage conditions was significant for P. annua (F-Test, F(1,40) = 7.40,

p=0.0096) however it was not for the other species tested.

A. fatua was the species with the lowest ARsq, at both 30 and 50% ERH (Table 2.4)
however did not have the highest moisture contents under these storage conditions.
The species with the greatest difference in interpolated between the two storage
humidities tested were P. annua and A. fatua, however a difference in ARsgs between
these two conditions was only detected in P. annua. On the other hand, A.
myosuroides, which achieved the lowest moisture contents under both humidity
conditions (Table 2.3), also took the longest to reach ARsge, (Table 2.4). Taken together
these results suggest that moisture content may play a role in determining the after-
ripening requirements of grass weed seeds however other factors, such as the depth of
dormancy, are also likely to play a role. It is clear from studies in Arabidopsis involving
multiple ecotypes or mutants that after-ripening has a strong genetic component
related to dormancy loci independent of the sorption isotherm properties of seeds
(Alonso-Blanco et al., 2003; Bentsink et al., 2006; Nakabayashi et al., 2015; Auge et
al., 2017). Taken together the rate of after-ripening is likely determined by both the
physical properties of seeds and their depth of dormancy. These results also
demonstrate that after-ripening curves can be used to make comparisons between
species when their sorption isotherm properties are equivalent, for example when
comparing ecotypes of the same species, but not to make comparisons between

species with different sorption properties.
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Fig. 2.7. After-ripening in five grass weed species. Representative germination curves
showing coleorhiza emergence for D. sanguinalis LH181-D (a,b), S. faberi LH179-D (d,e), A.
myosuroides LH170-D (g,h), P. annua LH161-D (j,k) and A. fatua LH840-D (m,n) stored at
either 30% (a,d,g,j,m) or 50% equilibrium relative humidity (ERH) (b,e,h,k,n) for a variable
number of days. (c,f,i,l,0) Plots showing the change in maximum germination (gMAX) as a result
of after-ripening at 30 of 50 %ERH. Error bars show standard error of the mean for triplicates of
>30 diaspores incubated at 20°C under constant light.
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Table 2.4. Interpolated times to reach half maximal after-ripening (ARso%) across five
grass weed species. A four parameter logistic curve fitted to the after-ripening curves in
Fig. 2.4 was used to interpolate the half-maximal after-ripening time across the species
stored at either 30% or 50% equilibrium relative humidity. P value shows significant
differences in ARso% between the two humidities. +SE represents the standard error of the
interpolated ARso% value for three replicates.

R2 AR5, AR100%

Species 30% 50% 30% *SE 50% iSE p 30% 50%
D. sanguinalis  0.9879 0.9867 116.8 1.959 1171 4628 ns 224 196
S. faberi 0.4766 0.6454 - - - - - - -

A.

myosuroides - 0.8472 - - 168.5 3.291 ns - 364
P. annua 0.9613 0.9581 88.89 10.69 5276 5.742 0.096 168 140
A. fatua 0.8945 0.8389 37.92 11.73 3024 7192 ns 140 112

2.3.3 The effect of after-ripening on the germination temperature window

Having determined the rate at which different grass weed species after-ripen, batches
with defined dormancy levels could be generated. For each species, with the exception
S. faberi that had an unpredictable response to after-ripening (Fig. 2.7f), fully after-
ripened batches (ARi00%) were produced by incubating FH dormant seeds until no
further increase maximum germination was observed. For S. faberi, a 280 day after-
ripened batch was used. ARsq, batches were also produced for A. myosuroides and D.
sanguinalis at 50% ERH (Table 2.2) as representatives of grass weeds with either
winter or summer annual habits respectively. These seed batches were imbibed across
a gradient of temperatures under constant light using thermogradient plates and

cumulative germination was assessed by counting coleorhiza emergence over time.

Across all the species after-ripening had a strong effect on the temperature
preferences for germination (Fig. 2.8). In the species with a winter annual habit (A.
myosuroides & A. fatua) germination in the dormant state was restricted to colder
temperatures and after-ripening caused an upward shift in their temperature preference
for germination (Fig. 2.8a,b) as described by Baskin & Baskin (2004) as ‘Type 1 non-

deep PD’. Conversely in the two summer annuals germination was restricted across all
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temperatures tested. In the case of D. sanguinalis this was a complete inhibition (Fig.
2.8d) and in S. faberi there was a small peak of germination under warm temperatures
(Fig. 2.5e). After-ripening in these species caused a downward widening of
temperatures permissive to germination typical of ‘“Type 2 non-deep PD’. The dormant
P. annua batch initially tested had an unusual pattern of peaks across the temperatures
(Fig. 2.8c) that did not fit with any previously described dormancy type. To check if this
effect was consistent the batch was repropagated and the experiment repeated with
the offspring from a single mother plant. Interestingly this batch followed a similar
pattern as the initial seed batch. The explanation for this effect is not clear, however it
is possible that heteroblasty in dormancy levels of seeds matured at different positions

on the P. annua inflorescence may play a role, as reported in S. faberi (Dekker, 2003).

In order to provide a quantitative description of the effect of after-ripening on the
temperature range under which grass weed seeds germinated linear regression was
used to interpolate the cardinal temperatures (T,, T, and T¢) for seed germination
following Bradford (2002). Typically for the interpolation of these values, the inverse of
the time taken to reach half maximal germination (Ts’) is used as an input. However in
the case of the response of dormant seeds to different temperatures, the differences
we see between different temperatures come from a difference in maximum
germination not from a difference in germination speed. Additionally, the time for each
seed within a population to germinate within the species we tested did not always
follow a normal distribution, breaking a key assumption of the Ts;" approach. Instead
the area under the cumulative germination curve (AUC) was chosen as the regression
parameter because this parameter has a linear relationship with both maximum

germination and Tso (Appendix 9.2).
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Fig. 2.8. The effect of imbibitional temperature on the germination of dormant and after-
ripened grass weed seeds. Germination is recorded as the maximum cumulative percentage
of germinated diaspores of (a) A. myosuroides LH170-D (purple), LH170-AR120 (light green) &
LH170-ARses4 (dark green); (b) A. fatua LH840-D (purple) & LH840-AR112 (dark green); (c) P.
annua LH011-D (hashed purple), LH161-D (light green) & LH161-AR110 (dark green); (d) D.
sanguinalis LH181-D (purple), LH181-AR110 (light green) & LH181-AR19 (dark green); (e) S.
faberi LH179-D (purple) & LH179-ARzs0 (dark green). Error bars represent standard error of the

means for triplicates of > 30 diaspores incubated under constant light. Germination curves are
shown in Fig. 9.1.

Linear regression of the relationship between AUC and temperature was used to
interpolate T, and T. and a segmental linear regression model was used to estimate
the T,. Regression plots for this analysis are shown in the appendix (9.3) and

interpolated values for cardinal temperatures for different seed batches are shown in

Table 2.5.
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Table 2.5. Interpolated cardinal temperatures describing the responses of grass weed
seeds with differing levels of dormancy to temperature. ‘Range’ shows the range of
temperatures that were used for regression analysis. ‘R? described the goodness-of-fit for the
regression analysis, ‘n’ is the number of values used for regression analysis, ‘value’ shows the
interpolated value of a particular parameter and ‘+/- C.1." show the positive and negative values
for the 95% confidence interval respectively.

Range Value  + -
Species Batch Parameter  (°C) R? n (°C) Cl C..
A.myosuroides LH170-D Te 5-22 0.614 15 18.4 247 16.0
LH170-D To 5-20 0.781 13 6.8 8.0 4.5
LH170-AR120 T. 14-27 0.822 22 30.0 326 282
LH170-AR120 Ts 4-16 0.716 18 -1.9 14 -8.5
LH170-AR120 To 4-28 0.822 36 13.5 146 123
LH170-ARs3e4 Ts 4-15 0.637 15 -2.7 1.3 -
LH170-ARs3e4 To 4-28 0.476 36 10.3 13.0 5.2
D. sanguinalis  LHAR1gs Th 14-28  0.858 22 13.1 145 111
LH-AR140 I 19-28 0.919 15 19.5 20.2 187
S. faberi LH-AR2s0 Ty 11-28 0.917 27 11.8 12.7 105
P. annua LH-161AR110 Th 4-16 0.924 18 5.0 58 3.8
LH-161AR110 To 4-28 0.942 36 14.8 175 13.7
A. fauta LH840-D Tc 12-24 0.803 33 271 292 256
LH840-D To 12-24 0.803 33 14.7 165 13.7
LH840-AR110 To 8-24 0.647 36 20.0 224 18.5
LH840-AR110 Ty 4-18 0.726 19 -2.1 1.8 -9.5

In order to understand if these extrapolated cardinal temperatures have any relation to

emergence patterns in the field we obtained publically available soil temperature data

for a site in the UK (Beaufort Park, Bracknell) and the USA (Springfield, Illinois) (ICN,

2019; MetOffice, 2019) and compared this to observations made on the emergence of

these species in locations with similar climates (Fausey et al., 1997; Davis et al., 2003;

Dekker, 2003; Cardina et al., 2007, 2011; Liebman et al., 2014; Clarke et al., 2015;

Taylor-Davies, 2017).
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Fig. 2.9. Soil temperature and emergence patterns of grass weeds related to cardinal
temepratures for germination. Weed seedling emergence was plotted across the year based
on observations from Dekker (2003), Leibman et al. (2014), Fausey & Renner (1997), Cardina
et al. (2007), Cardina et al. (2011), Clarke et al. (2015) and Taylos-Davis (2017). Soil
temeprature data was obtained from (a-c) the Met Office MIDAS database showing a 5 year
average for Beaufort Park, Bracknell (UK) at a 10 cm soil depth and (d,e) from The lllinois
Climate Network database showing an 8 year average for exposed soil in Springfield, lllinois
(USA) at a depth of four inches (10.16 cm). Cardinal temperatures for germination are plotted
as dotted lines with the shaded area showina the 95% confidence interval.
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Cardinal temperatures for each weed species (Table 2.5) were then plotted on these
graphs to identify co-occurrence between seasonal changes in soil temperature and
cardinal temperatures that reflect emergence patterns (Fig. 2.9). This approach is
limited by the availability of weed emergence data and, since the emergence and soll
temperature data come from different locations and times, quantitative conclusions
cannot be drawn about the effect of seed dormancy and temperature on emergence
patterns. It was not possible to interpolate a complete set of cardinal temperatures for
all the batches due to the limited range of temperatures at which germination was
assessed. For example, calculation of a robust T, for dormant A. myosuroides and A.
fatua was not possible since the colder temperatures tested were relatively optimal for
germination (Fig. 2.8a,b). The opposite was the case for D. sanguinalis and S. faberi
where the highest temperatures tested were optimal for germination hindering T.
estimation. In P. annua it was not possible to estimate T, due to the complexity of the
dormant seed germination response to different temperatures. Additionally, the seed
batches tested do not come from the same locations and growth conditions as the soil
temperatures and emergence data. However, despite these limitations, these data
serve as a qualitative example of what emergence models attempt to achieve using

similar parameters.

In some species the interpolated cardinal temperatures relate to key events during the
weed lifecycle, and in other species not. For example, the winter annual A.
myosuroides, seeds are dispersed from May-July at soil temperatures above T. for the
dormant state and as soil temperatures are reduced below T. from August-November
we see the major peak of emergence (Fig. 2.9a). The opposite pattern was observed in
the summer annual D. sanguinalis where seeds were dispersed at soil temperatures
below the Tyin the ARsoy, state during October-January and as temperatures rise again
to above T, we see an emergence peak from June-September that ends when soil

temperatures sink below the T, again (Fig. 2.9d). However the same pattern was not
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observed in the related summer annual species S. faberi (Fig. 2.9¢e). In P. annua, a
facultative winter annual, emergence occurs year-round except during the winter
months from December-February. This inhibition of emergence co-occurred with the
reduction of soil temperatures below the T, for the ARin% state and as soil
temperatures increased above T, from February onwards, emergence in P. annua
resumed. Taken together these observations demonstrate that cardinal temperatures
estimated by germination assays under laboratory conditions do have the potential to
be used to predict grass weed emergence patterns in the field in some species,
however in other species there may be factors other than temperature that determine

emergence patterns.

2.4 Conclusions

Primary seed dormancy limits the range of temperatures under which grass weed
seeds germinate. Dormancy loss through controlled after-ripening widens this range of
temperatures permitting germination under a broader range of environmental
conditions. The rate of after-ripening depends in part on the sorption isotherm
properties of seeds. This differential temperature response can be used to derive
quantitative parameters that can be used as inputs to weed emergence models. The
comparison of example weed emergence and soil temperature data with these
parameters demonstrated that the interaction between temperature and dormancy can
be used to predict seasonal grass weed emergence patterns in some species. The
physiological description of the interaction between temperature, dormancy and
germination will be used as the experimental basis for further research into the

mechanisms of dormancy and germination in grass weed seeds.
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3. Chemical Genetics of Grass Weed Seed
Dormancy and Germination.

3.1 Abstract

Seed dormancy in weed seeds is a highly adaptive trait that contributes to weed
competitiveness in the field. Germination stimulants provide the opportunity to
manipulate the dormancy, and therefore emergence patterns, of weed seeds in the soil
seedbank as a target for weed management. In this Chapter, the literature on
germination stimulants is reviewed to identify compounds with potential for weed
seedbank management. A target-catalogue compound library was developed with
compounds that have known activity in model species as well as analogs with in vitro
activity. These compounds were screened across five grass weed species (A. fatua, A.
myosuroides, D. sanguinalis, P. annua and S. faberi) with differing life history traits.
Additional screens were conducted on lead compounds to determine the effect of
temperature, dormancy and seed batch-effects on the effectiveness of the germination
stimulants. Smoke-derived compounds, carotenoid biosynthesis inhibitors and
gibberellin receptor agonists were identified as promising germination stimulants in
grass weeds. However, the effect of these lead compounds was often species- and
dormancy-specific reflecting the complexity of dormancy mechanisms across the
species. The factors influencing responses to germination stimulants are discussed
along with the research needs for the development of more effective weed seed-

specific germination stimulants.
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3.2 Introduction

3.2.1 Chemical manipulation of seed persistence as a target for weed control

Seed dormancy a highly adaptive trait in determining the timing of emergence of
agricultural weeds. Weeds have become adapted to high-input agricultural systems by
synchronising their emergence with the cropping cycle to avoid control measures and
maximize their competitiveness with the crop (Zimdahl, 2018). The effect of weeds on
crop yield is typically determined by a ‘competitive window’ during the establishment of
crops where weeds have their most damaging effects on crop growth (Roberts et al.,
1982). Effective weed management strategies therefore focus on creating ‘weed-free’
periods during this critical window (Zimdahl, 1988). An emerging approach to achieve
this is through chemical manipulation of the WSB, either to cause premature
germination of dormant weed seeds that can be removed using additional control
methods, or through inhibition of weed seed germination to avoid weed emergence
during this critical window (Dyer, 1995; Papenfus et al., 2015). This concept has
received some attention in the literature (Bond & Burch, 1990; Donald & Tanaka, 1993;
Carmona & Murdoch, 1995; Long et al., 2011; Goggin & Powles, 2014; Papenfus et al.,
2015) however the results are often contradictory within and across species. In this
Chapter the literature on germination modifying compounds is reviewed and a series of
compounds from a target-catalogue library are screened for dormancy breaking and

germination stimulant effects across a panel of grass weed species.

3.2.2 Inorganic compounds targeting dormancy and germination

Non-organic nitrate-containing compounds, such as nitrate (NOs), nitrite (NOy),
ammonium (NH4"), cyanide (CN-), azide (N3") and nitrogen containing gasses such as

nitrogen monoxide (NO) and dioxide (NOz) promote the release from dormancy in a
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broad range of species (Bethke et al., 2007). The mechanisms through which N-
containing compounds stimulate germination is unknown although it has been
proposed that responses to N-containing compounds may be an adaptation to
germinate specifically on nitrogen rich soils (Pons, 1989). One hypothesis focuses on
the potential role of NOs and NO; as electron acceptors in respiratory metabolism
through oxidation of NADPH or by affecting electron transport allowing greater carbon
flow through the pentose phosphate pathway, liberating additional metabolites required
for early germination (Roberts, 1973). There is also some evidence to suggest that
NOs interacts with ABA metabolism to regulate germination in Arabidopsis (Matilla et
al., 2015). Cyanide and azide are respiratory inhibitors with a strong dormancy
breaking effect, however the mechanism by which they stimulate germination is again

unknown (Bethke et al., 2007).

3.2.3 Compounds targeting gibberellin metabolism and signalling

Gibberellins are a family of tetracyclic diterpene endogenous phytohormones that have
a well characterised role in the positive regulation of developmental processes such as
seed germination, stem elongation, flowering and fruit development (Yamaguchi,
2008). Whilst there are 136 naturally occurring gibberellins in plants and fungi,
approximately 100 of which are present in plants, only GA1, GAs, GAs and GA7 (Table
3.1a) have a signalling activity (Yamaguchi, 2008). Gibberellin-deficient mutants of
Arabidopsis (e.g. ga7-3) typically have reduced germinability that can be restored by
the exogenous application of bioactive gibberellins (Kucera et al., 2005). Gibberellin
biosynthetic genes are also characteristically expressed during the germination
process in Arabidopsis (Ogawa et al, 2003). Gibberellins are perceived by the
GIBBERELLIN INSENSITIVE DWARF 1 (GID1) receptor in Arabidopsis. Upon binding
of bioactive GAs to the GID1 binding pocket, its conformation is changed to increase its

affinity for DELLA proteins that inhibit the transcription of GA-responsive genes in the
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absence of GA, leading to F-Box-mediated proteasomal degradation of DELLAs and

transcription of GA-responsive genes (Hartweck, 2008).

Table 3.1. Gibberellin signalling agonists

Gibberellin Signalling Agonists

(a) Gibberellic Acids

oGA; OGAs

’e - H
HO Y HO

NG SN

G G
0 ."r ,lliill!yf;
HO HO YOH
o} o}

(b) N-Substituted Phthalimides

Generic AC-94377
o) ¢l o
of Ao

H
0 bo”
AC-99524 AC-92803
[o cl g
H
00 T—{ o O
(c) Others
Helminthosporic
67D Acid
O._OH

Endogenous phytohormones'?
involved in germination® and organ
elongation. Used for dormancy
breaking in non-deep physiologically
dormant species*. GAs is commonly
used in horticulture and agriculture to
break bud dormancy and stimulate
germination respectively®.

Selective agonists of the gibberellin
receptor Gibberellin Insensitive Drawf
1 (GID1)"2. Promotes the germination
of GA biosynthesis mutants in
Arabidopsis. AC94377 promotes
germination in some weed species34?
and promotes emergence of Sinapis
arvensis in the field at 3.4 kg ha' 5.

67D is a putative GID1 agonist that
promotes germination in Arabidopsis
seeds with inhibited GA biosynthesis".

Helminthsporic acid is a GID1 agonist
promotes germination in Arabidopsis
seeds with inhibited GA biosynthesis?.

(Yamaguchi,
2008)
2(Hartweck,
2008)
3(Ogawa et al.,
2003)
4(Baskin &
Baskin, 2014)
5(Rademacher,
2016)

(Yalpani et al.,
1989)

2(Jiang et al.,
2017a)

3(Diehl &
Walworth,
1977)

4(Bond &
Burch, 1990)
5(Donald &
Tanaka, 1993)

'(Jiang et al.,
2017b)
2(Miyazaki et
al., 2017)

Several non-endogenous GID1 agonists have been identified that show a germination

stimulating effect. N-substituted phthalimides (NSPs), particularly those with an N-

substituted cyclohexane moiety (Table 3.1b), have potent gibberellin-like germination

stimulant properties (Diehl & Walworth, 1977). Like GAs, the NSP AC-94377 (Table

3.1b), is able to restore the germination of GA-deficient mutants (Jiang et al., 2017a)

and promotes the germination of a number of weed species in under field and

laboratory conditions (Thomas, 1984; Gott & Thomas, 1986; Bond & Burch, 1990;
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Donald & Tanaka, 1993). Interestingly in celery (Apium gravolens L.) AC-94377 and
GAs:7 promote seed germination, however seedlings from GA treated seeds were
abnormally elongated and etiolated. AC-94377 treated seeds showed normal seedling
development, suggesting developmental specificity for AC-94377 activity (Gott &
Thomas, 1986). Work with radiolabelled GAs and AC-94377 demonstrated that GAs
and AC-94377 compete for the same binding site in cucumber (Cucumis sativus L.)
hypocotyls (Yalpani et al., 1989). After the discovery of the GID1 receptor in rice (Oryza
sativa L.) (Ueguchi-Tanaka et al., 2005), AC-94377 was identified as a specific GID1

agonist using a yeast-2-hybrid approach in Arabidopsis (Jiang et al., 2017a).

Two additional compounds with GA-like activity are 67D and Helminthosporic Acid
(Table 3.1c). 67D was identified as part of a compound library screen against
Arabidopsis seeds imbibed with a gibberellin biosynthesis inhibitor (paclobutrazol), and
was shown both to bind to GID1 and compete for active site binding with GA4 (Jiang et
al., 2017b). Helminthsporic acid, extracted from the pathogenic fungus
Helminthosporium sativum, was found to remove the light requirement for germination
in tobacco (Nicotiana tabacum L.) (Hashimoto & Tamusa, 1967) and later work
identified that helminthsporic acid was a selective agonist of GID1 in Arabidopsis and

rice (Miyazaki et al., 2017).

In plants, gibberellin is synthesised from geranylgeranyl diphosphate (GGPP) by three
classes of enzymes: terpene synthases (TPSs, ent-copalyl diphosphate synthase
(CPS) and ent-kaurene synthase (KS)), cytochrome P450 monooxygenases (P450s,
ent-Kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO)) and 2-oxoglutarate—
dependent dioxygenases (20DDs, GA 20-oxidase (GA20o0x) and GA 3-oxidase
(GA30x)) (Yamaguchi, 2008). Whilst GA3oxs are responsible for the last catalytic step
of bioactive GA biosynthesis, another class of 20DDs, GA 2-oxidases (GA20xs), are

responsible for gibberellin deactivation (Yamaguchi, 2008). Mutations in TPSs and
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P450s genes cause severe dwarfing phenotypes in Arabidopsis (Koornneef & van der
Veen, 1980) and germination of these mutants depends on exogenous application of

GAs (Kucera et al., 2005).

A range of GA biosynthesis inhibitors, such as flurprimidol and paclobutrazol (Table
3.2a), have been developed for the crop production market due to their applicability for
preventing cereal lodging and reducing the need to mow turf grass (i.e. inhibition of
stem elongation) (Rademacher, 2016). Similar reduced germination phenotypes are
observed when gibberellin biosynthesis is inhibited using inhibitors of KO. For example
flurprimidol and paclobutrazol have been found to inhibit germination in both cress
(Lepidium sativum L.) and Arabidopsis (Debeaujon & Koornneef, 2000; Mdller et al.,

2006).

Table 3.2. Inhibition of gibberellin synthesis and catabolism

Inhibition of Gibberellin Metabolism

(a) Inhibition of ent-kaurene oxidase

Flurprimidol Paclobutrazol Flurprimidol and pacloburtazol are '(Rademacher,
NN Ny inhibitors of ent-Kaurene Oxidase 2000)
L 4 ,\N (KO) that inhibit the accumulation of 2(Rademacher,
HO~ NKX bioactive GAs'. They are commonly 2016)
]

used in plant production to reduce
stem elongation?.

OF7<F ci
(b) Inhibition of GA oxidases
CBTC Prohexadione-Ca CBTC is a specific inhibitor of (Otani et al.,
(PHX) Gibberellin 2-Oxidase (GA20x) that 2010)
promotes germination and elongation ~ ?(Nakayama et
in Arabidopsis by inhibiting GA al., 1990b)
catabolism’.

GA2o0x and Gibberellin 3-Oxidase
(GA3ox), inhibiting rice shoot
elongation at low concentrations and
promoting at high concentrations?.

Oy, O o] o} A
H o] o]
/é\,hl‘ j—@j PHX is a non-specific inhibitor of both
5=0 ca”
cl s o
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Inhibitors of 20DDs also have an effect on germination kinetics (Table 3.2b).
Prohexadione calcium (PHX), an inhibitor of 20DDs (GA2/3/200xs), decreases
bioactive GA biosynthesis (Nakayama et al., 1990a) and consequently inhibits
germination in Arabidopsis (Otani et al., 2010). A more specific inhibitor of GA20xs,
CBTC, was identified through screening against a recombinant Arabidopsis GA20x2,
causing an accumulation of labelled GA4 in vitro (Otani et al., 2010). CBTC was found
to slightly increase germination rate and seedling stem elongation in Arabidopsis,

suggesting CBTC inhibits GA20x with a high degree of specificity (Otani et al., 2010).

3.2.4 Compounds targeting abscisic acid metabolism and signalling

Abscisic acid is a phytohormone with a key role in enforcing dormancy and regulating
germination. Mutants in ABA signalling components, such as the well characterised
viviparous-1 (vp1) mutant in maize (Zea mays), germinate even before seed dispersal
(McCarty et al., 1991). Transgenic lines overexpressing ABA biosynthetic genes, such
as 9-cis-epoxycarotenoid dioxygenases (NCEDs) typically have enhanced dormancy
(Thompson et al., 2000) and inhibitors of ABA biosynthesis release seed dormancy
(Grappin et al., 2000; Ali-Rachedi et al., 2004). ABA also has a role in the
thermoinhibition of Arabidopsis germination at high temperatures (Toh et al., 2008).
During ABA signalling, ABA forms a complex with PYR/PYL/RCAR family of proteins
(ABA receptors) and type 2C protein phosphatase (PP2Cs) causing the
phosphorylation of downstream targets that otherwise inhibit the expression ABA-
responsive genes (Raghavendra et al., 2010). The PYL agonist pyrabactin (Table
3.3a), was found to inhibit germination in Arabidopsis via the PYRABACTIN
RESISTANCE 1 (PYR1) ABA receptor, inducing highly correlated patterns of gene
expression with exogenous ABA in the seed and less correlated expression in the
seedling, indicating a level of developmental specificity for the ABA signalling

machinery and pyrabactin (Park et al., 2009). A number of PYL antagonists have been
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developed to inhibit ABA signalling. The elucidation of crystal structures for the
Arabidopsis PYR1 dimer and its interaction with ABA (Nishimura et al., 2009; Santiago
et al., 2009) facilitated the development of PYL antagonists by rational design (Hayashi

& Kinoshita, 2014).

Takeuchi et al., (2014) found that ABA analogs with long 3’ alkyl chains were able to
block PYL-PP2C interaction by steric hindrance. A six-carbon alkyl substituted ABA
(Table 3.3b, ASe) was found to be the most effective promoter of germination when
Arabidopsis seeds were imbibed in ABA (Takeuchi et al., 2014). This finding led the
way for the development of additional 3’ and 4’-modified ABA analogs with antagonistic
activity against PYLs. (+)-PAO4, a propenyl-ABA with an O-butyl chain, (Table 3.3b) is

a slightly more potent antagonist in Arabidopsis and a significantly more potent

Table 3.3. ABA signalling agonists and antagonists

ABA Signalling Agonists and Antagonists

(a) PYL receptor Agonists

(+)-Abscisic acid Pyrabactin Endogenous hormone typically 'Nambara et
associated with dormancy and the al., (2010)
inhibition of germination. High in the dry  ?(Park et al.,

o | D state’. 2009)
= O 57 N
o Pyrabactin is a Pyrabactin Resistance 1
O (PYL1) ABA receptor agonist specific to

seeds in Arabidopsis with some
agonistic activity to PYL2. Inhibits
germination in Arabidopsis?.

(b) PYL Antagonists

3'-alkylsulfanyl ABA AS Modified ABA, S-hexyl chain blocks (Takeuchi et
(ASn) 6 protein phosphatase 2C (PP2C) binding al., 2014)
by steric hindrance. ASe recovers ABA-

(ﬁ)j AN induced germination inhibition in
& ~ o7 oH o ‘OH oo Arabidopsis’.
S\(/) S

AA1 (+)-PAO4 (+)-PAO4 is a modified ABA, S-hexyl 1(Takeuchi et
chain blocks PP2C binding by steric al., 2015)
hindrance. (+)-PAO4 recovers ABA- ’(Ye et al.,
’\)1 induced germination inhibition in 2017)
D ﬂ o Arabidopsis, having a stronger effect in
S"K R/N Latuca sativa’.

AA1 recovers ABA-induced germination
inhibition in Arabidopsis. Broadly
interacts across many PYL receptors?.
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antagonist in lettuce (Takeuchi et al., 2015). More recently, 4’-modified ABAs, such as

4'-O-phenylpropynyl ABA analogs, have been developed showing promising
improvements in antagonistic activity over ASs in Arabidopsis seed germination
(Takeuchi et al., 2018) Aside from rational design, PYL antagonists such as ABA
Antagonist1 (AA1) have been developed using chemical screens that have a lower
physiological activity against ABA-inhibited seed germination in Arabidopsis, however

are antagonistic to a broader range of PYLs (Ye et al., 2017).

Table 3.4. Carotenoid Biosynthesis Inhibitors.

Carotenoid Biosynthesis Inhibitors

Bleaching Herbicides

Trifluoromethyl- Fluridone Bleaching herbicide. Phytoene '(Bartels &
phenylpyridones detasurase (PDS) inhibitor! that ~ Watson,
inhibits ABA systhesis by 1978)
reducing precursor 2(Gamble &
F accumulation?. Releases Mullett,
F——F thermos-inhibition in L. sativa® 1986)
and Arabidopsis*. Breaks 3(Yoshioka
dormancy in Lolium ridgium in et al., 1998)
the field at 367 g ha™®. 4(Toh et al.,
NZ 2008)
= 5(Goggin &
Powles,
2014)
Trifluoromethylphenyl Norflurazone Bleaching herbicide and PDS '(Bartels &
aminopyridazones inhibitor’. Inhibits ABA Watson,
biosynthesis and overcomes 1978)
Ff Fh light requirement for germination ~ ?(Roth-
=N F « =N F in L. sativa®. Breaks dormancy in  Bejerano et
H2N4<\:<\N NH@N Arabidopsis?®. al., 1999)
Y o % 3(Debeaujon
et al., 2000)
Dioxocyclohexanecar Mesotrione Bleaching herbicide inhibiting 4-  '(Mitchell et
baldehydes hydroxyphenyl- pyruvate al., 2001)
o o 0%?© (HPPD) inhibiting plastiquinone
o]

L,

synthesis resulting in a decrease
in carotenoids’.

Inhibition of ABA biosynthesis is also a well described target for germination stimulants.

Many of the components of ABA biosynthesis were discovered in carotenoid
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biosynthesis mutants that had an albino phenotype and viviparous germination
(McCarty, 1995). The Phytoene Desaturase (PDS) mutant pds3, that acts upstream of
carotenoid biosynthesis converting phytoene to {-carotene, shows reduced carotenoid
and ABA content and interestingly also impairs gibberellin biosynthesis (Qin et al.,
2007). A large number of PDS inhibitors, such as fluridone and norflurazone (Table
3.4) have been commercialised as bleaching herbicides for weed control (Bartels &

Watson, 1978).

The downstream inhibition of ABA biosynthesis that occurs due to carotenoid
biosynthesis inhibition (Gamble & Mullett, 1986) makes PDS inhibitors useful
promoters of germination under conditions where ABA biosynthesis is limiting
germination, for example during thermoinhibition at high temperatures (Yoshioka et al.,
1998; Toh et al., 2008). It has also been suggested that PDS inhibitors are useful tools
for WSB management due to their combined germination stimulant and herbicidal
activities (Goggin & Powles, 2014). An additional group of bleaching herbicides that
inhibit 4-hydroxyphenyl-pyruvate dioxygenase (HPPD) such as Mesotrione (Table 4),
also inhibit carotenoid biosynthesis through inhibition of plastiquinone production that is
required as a cofactor for PDS activity (Mitchell et al., 2001) and have untested

potential as germination stimulants.

Acting downstream of carotenoids in ABA biosynthesis are the carotenoid cleavage
dioxygenases (CCDs), such as 9-cis-epoxycarotenoid dioxygenases (NCEDs) that
cleave the cis-isomers of violaxanthin and neoxanthin to produce xanthoxin (Nambara
& Marion-Poll, 2005). NCEDs are a key rate limiting step for ABA production in seeds
(Nambara et al., 2010), are highly expressed during thermoinhibition in Arabidopsis
(Toh et al, 2008) and overexpression of tomato NCEDs generates a dormant

phenotype (Thompson et al., 2000). Inhibition of NCED activity is therefore an
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Table 3.5. Inhibitors of NCED activity.

Inhibition of NCED activity

(a) Phenylethylamines

Generic

Ry

Ry S MNRa
o
R

2

Abamine (SY97)

(b) Hydroxamic Acids

Generic

Ry
HO,
RZQMN HOO—» ,
N
“n Ob
Rs
D7

\
(o] OH
P

o]

Abamine (SG)

Competitive inhibitor of NCED'
that decreases ABA
accumulation and enhances
germination in Lepidium
sativum’, Arabidopsis C242
and barley?.

An abamine derivative having
a greater inhibitory effect on
ABA accumulation in
Arabidopsis seedlings than
SYyart.

Inhibitors of carotenoid
cleavage dioxygenases
(CCDs) including NCEDs'3.
Aryl-C2N hydroxamic acids
(including D1-7) are strong
CCD inhibitors'23. D4 releases
L.sativa thermoinhibition? and
D4 and D7 induces
germination in tomato NCED
overexpression line?. D4
reduces ABA accumulation in
tomato seeds?. D2 and D4
have a weak inhibitory effect
on Z. mays NCEDs*.

"(Han et al.,
2004)
2(Lietal.,
2012)
3(Yoshida &
Asami, 2006)

(Kitahata et
al., 2006)

(Sergeant et
al., 2009)
2(Awan et al.,
2017)
3(Harrison,
2014)
4(Chandler,
2015)

interesting target for dormancy breaking compounds through inhibition of ABA

accumulation. CCDs are also involved in a number of other plant metabolic processes,

such as strigolactone biosynthesis, therefore the selectivity of inhibitors towards

NCEDs is an important factor determining their applicability as germination stimulants

(Villedieu-Percheron et al., 2014).

Two classes of CCD inhibitors with specificity to NCEDs are phenylethylamines and

hydroxamic acids (Table 5). Abamine (SY97) (ABA biosynthesis inhibitor with an amine

moiety) is a phenylethylamine NCED inhibitor that acts as a competitive inhibitor for the
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NCED catalytic site that was shown to reduce ABA contents in leaves and promote
radicle growth in germinating cress seeds (Han et al., 2004). SY97 was also shown to
improve germination in barley (Hordeum vulgare L.) and in the Arabidopsis C24
ecotype (Yoshida & Asami, 2006; Li et al, 2012). Structure-activity studies with
abamine generated a number of structures with improved NCED inhibition activity such
as abamineSG that has greater inhibitory effect on ABA accumulation in Arabidopsis

seedlings than SY97 (Kitahata et al., 2006).

Inhibitors with greater specificity for CCDs involved in strigolactone biosynthesis have
also been developed based on the abamine structure (Kitahata et al., 2011). More
recently, structures similar to abamine, but with a hydroxamic acid linker between the
substituted phenyl rings, have been described as potent CCD inhibitors (Sergeant et
al., 2009). In a comparison between tomato CCD1 and NCED1, aryl-C1N hydroxamic
acids (HAs), named F1-4, are strong inhibitors of CCD1 and not NCED1, aryl-CoN HAs
(named D1-7) and aryl-CsN HAs (D8-13) all inhibit CCD1 and show varying degrees of
NCED inhibition (Sergeant et al., 2009). D4 releases thermoinhibition in lettuce while
D4 and D7 induce germination in tomato NCED overexpression lines that otherwise

have a dormant phenotype through increased ABA accumulation (Awan et al., 2017).

3.2.5 Smoke-derived compounds and strigolactones

Fire plays an important role in plant community succession by providing a
recolonisation opportunity for plants from the removal of the leaf canopy and changes
in soil chemistry. Consequently wildfires are often followed by flushes of germination
and plant establishment (Brown & Smith, 2000). This observation led to the discovery

that smoke was able to break dormancy and stimulate germination in some species (de

86



Chapter Il

Lange & Boucher, 1990) and that some species even require fire cues for the
completion of their lifecycle (Flematti et al., 2013). The active substances produced by
burning cellulose are extractable in water to produce ‘smoke-water’ (van Staden et al.,
1995), a complex mixture of compounds that has been found to stimulate germination
in an estimated 1200 plant species (Flematti et al., 2013; Jefferson et al., 2014).
Interestingly, many species that respond to smoke as a germination cue do not inhabit
fire-prone environments indicating that their response to smoke is not an adaptation to
a specific environment but rather occurs through a conserved mechanism. However in
general, plants whose germination responds to smoke tend to be annuals with dormant
and persistent seeds that prefer disturbed habitats (Mojzes et al., 2015). Smoke
applications are now commonly used in restoration ecology and in horticulture to

improve germination and seedling establishment (Kulkarni et al., 2011).

Bio-assay guided fractionation of smoke-water identified a potent germination
stimulator, karrikin 1 (KAR41) that stimulated germination of some fire-responsive
species in the sub-nanomolar range (Flematti et al., 2004a,b, 2005). Karrikins have
structural similarity with the strigolactone family of phytohormones, both having
butenolide and unsaturated ester moieties leading to the assumption that karrikins
function through strigolactone signalling. This hypothesis was supported by evidence
that strigolactone responsive parasitic Striga and Orobanche spp. respond to both low
concentrations of KARy and the synthetic strigolactone GR-24 (Daws et al., 2008).
However some smoke-responsive species do not respond to strigolactone application
leading to the idea that strigolactones act through related but not identical signalling
pathways (Chiwocha et al., 2009; Nelson et al., 2009). This observation was confirmed
by the identification of the karrikin insensitive mutant kai2 that is insensitive to KAR1 but

retains sensitivity to strigolactones (Waters et al., 2012a, b). In Arabidopsis,
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Table 3.6. Strigolactones and smoke-derived compounds

Strigolactones & Smoke-Derived Compounds

(a) Strigalactones

(+)- Strigol GR 24
H O

GR5
O

&w\x

Smoke-Derived Compounds

(b) Karrikinolides

KAR/ KAR:2
~ %o
o g O F~g

KAR3 KAR4
N o o
Q. = o

KARs

Zala—
0. #~q
KARs
N o T TN o
O #~0 O. #~0

(c) Trimethylbutenolides

Generic 3,4,5-trimethylfuran-

2(5H) one (TMB)
o]

(o]
Rz

3,4-dimethyl-5- 5-ethenyl-5-hydroxy-
methylidenefuran- 3,4- demethylfuran-
2(5H)-one 5H )-one
Q
0
Yy

(d) Cyanohydrins
Generic Acetone cyanohydrin

R
N=r ! N:—‘»OH
OH

Mandelonitrile Glyceronitrile

HO 3,
=N
Ni/
HO OH

Hydroquinone

HOOOH

Strigol initiates germination in Striga
sp. Parasitic weeds' and strigol
analogs promote germination in some
weed species?. GR24 overcomes
thermoinhibition of germination in
Arabidopsis?®.

Smoke is a well-known stimulator of
germination. A bio-assay guided
fractionation of smoke identified KAR«
as a germination stimulant for L.
sativa'. KAR1 is the most abundant in
smokewater, however structure
activity analysis?® demonstrated that
KAR:2 is more potent in Arabidopsis*.

Karrikiolides are perceived by KAI2,
and share similar signalling
components to strigolactone
signalling however the physiological
response of karrikin and GR24
treatments are distinct®.

Another bioassay driven fraction of
smoke identified TMB as a potent
germination inhibitor! of L. sativa. A
number of active analogs have been
identified?.

It has been proposed that KAR1 and
TMB do not compete for the same
active site®.

TMB also inhibits germination in a
number of weed species®.

Cyanohydrins are cyanogenic
compounds present both
endogenously in plants and in smoke
that can cause dormancy release and
stimulate germination indirectly
through cyanide evolution.

Smoke derived compound that
stimulates germination in L. sativa at
low concentrations?.

(Cook et al.,
1966)
2(Pepperman &
Bradow, 2016)
3(Toh et al.,
2012)

(Flematti et al.,
2004b)
2(Flematti et al.,
2007)
3(Flematti et al.,
2010)

4(Nelson et al.,
2009a)
5(Morffy et al.,
2016)

(Light et al.,
2010)
2(Posta et al.,
2013)

3(Soos et al.,
2012)
4(Papenfus et
al., 2015)

1(Flematti et al.,
2013)

2(Kamran et al.,
2017)
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strigolactones are perceived by a KAI2 ortholog D14 and a hydrolase DAD2 that most

likely degrades strigolactones during perception (Hamiaux et al., 2012).

Additional smoke-fractionation experiments identified fractions with germination
inhibitory properties (van Staden et al., 2004). The structure of this inhibitory molecule
was later identified as a racemic compound 2,3,4-trimethylbut-2-enolide
(Trimethylbutenolide, TMB, Table 3.6c) (Light et al., 2010). TMB inhibits the
germination of lettuce as well as a number of weed species (Papenfus et al., 2015) and
a range of synthesised analogs also have germination inhibitory activity (Posta et al.,
2013). Physiological and transcriptomic analysis of lettuce treated with KAR{ and TMB
indicated that these compounds do not compete for the same binding site (Sods et al.,

2012).

After the purification of active compounds from smoke it was noted that a number of
smoke-responsive species were not responsive to KAR1 (Flematti et al., 2013). The
application of additional bioassay-driven fractionations of smoke on these species
identified cyanohydrins, such as glyceronitrile, (Table 3.6d) as potent germination
stimulants that were less species specific (Flematti et al, 2011). Cyanohydrins
spontaneously hydrolyse to form cyanide, a known germination stimulant already

discussed in section 3.2.2 of this Chapter.

3.2.6 Compounds targeting ethylene and metabolism and signalling

Much of the research on seed dormancy and germination has focused on the
antagonistic relationship of GA and ABA. However other phytohormones such as

ethylene also have an important role in the regulation of germination (Linkies &
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Table 3.7. Ethylene agonists and biosynthesis inhibitors.

Ethylene Agonists and Biosynthesis Inhibitors

(a) Ethylene Precursors

1-aminocyclopro-

S-adenosylmethionine pane-1-carboxylic acid

(SAM)

(ACC)
¥ o
NZN - __,‘FS\M 0. _OH
- Q\ H,N © 9:
HZN’%JN"' [ ToH NH,
N= OH
(b) Ethylene Signalling Molecules
Ethylene Ethephon
H H cl OH
= P—OH
H H !

(c) Ethylene Biosynthesis Inhibitors

2-aminoethoxyvinyl Aminoisobutyric Acid

glycene (AVG) (AIB)
o o
HZN/\/O\/\)LOH N,
I " HO

(d) Ethylene Signaling Antagonists

trans-cyclooctene
(TCO)

o

2,5-norbornadiene
(NBD)

&

1-methylcyclopropene
(1-MCP)

=

SAM and ACC are the direct
precursors of ethylene”.
Inhibition of germination by
ABA can be reverted by ACC
application in Lepidium
sativum?.

Ethylene is a gaseous
phytohormone that
stimulates germination
through interaction with ABA
signalling pathways23,
Ethylene may also have
some role in dormancy
breaking®.

Ethephon, a commercial
plant growth regulator, is
metabolised in plants to
produce ethylene® and
stimulates germination in a
number of weed species®.

There are many ethylene
signalling and biosynthesis
inhibitors due to their
commercial applicability in
delaying fruit ripening.
AVG? is an ACS inhibitor,
and AIB inhibits ACC3.

TCO?, 1-MCP® and NBD® are
gaseous ethylene receptor
antagonists.

Inhibition of ethylene
biosynthesis and signalling
typically inhibits
germination’.

(Rzewuski &
Sauter, 2008)
2(Graeber et
al., 2010)

'(Linkies et al.,
2009)
2(Beaudoin et
al., 2007)
3(Ghassemian
et al., 2000)
4(Matilla-
Vazquez,
2008)
5(Calvo et al.,
2004)
6(Carmona &
Murdoch,
1995)

(Schaller &
Binder, 2017)
2(Yu & Yang,
1979)

3(Sato &
Esashi, 1980)
4(Sisler et al.,
1990)
5(Sisler &
Blankenship,
1998)
6(Sisler et al.,
1986)
7(Corbineau et
al., 2014)

Leubner-Metzger, 2012). Ethylene (Table 3.7b) is a gaseous hormone, produced as a

by-product the methionine cycle (Yang & Hoffman, 1984), which interestingly inhibits

growth of seedlings but promotes seed germination. During germination ethylene

interacts with ABA and GA signalling pathways (Ghassemian et al., 2000; Matilla &
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Matilla-Vazquez, 2008; Linkies et al., 2009). In Arabidopsis, mutants of the ethylene
receptor etr2 are hypersensitive to ABA application during germination (Beaudoin et al.,
2007). The inhibitory effect of exogenous ABA application on cress germination can
also be reverted by the application of 1-amino-cyclopropane-1-carboxylic acid (ACC),
the direct precursor of ethylene (Graeber et al., 2010). Ethephon (Table 3.7b), a
commercial plant growth regulator and promoter of fruit ripening (EPA, 1995) that is
metabolised in plants to produce ethylene (Calvo et al.,, 2004), stimulates the
germination of a number of weed species (Carmona & Murdoch, 1995). Due to the
commercial importance of controlling fruit ripening a number of ethylene biosynthesis
and signalling inhibitors have been developed. Two key ethylene biosynthesis genes
upregulated during germination and fruit ripening are ACC synthase (ACS) and ACC

oxidase (ACO) (Linkies & Leubner-Metzger, 2012).

Application of 2-aminoethoxyvinyl glycene (AVG, an ACS inhibitor) or aminoisobutyric
acid (AIB, an ACC inhibitor) inhibit germination in a number of species (Corbineau et
al., 2014). Inhibition of ethylene signalling has also been exploited by commercial
gaseous ethylene receptor (ETR) antagonists such as trans-cyclooctane (TCO) (Sisler
et al., 1990), 1-methylcyclopropene (1-MCP) (Sisler & Blankenship, 1998) and 2,5-
norbornadiene (NBD) (Sisler et al., 1986) (Table 7c). ETR antagonists such as NBD
inhibit germination in cress; an effect that is partially restored by ACC application

(Linkies et al., 2009).

91



Chemical genetics of germination

3.2.7 Aims and objectives

Having produced an up-to-date summary of compounds that have germination
stimulatory or inhibitory effects on model and crop species the effectiveness of a
selection of these compounds in breaking the primary dormancy in grass weed seeds
was tested. Working mostly with A. myosuroides the aim was to identify compounds
that have a dormancy breaking activity. The project then aims to identify how
conserved these dormancy breaking responses are by screening compounds across
four additional weed species with differing life history traits (A. fatua, D. sanguinalis, P,
annua and S. faberi). An additional aim is to identify how batch effects, such as
dormancy level and after-ripening affect the responses of grass weed seeds to lead
compounds by using both batches with defined dormancy levels (dormant, ARsg, and
ARG100%) and differing genotypes. By identifying dormancy breaking compounds the aim

is to gain insight into the mechanisms regulating dormancy in these species.

3.3 Results

3.3.1 Compounds targeting gibberellin metabolism and signalling

Exogenous application of gibberellins is a standard method used to break non-deep
physiological dormancy (Baskin & Baskin, 2014). Application of GAs and GA4.7 to A.
myosuroides (LH170) had only a small dormancy breaking effect at the highest
concentrations (50 & 100 uM) that was greater for GAs+7 (Fig. 3.1a,b). After-ripening
this batch for 120 days moderately increased sensitivity to exogenous GA application
(Fig. 1d,e). This effect of gibberellin application appears minimal, when compared to
Arabidopsis ecotypes with impaired GA biosynthesis and completely inhibited
germination, that require only 1 uM GAs4:7 to reach complete germination within the

population (Debeaujon & Koornneef, 2000).
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Fig. 3.1. The effect of GA and GA biosynthesis inhibitors on A. myosuroides
germination. The effect of endogenous gibberellins, GAs (a,d) and GA4+7 (b,e) on the
germination of dormant (a,b) and 120 day after ripened LH170. (c,f) The effect of
gibberellin biosynthesis inhibitors paclobutrazol (c) and flurprimidol (f) on the
germination of 120 day after-ripened LH170. (o, H20; half-shaded circle, 0.1% (v/v)
DMSO; ¢, 0.1 uyM; ¢,1 uM; e, 10 uM; e, 50 uM; e, 100 uM) Error bars show standard
error of the mean for triplicates of ~30 seeds, incubated at 20°C under constant light.

Application of the KO inhibitors paclobutrazol and flurprimidol show a tendency towards

inhibition at the highest concentrations which again seems minimal compared to the

complete inhibition achieved in Arabidopsis by 1 uM paclobutrazol (Debeaujon &

Koornneef, 2000). Taken together these results suggest that A. myosuroides

germination is not dependant on de novo ent-kaurenoic acid biosynthesis or that

paclobutrazol and flurprimidol are ineffective inhibitions of A. myosuroides KO.

Interestingly, despite the ineffectiveness of GAz and GAs.7 at breaking A. myosuroides
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Fig. 3.2. The effect of GAs and phthalimide lactone analogs on dormant A. myosuroides
germination. The effect of endogenous gibberellins, GAs (a) and GAas+7 (b) and N-substituted
phthalimide lactone analogs (c-e) including AC94377 (e) on the germination of dormant A.
myosuroides LH170. (o, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 yM; o,1 uyM; e, 10
MM; e, 50 uM; e, 100 uM) Error bars show standard error of the mean for triplicates of ~30
seeds, incubated at 16°C under constant light.

dormancy, the N-substituted phthalimide lactone AC-94377 had a strong dormancy
breaking effect achieving double the maximum germination reached by GAs.r
application (Fig. 3.2e). Other phthalimide lactone derivatives tested (structures not
shown) had no significant dormancy breaking effect (Fig. 3.2c,d). AC-94377 is a GID1
agonist with high specificity in Arabidopsis, so this result suggests that the gibberellin

signalling machinery is present in dormant A. myosuroides seeds that not respond
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Fig. 3.3. Comparative effects of GAs.z and AC-94377 across different A. myosuroides
batches. (-o-, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 uyM; ¢,1 uyM; e, 10 uM; e, 50
pUM; e, 100 pM) Error bars show standard error of the mean for triplicates of ~30 seeds,
incubated at 16°C under constant light.

strongly to GAs or GAs4+7 or that the effect is achieved through a different pathway.
Additionally, inhibitors of GA2-oxidase has no dormancy breaking effect in A.
myosuroides (Appendix Fig. 9.5) indicating that degradation of bioactive GAs was

unlikely to be mechanism of dormancy enforcement.

Comparisons of the germination stimulant effect of AC-94377 and GAs4+z were
performed using a 364 day after-ripened A. myosuroides batch (LH170-ARss4) and

three additional A. myosuroides batches with intermediate dormancy levels. Whilst in
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Fig. 3.4. Comparative effect of GAs:+7 and AC-94377 across dormant batches of five
grass weed species. (o, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 uM; ,1 uM; o,
10 pM; e, 50 uyM; e, 100 pM) Error bars show standard error of the mean for triplicates of
~30 seeds, incubated at 20°C under constant light.

the dormant batch (LH170-D) AC-93477 had a considerably stronger effect than GAas+7,

this difference in effect was lost after 364 days of after-ripening (Fig. 3.3g). The

additional seed batches responded to GA4.7z and AC-94377 similarly (Fig. 3.1c,e,h,j)
with the exception of LH216 that responded more strongly to AC94377 (Fig. 3.3d,i).
These results demonstrate that the relative effect of AC-94377, compared to GAs+7, is

comparatively dormancy-specific in A. myosuroides.

A comparison of the effects of GA4+7 and AC-94377 across five grass weed species

showed that the species tested had very different sensitivities to both compounds (Fig.
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Fig. 3.5. Effect of AS6, fluridone and mesotrione on dormant A. myosuroides germination.
(a) ABA inhibits germination in 120 day after ripened A. myosuroides (LH170-AR120). (b-d) The
effect of AS6 (b) fluridone (c) and mesotrione (d) on the germination of dormant A. myosuroides
(LH170-D). . (o, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 yM; o,1 uM; e, 10 uM; e, 50
uM; e, 100 uM) Error bars show standard error of the mean for ftriplicates of ~30 seeds,
incubated at 20°C under constant light.

3.4). In general species that responded to GAs:7 (A. myosuroides, A. fatua and P.
annua) also responded to AC-94377 (Fig. 3.3a-c,f-h) and species that did not respond
to GAs+7 also did not respond to AC-94377 (D. sanguinalis and S. faberi) (Fig. 3d,e,l,j).
However for those species that did respond to AC94377, the sensitivity to GA4+7 did not
determine the response to AC-94377. For example, P. annua had low sensitivity to
GA4+7 compared to A. fatua yet responded strongly to AC-94377 whereas A. fatua was

more sensitive to GA4+7 than AC-94377.

3.3.2 Compounds targeting abscisic acid metabolism and signalling

Abscisic acid inhibits the germination of after-ripened A. myosuroides at concentrations
above 1 uM (Fig. 3.5a). The PYL antagonist ASe did not break dormancy at any of the

concentrations tested indicating either that at the concentrations tested it does not
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Fig. 3.6. Effect of ABA, ASs mesotrione and fluridone on thermoinhibited A.
myosuroides. 120 day after-ripened A. myosuroides (LH170-AR120) incubated at either 20°C
(a-d) or 28°C (e-h) in constant light with ABA (a,e), AS6 (b,f), mesotrione (c,g) or fluridone (d,h).
(o, H20; half-shaded circle, 0.1% (v/v) DMSO; «, 0.1 uyM; ¢,1 uM; e, 10 uM; e, 50 uM; e, 100
MM) Error bars show standard error of the mean for triplicates of ~30 seeds.

inhibit the formation of A. myosuroides PYL-PP2C complexes or that ABA signalling

does not have an important role in the enforcement of germination (Fig. 3.5b). The

PDS inhibiting beaching herbicide fluridone was an effective dormancy breaking
treatment at concentrations above 10 pyM (Fig. 3.5d) however the HPPD inhibitor

mesotrione was not an effective dormancy breaking treatment (Fig. 3.5¢). Whilst HPPD
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Fig. 3.7. Dormancy breaking effects of fluridone analogs on A. myosuroides. The effect of
fluridone (a) and two fluridone analogs RH153 (b) and RH196 (c) on dormant A. myosuroides
(LH170-D). (o, H,0; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 uM; @,1 uM; e, 10 uM; e, 50
uM; e, 100 uM) Error bars show standard error of the mean for triplicates of ~30 seeds,
incubated at 16°C under constant light. :

plastiquinone biosynthesis (Mitchell et al., 2001), seedlings treated with up to 100 yM
did not have symptomatic bleaching (data not shown) indicating some degree of

resistance to this herbicide in the A. myosuroides batch used.

PDS inhibitors are able to release the thermodormancy induced by high temperature
incubation in Arabidopsis and lettuce by reducing the accumulation of ABA (Yoshioka
et al.,, 1998; Toh et al., 2008). In 120 day after-ripened A. myosuroides (LH170-AR120)
28°C is an inhibitory temperature for germination and application of ABA greater than
1uM completely inhibit germination at this temperature (Fig. 3.6e). ASs did not
appreciably affect germination at the relatively optimal temperature of 20°C (Fig. 3.6b)
and failed to release thermoinhibition (Fig. 3.6f). Mesotrione had a tendency to inhibit
germination at high concentrations in the after-ripened batch at 20°C (Fig. 3.6¢) and did

not release thermodormancy (Fig. 3.6g). Fluridone had a small stimulatory effect on
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Fig. 3.8. Effect of fluridone across A. myosuroides batches. Fluridone effect on A.
myosuroides batches with known dormancy level: dormant (a, LH170-D) fully after ripened (b,
LH170-ARs64) and batches with intermediate dormancy levels LH128 (c), LH216 (d) and LH312
(e). (o, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 uyM; ¢,1 uyM; e, 10 uM; e, 50 pM; e,
100 puM) Error bars show standard error of the mean for triplicates of ~30 seeds, incubated at
16°C under constant light.

germination on after-ripened at 20°C (Fig. 3.6d) and was an effective thermodormancy
releasing treatment (Fig. 3.6h) indicating that de novo biosynthesis of ABA is involved
in the inhibition of germination at high temperatures in A. myosuroides. The
observation that fluridone releases thermo- and primary dormancy (Fig. 3.5d) and ASs
does not release either dormancy, suggests that ABA biosynthesis is involved in both
processes and ASg is an ineffective inhibitor of ABA signalling in A. myosuroides at the
concentrations tested. Dose-responses of two additional fluridone analogs (RH153 and
RH196) demonstrated that fluridone had the strongest dormancy breaking effect in A.
myosuroides above 10 uM (Fig. 3.7a). Whilst RH196 had no dormancy breaking effect
(Fig. 3.7c), RH153 had a dormancy breaking effect that was 10-fold lower than

fluridone (Fig. 3.7b).
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Fig. 3.9. Effect of smoke-water and KAR1 on dormant grass weed seeds. Effect of
smoke-water (Regen2000 Smokemaster™) (a-e) and KAR1 (f-j) on dormant D. sanguinalis
LH181-D (a,f), S. faberi LH179-D (b,g) A. fatua LH840-D (c,h), P. annua LH161-D (d,i) and A.
myosuroides LH150-D (e,j). Dilutions of smoke-water are shown as a percentage dilution of
volume per volume (%v/v). Error bars show standard error of the mean for triplicates of >30
seeds, incubated at 20°C under constant light.

A comparison of the effect of fluridone across A. myosuroides seed batches

demonstrated that the stimulatory effect of fluridone was only present in the fully

dormant seed batch (Fig. 3.8a). After-ripening this batch for 364 days (LH170-ARazs4)

minimised the stimulatory effect of fluridone (Fig. 3.8b). Fluridone did not stimulate the

germination of the additional three A. myosuroides batches that had intermediate levels

of dormancy, where as other compounds such as AC-94377 did under the same
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conditions (Fig. 3.3). This suggests that de novo ABA biosynthesis is only a significant

limitation on germination in batches where the dormancy level is high.

(a) A. myosuroides (b) A. myosuroides (c) A. myosuroides (d) A. myosuroides (e) A. myosuroides

100 LH170-D, KAR, LH170-AR 34, KAR¢ LH128, KAR4 LH216, KAR, LH312, KAR,

80
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Fig. 3.10. The effect of KAR1 across different A. myosuroides batches. KAR; effect on A.
myosuroides batches with known dormancy level: dormant (a, LH170-D) fully after ripened (b,
LH170-AR364) and batches with intermediate dormancy levels LH128 (c), LH216 (d) and LH312
(e). (o, H20; half-shaded circle, 0.1% (v/v) DMSO; ¢, 0.1 uM; ¢,1 uyM; e, 10 uM; e, 50 uM; e, 100
MM) Error bars show standard error of the mean for triplicates of ~30 seeds, incubated at 16°C
under constant light.

3.3.3 The effect of smoke-derived compounds on grass weed seed germination

Smoke-water is a commonly used treatment to improve seed germination in
horticulture and conservation (Kulkarni et al., 2011) due to the ability of smoke to
stimulate the germination of many species that do not inhibit fire prone habitats (Mojzes
et al., 2015). Research into the effects of smoke on germination in a variety of species
is highly prolific (Jefferson et al., 2014) yet the effect of smoke on many species
remains ambiguous. For the example of A. myosuroides, some authors report that
KAR; and smoke-water inhibit germination (Daws et al., 2007) and others report that
germination is promoted by smoke-water (Adkins & Peters, 2001). The same pattern

has been observed in a number of agricultural weeds in the literature, including A. fatua
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(Adkins & Peters, 2001; Kepczynski et al., 2006; Daws et al., 2007; Stevens et al.,

2007; Cembrowska-Lech & Kepczynski, 2017).
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Fig. 3.11. Effect of smoke-water and KAR; on different A. fatua batches. The effect of
smoke-water (Regen2000 Smokemaster™) (a-d) and KAR1 (e-h) on (a,e) fully dormant (LH840-
D), (b,f) fully after-ripened (LH840-AR110) batches. (c-h) the effect of smoke-water and KAR+ on
batches with intermediate dormancy levels. Dilutions of smoke-water are shown as a percentage
dilution (%vV/v): o, control; ¢, 1%; e, 2.5%; e, 5%; e, 10%; e, 20%. KAR1 was applied by molar
concentration: o, H20; half-shaded circle, 0.01% (v/v) DMSO; «, 0.1 uM; ¢,1 uM; e, 10 uM; e, 50
MM; e, 100 puM. Error bars show standard error of the mean for triplicates of ~30 seeds, incubated
at 20°C under constant light.

To compare the germination stimulant effects of smoke-water and KAR;, dilutions of a
commercial smoke-water formulation “Regen2000 Smokemaster™” (Grayson, Tecnica

Pty Ltd., Victoria, Australia) commonly used for horticultural applications was applied to
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seeds in the germination medium. The responses of dormant seeds to smoke-water
and KAR: were highly variable across the species (Fig. 9). Digitaria sanguinalis and A.
fatua (Fig. 3.9a,c) both responded to smoke-water and A. myosuroides, P. annua and
S. faberi did not (Fig. 3.9b,d,e). Higher concentrations of smoke-water (>10% v/v) were
less effective or inhibitory. The response of A. fatua to KAR1 was similar to the effect
achieved by smoke-water application (Fig. 3.9h). The species that did not respond to
smoke-water also did not respond to KAR1 even when applied at high concentrations
(>10 uM) (Fig. 3.9g,l,j). In S. faberi, KAR1 was inhibitory to germination when compared
to the solvent (DMSO) control (Fig. 3.99g). Interestingly, whilst D. sanguinalis responded
strongly to smoke-water application no dormancy breaking effect was observed upon
KAR1 application (Fig. 3.9f). This supports the work of previous authors that have
suggested that smoke-water contains additional compounds, likely cyanohydrins or
additional karrikinolides, which have germination stimulant activities (Flematti et al.,

2011).

The A. myosuroides batch initially tested (LH150-D) showed a small response to the
highest concentration of KAR: applied (Fig. 3.9j). To determine if this effect was
consequential, we monitored the responses of five additional A. myosuroides batches
to KAR1. The dormant batch LH170-D responded strongly to KAR1 application and all
concentrations tested increased germination over the controls however the highest
concentration (100 uM) was less effective (Fig. 3.10a). Interestingly, after-ripening this
dormant batch for 364 days (LH170-ARsss) reversed its response to KAR; when
applied at concentrations above 10 yM (Fig. 3.10b). In the additional batches with
intermediate dormancy levels (LH128, LH216 and LH312) KAR; had no stimulatory
effect on germination, except at lower concentrations (<50 yM) in LH312, and had an

inhibitory effect at high concentrations (>50 pM) (Fig. 3.10c-e). These results
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demonstrate that the effect of KAR is dependent on the dormancy level of the seed

batches.

In the initial screen for species that responded to smoke-water and KAR1, A. fatua was
the only species that responded to both treatments (Fig. 3.9¢,h). To further investigate
the relationship between sensitivity to KARs and response to smoke-water both
treatments were applied across three additional A. fatua seed batches with differing
levels of dormancy. Whilst the dormant batch (LH840-D) responded moderately to both
smoke-water and KAR:, after-ripening this batch for 110 days (LH840-ARi1) to
produce a fully after-ripened batch caused smoke-water to inhibit germination at all
concentrations tested (Fig. 3.11b). After-ripening however did not cause KAR; to
become inhibitory to this seed batch (Fig. 3.11f). In the additional A. fatua seed
batches, smoke-water slightly promoted germination at low concentrations and
inhibited germination under higher concentrations (Fig. 3.11c,d). In both these seed
batches KAR1 was a less potent stimulator of germination than smoke-water, however
did not inhibit germination at high concentrations (Fig. 3.11g,h). This again indicates
the presence of additional inhibitory compounds in smoke-water, such as TMB, as

described by other authors (Light et al., 2010).

KAR; inhibits germination in fully after-ripened A. myosuroides (Fig. 3.10b) but not in
fully after-ripened A. fatua (Fig. 3.11f). Interestingly, A. myosuroides seeds, in the
dormant or after-ripened state, produced abnormal seedlings when seeds were
imbibed on high concentrations (>50 uM) of KAR;. During the germination process of
these seeds, although coleorhiza emergence is promoted in the dormant state by high
KAR; concentrations (Fig. 3.10a), radicle emergence was delayed and at 100 yM and
coleoptile emergence was completely inhibited (Fig. 3.12c) leading to an ‘arrested
germination’ phenotype (Fig. 3.12d) Seedlings exposed to 50 yM KAR; had both

primary and secondary radicles emerged when only the primary radicle was present in
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the control and these radicals were stunted (Fig. 3.12d). KAR4 at 50 yM also caused

abnormalities in coleoptile and plumule growth and 100 yM KAR caused a complete

inhibition of root growth and an unusual swollen and hooked coleoptile (Fig. 3.12d).
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Fig. 3.12. KAR, causes seedling abnormalities in A. myosuroides. (a) Visible events during
the germination of dormant ‘D’ (LH170-D) and fully after-ripened ‘AR’ (LH170-ARse4) batches.
(b,c) The effect of (b) 50 uM and (c) 100 yM KAR1 on visible events during the germination
process compared to LH170-D. (d) Micrographs showing morphological abnormalities 21 days
after imbibition when treated with 50 and 100 uM KAR1. Error bars show standard error of the
mean for triplicates of ~30 seeds, incubated at 16°C under constant light. Scale bar represents
5 mm. CRZ, coleorhiza emergence; RAD, radicle emergence; SHT shoot emergence.
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Strigolactones and KAR1 share many common signalling components in plants (Morffy
et al., 2016). To determine if strigolactone signalling also provides a target for
germination stimulants in A. myosuroides, a series of strigolactone analogs that had
shown activity in in vitro activity assays (data not shown) were tested against a
dormant A. myosuroides batch (LH170-D). Three of these analogs (RH109, RH192 and

RH129) caused a small increase in maximum germination only at concentrations lower

than 10 uM (Fig. 3.13).

(a) A. myosuroides (b) A. myosuroides (¢) A. myosuroides
100 LH170-D, RH109 LH170-D, RH192 LH170-D, RH182
g 80+
8
c
5 60+
(]
S
[Im|
B
kS
<}
Q
[=]
(&)
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Incubation Time [Days] Incubation Time [Days] Incubation Time [Days]
(d) A. myosuroides (e) A. myosuroides (f)  A. myosuroides
100 LH170-D, RH180 LH170-D, RH183 LH170-D, RH129
g 80
8
c
5 60+
(]
S
[Im|
g 404
kS
o
QL
o
o

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Incubation Time [Days] Incubation Time [Days] Incubation Time [Days]

Fig. 3.13. Effect of strigolactone analogs on dormant A. myosuroides. Strigalactone
analogs that showed activity in in vitro assays screened against dormant A. myosuroides
(LH170-D). (o, H20; half-shaded circle, 0.1% (v/v) DMSO; e, 0.1 pM; o,1 uM; e, 10 uM; e, 50
pM; 100 uM) Error bars show standard error of the mean for triplicates of ~30 seeds,
incubated at 16°C under constant light.
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These results demonstrate that strigolactones may have a role in the regulation of
germination in A. myosuroides and may provide an additional feasible target for the

development of dormancy breaking compounds.

3.4 Discussion

3.4.1 Identification of targets for the ‘Flush and Kill’ approach

By screening germination stimulants identified in crop and model species a number of
compounds have been identified that have a dormancy breaking effect in grass weed
species. However no one compound that was tested was able to break dormancy in all
the species. This indicates that there are diversity of mechanisms enforcing dormancy
amongst grass weeds and demonstrates a need to screen germination stimulants

across multiple species to determine if they are applicable for WSB management.

The GID1 agonist AC-94377 was the most effective compound identified in terms of the
number of species that responded and the size of the effect (Fig. 3.4). Indeed in A.
myosuroides and P. annua AC-94377 was a more effective dormancy breaking
treatment than gibberellin application (GAs and GA4). This observation suggests that
either AC-94377 has a greater affinity for the GID1 receptors of these species or
alternatively that these species are in fact more sensitive to GA1, another endogenous
gibberellin that was not tested due to cost limitations. Nevertheless, the dormancy
breaking effect of AC-94377 demonstrates that the gibberellin signalling machinery is
present even in the dormant state, making GID1 agonism an attractive target for the

development of WSB management compounds.
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Fluridone, a PDS inhibitor, was also an effective dormancy breaking compound in A.
myosuroides (Fig. 3.5-7). PDS acts early in carotenogenesis to convert phytoene into
C-carotene, therefore inhibition of PDS has many biochemical implications besides ABA
biosynthesis inhibition, such as phytoene overaccumulation (Sprecher et al., 1998) or
reactive oxygen species (ROS) generation due to a lack of ROS scavenging
carotenoids. The accumulation of apoplastic superoxide is associated with cell
elongation during cress germination (Muller et al., 2009). Interestingly, fluridone treated
A. myosuroides caryopses evolved 3-fold more apoplastic superoxide than GAs+7
treated caryopses that followed the same germination kinetics (Holloway, 2016).
Therefore it is likely that fluridone’s germination stimulant activity does not come solely
from ABA biosynthesis inhibition and it can’t be assumed that de novo ABA
biosynthesis is involved in the regulation of A. myosuroides germination. Regardless of
the MOA, fluridone was a successful dormancy breaking compound and PDS inhibition

is another target suitable for WSB management.

Germination responses to smoke-derived treatments were again species-specific.
Avena fatua responded partially to both smoke-water and KAR+ (Fig. 3.9c,h) whereas
D. sanguinalis responded strongly to smokewater but not KAR;. Alopecurus
myosuroides on the other hand responded to KAR1 but not to smoke-water. Bioassay
driven fraction of smoke-water identified KAR4 as the most potent germination stimulant
in smoke (Flematti et al., 2004b) and since, numerous other compounds in smoke have
been identified as having germination modifying activity (Flematti et al., 2013). The
different responses of grass weed species to either smoke-water or KAR1 demonstrate
that there are different sensitivities to these distinct smoke-derived compounds (Table
3.6) across species. In the example of D. sanguinalis, which responds only to smoke-
water, it is likely that this response is due to sensitivity to cyanohydrins, a group of

cyanogenic smoke-derived compounds that can break dormancy at low concentrations
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through respiratory inhibition (Flematti et al., 2013). Alternatively, D. sanguinalis could
be sensitive to non-cyanogenic smoke-derived compounds, such as hydroquinone, that

have a potent dormancy breaking effect in lettuce (Kamran et al., 2017).

KAR is a highly potent germination stimulant, breaking dormancy in Arabidopsis in the
nanomolar range, partly through increasing the expression of gibberellin biosynthetic
genes (Nelson et al., 2009). In A. myosuroides and A. fatua a 1000-fold greater
concentration of KAR; was required to break dormancy (Fig. 3.10 & 3.11). In
Arabidopsis, KAR1 application also has secondary effects on seedling morphology at
this low concentration range, such as a decrease hypocotyl elongation and cotyledon
expansion (Morffy et al., 2016). Interestingly, high KAR1 concentrations caused severe
seedling abnormalities in A. myosuroides but not A. fatua (Fig. 3.12, data not shown). It
is not clear what is causing these symptoms, however these results suggest that KAR
may have secondary MOAs perhaps through the interaction with other strigolactone
signalling processes. Regardless of the MOA, the seedling abnormalities caused by
KAR; generate an arrest in A. myosuroides seedling development that eventually leads
to seedling mortality with a degree of specificity to other species (A. fatua does not

have such symptoms) making KAR1 a possible candidate herbicide for A. myosuroides.

3.4.2 Factors that influence grass weed seed responses to compounds

Temperature plays a key role in the regulating the depth of dormancy in physiologically
dormant species and as dormancy is released the temperature range under which they
germinate becomes wider (Baskin & Baskin, 2004). Previous work has shown that
temperature plays a role in the response of non-dormant seed batches to germination

stimulants. For example KAR; has little effect on tomato seeds imbibed at an optimal
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Fig. 3.14. The factors affecting the response of a seed population to a germination
stimulant. The response of a seed population is dependent on the interaction between the
imbibitional environment and the dormancy of the batch as well as the bioavailability of the
compound.

temperature, however at sub- and superoptimal temperatures KAR;: restores
germination towards that of the optimal temperature (Jain & Van Staden, 2006). A
similar trend was observed in A. myosuroides that responded to KAR1 at suboptimal
and not optimal temperatures (Holloway, 2016). In this work a temperature dependant
relationship was identified with the PDS inhibitor fluridone. At 16 and 20°C only the
higher concentrations of (= 50 yM at 16°C, = 10 yM at 16°C) fluridone stimulated
germination in dormant A. myosuroides (Figs. 3.6 & 3.7), however after-ripened seed at
a supraoptimal temperature of 28°C germination was stimulated at concentrations
above 0.1 pyM. Conversely dormant A. myosuroides only responded minimally to the
highest concentration of KAR; (100 uM) at 20°C (Fig. 3.9j), however at the lower
temperature of 16°C lower concentrations (= 10 uM) had a germination stimulant effect
on dormant seeds (Fig. 3.10a). It is clear that temperature plays an important role in
determining the sensitivity of both dormant and after-ripened seed batches to

compounds with different MOAs and therefore incubation temperature is an important
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consideration when designing compound screening experiments to control the

stringency of the screen.

The response of different species to smoke-water and KAR1 also demonstrates the
importance of dormancy level in determining the effect of germination stimulants. In
dormant A. myosuroides KAR: behaves as a germination stimulant, and all
concentrations tested promoted germination in dormant seeds (Fig. 3.10a) however in
a fully after-ripened seed batch KAR; only had an inhibitory effect on germination (Fig.
3.10b). The same pattern was observed in the response dormant and fully after-
ripened A. fatua to smoke-water (Fig. 3.11a,b). Additionally the dose-response
relationships of these treatments in A. myosuroides and A. fatua were non-monotonic
in the dormant state. Lower concentrations of either smoke-water or KAR{ promoted
germination until a certain point above which they were inhibitory (Figs. 3.10 & 3.11).
This indicates the possibility of secondary MOAs for KAR1 and other smoke-derived

compounds in these species.

When comparing the effect of compounds across different seed batches it is difficult to
separate the effects of genotype, dormancy level and ageing when seed batches have
been produced under different conditions and have a differing storage histories. For
example, in the effect of fluridone across multiple A. myosuroides batches, dormancy
was broken in a freshly harvested batch (Fig. 3.8a) however no effect was seen on a
fully after-ripened seed batch at an optimal temperature (Fig. 3.8b). Additional A.
myosuroides batches with differing depths of dormancy failed to respond to fluridone
(Fig. 3.8c-e). It is not clear if this is the result of differences in dormancy or genotype.
This is reflective of a wider problem in the germination stimulants literature where for
some compounds, such as KAR4, both stimulatory and inhibitory effects are reported
for the same species in different studies (Jefferson et al,, 2014). To combat this

problem it would be necessary to propagate and store seeds from multiple weed
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biotypes under equivalent conditions to understand the extent to which genotype
contributes to the differences in the effects of compounds across different seed

batches.

3.4.3 Identification of research needs for developing better germination

stimulants

If a compound with a specific MOA breaks dormancy in a particular species it is
apparent that the MOA of this compound is a useful target for the development of
additional germination stimulants. However is not clear if a particular MOA can be ruled
out if such a compound does not produce a physiological effect. This is because the
effectiveness of any compound depends on a number of factors besides the
importance of the target in regulating germination. The vast majority of germination
stimulants have been identified through high-throughput screening of compound
libraries or biological extracts on model species (Flematti et al., 2004b; Sergeant et al.,
2009; Takeuchi et al., 2014, 2015; Ye et al.,, 2017b). Some germination stimulants,
such as the ABA signalling antagonist ASs, have been developed through rational
design against the x-ray structures of receptor complexes in model species (Takeuchi
et al., 2014) yet do not have any dormancy breaking effect in weed species such as A.
myosuroides (Fig. 3.5b). This is not an indication that ABA signalling is not involved in
dormancy in weed species, since the carotenoid biosynthesis inhibitor fluridone is an
effective dormancy breaking treatment in A. myosuroides (Fig. 3.7a). In order to focus
the development of germination stimulants for WSB management, it will be important to

understand the molecular processes regulating dormancy and germination in weed
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species rather than relying on inferences from model species given the diversity of

responses to germination stimulants seen across species.

The fate of compounds applied to seeds is also unclear and may be a source of
differences in the effectiveness of germination stimulants between species. Differences
in the uptake and translocation as well as metabolism and sequestration are key
factors affecting the potency and selectivity of herbicides applied to plants (Zimdahl,
2018), yet this is a relatively unexplored area for germination stimulants. For example,
a number of HAs have been identified as having high NCED inhibitory activity in vitro
however their activity does not necessarily correlate to physiological effects in vivo
(Awan et al., 2017). Studies using fluorescent tracers have demonstrated differential
uptake and localisation across the seed coat for different chemistries across species
(Salanenka & Taylor, 2011). Grass seeds are particularly complex in this respect, with
multiple distinct barriers in diaspores, such as the presence of maternally derived
glumes, pericarp and testa that may provide multiple discriminatory barriers to the
uptake of germination stimulants. These limitations illustrate the need for greater
understanding of the mechanisms regulating germination in weed seeds in order to

develop effective germination stimulants for WSB management.
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3.5 Conclusions

By conducting targeted compound screens for dormancy breaking effects across grass
weed species we have identified a number of targets and dormancy breaking
treatments that have potential for WSB management (Table 3.8). The effects of some
compounds are highly species-specific and dependent on the interaction between
dormancy level and imbibitional temperature. This indicates that a ‘silver bullet’
compound, that can break the dormancy of all weed species, is probably unrealistic.
However related species, that are weeds of similar cropping systems, respond similarly
to specific germination stimulants. A key limitation to the development of weed seed-
specific germination stimulants is the fundamental lack of knowledge surrounding the
mechanisms regulating dormancy and germination in these species. Future work
should aim to develop a deeper understanding of the diversity of these mechanisms, as
well as the pharmacokinetics of germination stimulants, across a broad range of weed

species.

Table 3.8 Summary of compounds with a dormancy breaking effect. Effect size relates in
maximum germination (QMAX) relative to solvent control: Small, 10-30% increase; Intermediate,
30-50% increase; large, > 50% increase.

Compound Class Compound Species Effect Size  Figure(s)
GID1 agonists GAs A. myosuroides Small 3.1a
GA4+7 A. myosuroides Small 3.1b, 3.3
A. fatua Large 3.4f
P. annua Small 3.4c
AC-94377 A. myosuroides Large 3.2¢,3.3
A. fatua Large 3.2g
P. annua Large 3.4h
PDS inhibitors Fluridone A. myosuroides Large 3.5d, 3.6h, 3.7a
RH153 A. myosuroides Intermediate  3.7b
Smoke-derived Smokewater A. fatua Intermediate  3.9c
D. sanguinalis Large 3.9a
KAR¢ A. myosuroides Large 3.10a
A. fatua Intermediate  3.9h
Strigolactone analogs RH192 A. myosuroides Small 3.13b
RH219 A. myosuroides Small 3.13f
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Chapter IV

Summary

» Seed dormancy is the key factor determining weed emergence in agricultural fields and
there is growing interest in weed seeds as a target for weed management. A foremost
limitation to this approach is the lack of molecular insight into the mechanisms regulating

dormancy in weed seeds.

* Alopecurus myosuroides (blackgrass) seeds were collected from wheat field in the UK.
At low temperatures, dormant (D) and after-ripened (AR) seeds germinate similarly and
at warm temperatures dormancy is enforced. RNAseq analysis at both temperatures for
D and AR seeds demonstrated distinct mechanisms, involving ethylene and gibberellin

signaling, are involved in after-ripening and cold-induced dormancy release.

» An untargeted analysis revealed cluster-specific processes, such as seed defense
responses and anaerobic respiration, which may have potential as targets for weed
seedbank management. A targeted analysis of hormone biosynthesis and signaling
pathways identified targets that could be exploited by dormancy breaking compounds.

These targets were validated by screening a target catalogue compound library.

* Our findings suggest that dormancy breaking can occur via multiple independent but
connected hormone-mediated mechanisms and provide a proof-of-concept for the use

of next generation sequencing for identifying novel targets for germination stimulants.

Key words

Alopecurus myosuroides (blackgrass), after-ripening, ecophysiology, germination

stimulants, RNAseq, seed dormancy, weed seedbank.
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Introduction

Agricultural weeds present a serious threat to food security and sustainable
intensification worldwide (Bridges, 1994). Weeds have become adapted to high-input
agricultural systems by mimicking crops to avoid detection (Barrett, 1983) and by
developing increasing levels of herbicide resistance to multiple herbicide modes of action
(Heap, 2019). Regulatory restraints (Chauvel et al., 2012) and a slowing of herbicide
discovery (Duke, 2012) have caused the chemical ‘crop protection toolbox’ to shrink,
necessitating the development of alternative weed control strategies that less reliant on

herbicides.

Seed dormancy is a highly adaptive trait in agricultural weeds that allows them to
synchronise their emergence with the cropping cycle to maximise competitiveness with
the crop and to avoid weed control measures (Zimdahl, 2018). Adult weeds typically
shed their seeds with a high degree of primary dormancy (Mohler et al., 2007) that limits
the range of conditions under which the seed will germinate (Baskin & Baskin, 2004).
The depth and duration of this dormancy is influenced by environmental factors,
particularly temperature, on both the mother plant and the seed (Bewley et al., 2013).
The transition from dormancy to germination, as studied in model systems, is regulated
by the interplay of these environmental cues and plant hormones, centred around the
antagonistic relationship between gibberellin (GA) and abscisic acid (ABA) biosynthesis
and signalling (Finch-Savage & Leubner-Metzger, 2006). However, beyond model and
crop systems, very little is known about the mechanisms regulating dormancy and

germination in agricultural weeds.

Blackgrass (Alopecurus myosuroides L.) has been considered the most destructive
cereal weed in Europe (Lutman et al., 2013). Blackgrass plants, as with most weeds, are
highly fecund and can produce up to 500 viable diaspores (dispersal units, hereafter

seeds) that are typically dispersed at crop harvest from June-July (Clarke et al., 2015).
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After a period of dormancy, blackgrass seedlings typically emerge from October to
December during the establishment of winter cereal crops (Colbach et al., 2006)

consistent with a winter annual lifecycle.

Seed dormancy is a relatively unexplored stage of the weed lifecycle as a target for weed
management. ‘Flush and kil is an emerging concept that aims to manipulate the
dormancy of the weed seedbank using germination stimulants in order induce weed
emergence before the planting of the crop, allowing a broader range of control methods
to be used. Previous attempts to achieve this, using compounds identified as germination
stimulants in model species, show highly species-specific responses, indicating that
there are diverse dormancy mechanisms across weed species (Metzger, 1983; Adkins

& Peters, 2001; Goggin & Powles, 2014).

In this study, we use advances in next-generation sequencing (NGS) technology to
develop a transcriptomic resource in order to identify the processes involved in the
environmental regulation of seed dormancy in blackgrass. Using an ecophysiological
approach we found that at low temperatures dormant (D) and after-ripened (AR) non-
dormant blackgrass seeds germinate similarly, however under warm temperatures
germination in the D seeds is inhibited. Both untargeted clustering-based approaches
and targeted analyses of phytohormone biosynthesis and signalling genes were
employed to address the following questions: Does loss of dormancy during after-
ripening (controlled dormancy release by dry storage) result from changes in the dry
seed transcriptome? Are the processes that regulate germination at low temperatures
equivalent between D and AR states? Are the processes associated with dormancy and
germination similar between blackgrass and model species? Finally we identified and
tested potential targets for chemical manipulation of blackgrass dormancy and

germination the weed seedbank.
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Materials and Methods

Seed Material and Germination Kinetics

Alopecurus myosuroides diaspores (hereafter seeds) were collected at maturity in June
2017 at a farm in Bracknell (UK). This freshly harvested ‘D’ population was cleaned, dried
to ~4% moisture content and stored at -20°C in airtight jars above silica gel to preserve
their physiological status. All germination assays were conducted in 60 mm petri dishes
with two filter papers and >30 diaspores in triplicate. Cumulative germination was
counted by the emergence of the coleorhiza through the margins of the glumes. Sub-
samples of the FH population were after-ripened at 20°C at 53% equilibrium relative
humidity (~20% moisture content) and sequentially removed and assayed for
germinability at 20°C under constant light. For treatments comparing light and dark,
plates were wrapped in two layers of aluminium foil. Distinct sets of replicates were used
for each time-point to avoid light exposure during the assessment of germination. To
assess the effect of a range of temperatures on germination, standard germination
conditions were used for plates incubated in a two dimensional thermogradient plate

(GRANT GRD1-LH, Grant Instruments Ltd., Cambridge, UK) under constant light.

Compound Screening

A target catalogue screening library was developed at Syngenta (Jealott’s Hill
International Research Centre, UK). The modes of action of these compounds were
inferred both from structural similarity to compounds with known activity and in vitro
enzyme activity assays. To protect the confidentiality of the compound structures,
compound names were anonymised and their structures are not presented. Compounds
were solubilised in dimethyl sulfoxide (DMSO) and exogenously applied at 5
concentrations (0.1, 1, 10, 50, 100 yM) in the germination medium following the method

described above with the D seed batch at 16°C. Plate assessment order and position in
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the incubator were randomised at each assessment to control for temperature
differences in the incubator. For each compound a dose-response curve was generated
based on maximum cumulative germination for each of the three replicates. The area
under the curve of each dose-response was used to compare the dormancy-breaking
effect between compounds. A one-way ANOVA with a post-hoc Dunnett's Multiple
Comparisons Test was used to calculate the significance of each compound response

in comparison to the dose-response for DMSO at each compound concentration.

Light Microscopy

Caryopses at differing times after imbibition were fixed in 4% paraformaldehyde and then
dehydrated in an ethanol series (Ruzin, 1999). Caryopses were then imbedded in 2-
hydroxyethyl methacrylate polymerised with 1% benzoyl peroxide (Matsushima et al.,
2014). 5 uym sections were cut on a rotary microtome, stained with 1% toluidine blue
(stains nuclei and polysaccharides blue) and counterstained with 1% safranin O (stains
lignin red). Bright-field images were taken with an ECLIPSE Ni-E microscope (Nikon

Corporation, Tokyo, Japan).

RNA Extraction, Library Preparation & Sequencing

FH and ARs diaspores (~40 mg dry weight, ~30 diaspores) were imbibed following
standard germination conditions at either 8 or 16°C in constant light for 90 or 180 hours.
These samples, along with dry seeds, were homogenised in liquid nitrogen and extracted
in a hexadecyltrimethylammonium bromide (CTAB) buffer containing 1% p-
mercaptoethanol following Graeber et al., (2011) with the following modification: variable
volumes of CTAB buffer were ground into a frozen powder with the sample. RNA quantity
and quality was assessed using a NanoQuant™ system (Tecan, Mannedorf,

Switzerland) and an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara,
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California, USA). Only samples with an RNA integrity number (RIN) greater than 7.0
were progressed to sequencing (Annex Fig. 9.6). Messenger RNA was enriched by
polyA isolation using an NEBNext® Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs (NEB), Massachusetts, USA). Libraries were prepared using
NEBNext® Ultra™ Il Directional RNA Library Prep Kit (NEB) with Sample Purification
Beads and in-house indexes. A total of 50 libraries (5 replicates per treatment) were
sequenced at 8 libraries per lane using an lllumina HiSeq X platform (lllumina Inc.,
California, USA) generating ~40 million 150 bp paired end reads (~80 million total) per

sample (Annex Fig. 9.7).

De novo Assembly

De novo transcriptome assembly was performed using the rBPA pipeline (v.2.1.0) from
the National Centre for Genome Resources (NCGR, Santa Fe, New Mexico). To reduce
the amount of input sequence while still capturing the complexity of all conditions and
replicates, only R1 of each pair was used for the assembly. Unitigs were assembled
separately for each treatment in ABySS using the read pairing information (v.2.1.0)
(Simpson et al., 2009). Unitigs were then collapsed into a single sequence set using
CD-HIT-EST (Fu et al. 2012) and Collapsed unitigs were assembled using MIRA (v.4.0)
(Chevreux et al. 2004). Resultant contigs and untigs were scaffolded in ABySS.
Transcriptome completeness was assessed using the Benchmarking Universal Single-

Copy Orthologs (BUSCO) (Simao et al., 2015) (Annex Fig. 9.8).

Functional Annotation

Functional annotation was performed using Blast2GO (v.5.2.5) (G6tz et al. 2008) using
a translated assembly. The top 20 BLAST hits for each scaffold (E-value < 1x10%) were

retrieved from UniProt/Swiss-Prot (v. 5) (The UniProt Consortium, 2019) using BLASTp
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(version 2.1.7+, word size:6; HSP Length Cutoff:33). The ‘Cloud InterProScan’ (IPS) tool
was run to identify structural domains and motifs. Gene ontology (GO) terms (Ashburner
et al. 2011) were mapped from BLAST and IPS results using the Gene Ontology
Database (GOA version 2018.02) (Gene Ontology Consortium, 2004) and annotated

using default parameters. Scaffolds with a non-land plant top BLAST hit were removed.

Expression, Clustering and GO Enrichment Analysis

Reads were mapped to the assembly using the Burrows-Wheeler Aligner (BWA)
(v.0.7.17) (Li & Durbin, 2010). Counts were generated for each transcript contig using
HTseq (v.0.11.0) (Anders et al., 2015) in default mode. Normalisation factors were
calculated using EDAesq (v. 3.6) (Risso et al., 2011) and differential expression analysis
was conducted using the edgeR package (v. 3.22.0) (Robinson et al., 2009). False
discovery rate (FDR) was calculated following Benjamini & Hochberg (1995). Transcripts
were considered differentially expressed if the absolute value of the log2 ratio of the

mean of contrasted samples was >1 and FDR was < 0.001.

Clustering analysis was performed using MORPHEUS (Morpheus, 2019) for all transcript
contigs where at least one replicate had an FPKM >5 and normalised by scaffold to
generate z-scores. A K-means algorithm was used to generate 8 clusters using a
correlation matrix of one minus Spearman’s Rank for 1000 iterations (Annex Fig. 9.11).
GO enrichment analysis using Fischer's Exact Test was conducted in Blast2GO to
identify overrepresented ‘Biological Process’ GO terms between individual clusters with

a subset of the assembly that had a minimum FPKM > 5 as the reference set.
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Results and Discussion

Germination Kinetics in A. myosuroides

The dispersal unit (diaspore, hereafter ‘seed’) of A. myosuroides consists of a caryopsis
(grain) comprising of the embryo and endosperm surrounded by a testa and pericarp,
held within the maternally derived glumes of the spikelet (Hubbard, 1968). Approximately
25% of diaspores did not contain a caryopsis. When imbibed at 20°C, freshly harvested
seeds are dormant (D), and this dormancy can be released by a period of dry storage
(after-ripening) to produce seed batches with defined dormancy levels (Fig. 1e).
Germination of the seed occurs in a three step process beginning with the expansion of
the coleorhiza that forms an outpouching of large vacuolated cells that ruptures the testa,
pericarp and glumes (Fig. 1a,c). The radicle expands into this outpouching (Fig. 1a,d)
and finally the shoot, composed of the plumule and coleoptile emerge from the distal
margins of the gulmes (Fig. 1a,d). Since the first visible sign of germination is the
emergence of the coleorhiza, we used coleorhiza emergence (Fig. 1a) to distinguish

between germinated and ungerminated seeds.

D and AR batches respond differently to a gradient of imbibitional temperatures.

Dormant blackgrass seeds are limited in the range of temperatures under which they will
germinate, having an optimum temperature between 6 and 9°C and a ceiling temperature
of between 20 and 22°C (Fig 1f). After-ripening increases both the optimum and ceiling
temperatures in a dose-dependent manner so that in the fully after-ripened seed batch
(AR100) temperature has little effect on maximum germination proportion (Fig. 1f). At 8°C
there is only a small difference in the germination speed, but no difference in the
maximum germination between D and ARsg batches however at 16°C, germination in the
D state is inhibited while germination speed is increased in the AR5 batch. The difference

in temperature response of D and AR batches indicates that dormancy in A. myosuroides

10
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Fig. 1.Germination kinetics and ecophysiology of A. myosuroides germination. (a) Visible
events during the germination of diaspores and caryopses showing coleorhiza, radicle and shoot
emergence. (b-d) micrographs showing longitudinal sections of the embryo at (b) 24 hours after
imbibition, (c) coleorhiza emergence and (d) immediately preceding radicle emergence. Scale
bar in (a-d) represents 3 mm. (e) the effect of post-harvest storage (after-ripening) time at 50%
relative humidity and 20°C on the mean germination final percentage. (f) The relationship
between imbibitional temperature and mean final germination percentage on batches after-
ripened for 0, 120 and 364 days. (g,h) Germination curves showing the differential effect of (g)
8°C and (h) 16°C on the cumulative coleorhiza emergence dormant (D) and 120 day after-ripened
(AR) batches. (i) Germination curve showing the effect of incubation in the light and dark on
coleorhiza emergence of the AR batch. Error bars represent standard error of the mean for three
replicates of ~30 diaspores. CE, coleorhiza emergence; CPT, coleoptile; CRZ, coleorhiza; ES,
endosperm; PML, plumule; RAD, radicle; RE, radicle emergence; SCT, scutellum, SE, shoot
emergence; SHT, shoot; T+P, testa and pericarp.

functions to inhibit germination under the warm conditions when the seed is dispersed

during the summer consistent with its winter annual habit (Wellington & Hitchins, 1966).

At both temperatures in the D and ARso batches the first instances of coleorhiza
emergence occur between 168 and 264 hours after imbibition (Fig. 1g,h), therefore 180
and 90 hours after imbibition were chosen as comparable time points before the initiation
of germination sensu stricto. This sampling scheme assumes that transcriptional
changes determining the fate of the seeds occur during early imbibition as previously

described by Weitbrecht et al. (2011).

11
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Dormancy is not induced by changes in transcript abundance in the dry state

After-ripening is a period of dry storage at ambient temperatures and intermediate
relative humidities that is commonly used as a controlled dormancy releasing treatment
(Bewley et al., 2013). However despite the pervasiveness of after-ripening in seed
dormancy research, the molecular mechanisms of after-ripening still remain a partial
mystery (Nelson et al., 2017). In the dry state a pool of stored mMRNA is present in
Arabidopsis (Nakabayashi et al., 2005). Studies using RNA polymerase inhibitors have
demonstrated that this pool of stored mRNA is sufficient to complete germination but not
subsequent growth in Arabidopsis, whereas chemical inhibition of translation inhibits
germination completely (Rajjou et al., 2004). Many hypotheses for the molecular
mechanism of after-ripening focus on the maodification of this pool of stored mMRNA. Whilst
some authors have proposed that de novo transcription occurs in the dry state (Bove et
al., 2005) perhaps due to the presence of pockets of high humidity within specific seed
structures (Leubner-Metzger, 2005), much of the work on after-ripening focuses on
modification of stored mRNA affecting translation efficiency (Bazin et al., 2011),
differential stability of dormancy- and germination- related transcripts (Nelson et al.,

2017) and stored mRNA degradation by reactive oxygen species (Bailly et al., 2008).

In the total RNA that was extracted from dry and imbibed D and ARso A. myosuroides
seeds, we saw no difference in RNA integrity as measured by capillary electrophoresis.
lllumina sequencing generated libraries of >40 million 150 bp paired-end reads. BUSCO
analysis indicated that the assembly had a high degree of completeness (C:94.2%

[S:65.3%,D:28.9%], F:3.1%,M:2.7%, n:1440).

12
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Differential expression analysis for all pairwise comparisons between dry D and AR
seeds and imbibed treatments demonstrated that up to 40% of the transcriptome was
significantly perturbed after 180 hours of imbibition at either temperature (absolute
LogFC >1, FDR <0.001). However only one significant differentially expressed gene
(DEG) was found upregulated in a pairwise comparison between AR and D dry seeds,
with homology to a Brachypodium distachyon uncharacterised G protein (UniProt KB
[THNR9). It seems unlikely that this gene has any role in dormancy breaking since a
certain number of false positives are expected and this transcript has no homology to
previously described dry seed after-ripening related DEGs (Meimoun et al., 2014). In
agreement with this is the tight clustering of D and AR dry samples demonstrated by
principal component analysis (PCA) (Fig. 2a) This finding supports the hypothesis that
de novo transcription in the dry state is not the major mechanism releasing dormancy

during after-ripening.
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Figure 2. Summary of differential expression analysis and functional annotation. (a)
Principal component analysis (PCA) plot showing the first and second principal components (PC1
& PC2) for all conditions and replicates analysed. (b) The number of differentially expressed
genes (DEGs) identified by pairwise comparisons between dormant (D) and after-ripened (AR)
at both temperatures and across the time points using edgeR (logFC >2, FDR<0.001). (c)
Summary of the filtering and functional annotation steps to generate the annotated assembly
performed using Blast2GO. The subfigure shows the distribution of species for BLAST top-hits
used for functional annotation
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Identification of processes associated with dormancy enforcement

In order to gain insight into the broad spectrum of processes associated with the
interaction between dormancy and temperature a clustering approach was employed to
generate gene lists with similar expression patterns (Fig. 3a) and overrepresented GO
terms were inferred using Fischer's Exact Test. A representative selection of GO terms
that are significantly enriched (P<0.05, n<10) in at least one cluster are represented as

a heatmap (Fig. 3b).

In general, in clusters where AR treatments are more highly expressed, biological
processes involving development, metabolism and growth are overrepresented (Fig. 3b).
In ‘Cluster 3’, where AR 16°C, AR 8°C and D 8°C treatments are more highly expressed,
cell cycle related processes were enriched. Regulatory elements of the cell cycle
machinery such as Cyclin-Dependant Kinases (CDKs) and the Anaphase Promoting
Complex (APC) are specifically expressed in the imbibed AR state and not in the dry
seed, whereas inhibitors of cell cycle progression such as Cyclin-Dependant Kinase
Inhibitors are expressed in the imbibed D state (Fig. 3c). This indicates that cell cycle
progression is associated with germination and arrest of the cell cycle may occur during
dormancy enforcement. This observation complements a number of reverse genetics
studies that demonstrate modified germination behaviours in lines overexpressing cell

cycle regulatory genes in both bud and seed dormancy (Velappan et al., 2017).

14



Chapter IV

Cluster
123456738

(b)

Dry State Specific

After-Ripening

Warm |

Cold & AR Responsive

1

Warm Il

Dormancy

Enrichrrent -Log(p): 125

Z-Score

-10 25

a T
s 7 @)
2 9 gene Ontology Term 3 Cluster 1 3 Cluster2 — 3 Cluster3 — 3 Cluster 4
W post-embryonic development 2 5 n=7454 2{n=6856 24 n=5415
IM  response to water deprivation ) n=8458 . |
I response to lightstimulus 1 ——
|l aging 0 —_— o - [}
| fruitripening i | : — - i
II- anstomical stuchiia mauration Dry State After-Ripening | After-Ripening Il _| Cold Responsive
B shootsystem development § 2 — . — 24 i -2 2
W signal transduction g3 % Cluster5 '®3% Clusters 3% Cluster7 '® 3.2  Clusterg @
I el communication 2 |n=sa52 2 lnr207 5 ) - W o sc
M carbohydrate biosynthetic process n=4390 b, 8°C
IH cell death 1 1 1 1 o
|M  lignan biosynthetic process ol ol 2| o 3 M w15
W lipid metabolic process — il AR, 8°C
W gen of metabolites and energy A Warm 14 -1 Warm e
NI carbohydrate metabolic process Responsive | Dormancy | _,| Responsive Il Dormancy Il
B photosynthesis 0 % 180 % 180 0 % 18 0 20 180
IM  response to jasmonic acid Incubation Time [hours]
Il response to abscisic acid %
[
=
M celldivision ) §
|l monocarboxfic acid metabolic process ————————— GO:0007049 cellcycle £ o
M aromatic compound biosynthetic process Cyclin DependantKinases (CDKs) (22)
1 | auxn-activated signaling pathway CDK RegulatorySubunit (4]
M hermene-mediated signaling pathway CDKInhibitor  (6)|
|l carboxyic acid metabolic process CDC438 (19)
coce (1)
|Il tropism chcz (1))
IE cell growth cDC3 (3)
|B  regulation of GTPase activity Anaphase Promoting Complex (7))
HE cellcycle G0O:0071555 cell wall organisation
I B cellular amide metabolic process Fasciclin-like arabinogalactan protein  (29)
|l organic substance transport Glucomannan 4-beta-mannosyltransferase {10}
| organelle organization Alpha-L-arabinofuranosidase  (9)
BE DNAmetabolic process Beta-D-wlosidase (20) N
B regulation of metabolic process Alpha-glucosidase (11)| l |
I circadian rhythm cellulose synthase A {23)
|IM mRNAprocessing endotr vasehydrolase (63)
| | neg. regulation of phosphatase activity BExpansins t?a)-
Endo-1.4-beta-xianase (46} 1
1Bl sbscission Acetybalan esterase  (5) m
1 auxn conjugate metabolic process Xyloglucan galactosyiransferase  (4) . . -
L ABA-activated signaling pathway " GO:0006952 defense response
1] response to cold Oxalate Oxidase (17}
Chitinase 125)
cellwall organization anase Inhibitor Pratein
1] liwall organizati X Inhibitar P 29 ]
IE  cellrecognition Peroxdase 322)
| oxdation-reduction process Thiorexodin Peroxidase (15) - -
Il terpenoid metabolic process Polyphenol Oxdase (20)
Il programmed cell death GO:0001666 res ponse to hypoxia
| defense response Adolase (28)
M response to osmotic stress pyruvate kinase (26)
1 | regulation oftranslation Pyruvate Dehydrogenase Complex (37))
I | p tohypoxia Alanine aminotransferase (27)|
1] response to reactive 0gen species pyuvate decarboxydase (45)]
| | lipid catabolic process Lactate dehydrogenase (10)
0 60000 GO Terme Z-Score
15 0 20

Fig. 3. Clustering and gene ontology (GO) enrichment analysis. (a) Expression profile plots
of mean Z-score (line) and 90% confidence intervals (shaded area) for clusters generated by K-
means (K=8) clustering implemented in MORPHEUS. (b) Heatmap of the enrichment of a
representative selection of GO terms across the clusters visualised as a z-score of enrichment
values (-Log(p)) calculated from Fischer’'s Exact Test (n terms >10, p < 0.01) implemented in
Blast2GO. Bars next to each GO term show the maximum enrichment score (-Log(p), purple) and
the log of number of associated terms analysed (Log(n), green). (c) Heatmaps showing the mean
z-score of the expression of different groups of genes associated with enriched GO terms in
different clusters where green represents upregulation and purple shows downregulation. Colour-
blind safe colour palette was generated using ColorBrewer 2.0 (Brewer, 2019).

Dormancy upregulates plant defence responses

Seed decay through the activity of pathogens and predators is one of the key

mechanisms regulating seed persistence in the soil (Long et al., 2014). The interactions

between weed seeds and fungi have the potential to be exploited for the purposes of

weed seedbank management (Pollard, 2018) yet this area of research has to date been
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limited by the molecular tools available to study seed-microbe interactions (Muller-Stover

et al., 2016).

Amongst the most common fungal species in A. myosuroides seeds were (by BLAST
top-hit, number of contaminating sequences with FPKM >5) were Metarhizium sp.,
Podospora sp., Talaramyces sp. & Amylomyces sp. In the cluster where genes are highly
expressed in the D state at 16°C (‘Cluster €’), the ‘defence response’ GO term was
enriched. Whereas some pathogenic response genes such as Polyphenol Oxidase are
specifically expressed in the dry seed, Xylanase Inhibitor Proteins and Thioredoxin
Peroxidases, that are associated with fungal defence responses in seeds (Pollard, 2018),
are expressed in the D seeds at 16°C (Fig. 3c). Antimicrobial defence peptides, such as
Vicillin and Defensin-like 1, as well as Superoxide Dismutase (SOD) and were also highly
expressed in the D 16°C state. This suggests that alongside the inhibition of germination,
dormancy also regulates processes that prepare the seed for long term survival against

pathogen attack in the soil seed bank.

Anaerobic respiration genes are expressed in the D state

The ‘response to hypoxia’ GO term was enriched in this high temperature enforced
dormancy-specific cluster. Investigation of the enzymes contributing to this enrichment
revealed that genes encoding enzymes associated with aerobic respiration, such as
Pyruvate Kinase and elements of the Pyruvate Dehydrogenase Complex are expressed
in the AR state whereas those involved in anaerobic respiration, such as Pyruvate
Decarboxylase and Lactate Dehydrogenase were expressed specifically in the D state
at 16°C. This indicates that distinct respiratory mechanisms are involved in dormancy
compared to during germination, and that D seeds may be relying on fermentation as a

means of regenerating ATP.
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The ability of some semiaquatic species, such as rice or the paddy weed Echinochloa
crus-galli, to germinate under hypoxic conditions is a well-known phenomenon attributed
to alcoholic and lactic fermentation (Bewley et al.,, 2013) and anoxia can induce
secondary dormancy in a number of grass species (Simpson, 1990). It is not clear what
the advantage of performing anaerobic respiration in the D state could be, given the
energetic inefficiency of fermentation (2 ATP glucose™ anaerobic vs. 36+ ATP glucose™
aerobic) and the accumulation of the toxic by-products acetaldehyde, ethanol and
lactate. A possible explanation is that the energy requirements of the D seed may be
low, and bypassing the mitochondria may avoid oxidative damage (Ratajczak et al.,

2019) that could cause a reduction in viability during a long period of dormancy.

Distinct hormonal processes are involved in dormancy release by cold temperatures and

after-ripening

At the lower temperature of 8°C, D and AR batches have similar germination kinetics,
reaching the same maximum germination after ~40 days (Fig. 1g). However PCA of all
D vs. AR DEGs shows a cluster of replicates in the D 8°C condition more closely
associated with the D 16°C condition than with the after-ripened treatments (Fig. 2a).
Analysis of transcription factors enriched in the cold responsive ‘cluster 4’ revealed that
ethylene responsive transcription factors such as ETHYLENE RESPONSE ELEMENT
BINDING PROTEIN 1 & 13 (EREBP1, EREBP13) and AP2-LIKE ETHYLENE-
RESPONSIVE TRANSCRIPTION FACTOR (AIL1) show a cold specific expression
pattern in both D and AR batches (Fig. 4d). It is likely that the large number of these
isoforms identified reflect minor sequence variants or natural variation in the seed
populations, rather than true paralogues. The expression of elements of the ethylene
signalling pathway such as ETHYLENE RECEPTOR 2 (ETR2) and REVERSION-TO-

ETHYLENE-INSENSITIVITY (RTE), a positive regulator of ethylene receptor activity
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(Resnickt et al., 2014), are also positively regulated by the cold (Fig. 4c). However

transcription of ethylene biosynthetic genes was not considerably altered (Fig. 4b).
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Fig. 4. Cold-induced changes in gene expression. (a) Ethylene biosynthesis and signalling
pathway in rice drawn based on Rzewuski & Sauter (2008). (b-f) expression plots showing a
change in normalised read counts (fragments per kilobase of transcript per million mapped
reads, FPKM) for (b) ethylene biosynthesis genes, (c) genes involved in ethylene perception, (d)
ethylene-responsive transcription factors, (e) genes involved in abscisic acid (ABA) metabolism
and signalling and (f) genes involved in gibberellin (GA) metabolism and signalling. Genes are
named by their nearest homolog in rice or Arabidopsis. Numbers under gene names represent
the number of scaffolds summed. An asterisk next to this number indicates that dry-seed specific
transcripts were not included. Error bars show standard error of the mean for 5 replicates. ABA,
Abscisic acid; ABA 8'OH, Abscisic acid 8'-hydroxylase; ACC, 1-Amino-cyclopropane-1-
carboxylic acid; ACO, 7-Aminocyclopropane-1-Carboxylic Acid Oxidase; ABF, ABA Response
Element Binding Factor; ABI3/5; Abscisic Acid Insensitive 3/5; AlL1, AP2-Like Ethylene-
Responsive Transcription Factor; AdoMet, S-adenosyl-methionine; CTR1, Constitutive Triple
Response 1; EBF, EIN Binding F-Box; EIL, EIN-3-Like; EIN2/5, Ethylene Insensitive 2/5;
EREBP, Ethylene-Responsive Element Binding Protein; ERF, Ethylene Response Factor, ETR,
Ethylene Receptor; GA, bioactive gibberellins; GA130x, Gibberellin 13-Oxidase; GA200x,
Gibberellin 20-Oxidase; RAP23/24, Related To AP2 3/4; RTE, Reversion-To-Ethylene-
Insensitivity 1.

Ethylene signalling plays an important role in the regulation of dormancy and germination

through its interaction with GA and ABA signalling (Linkies & Leubner-Metzger, 2012).
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In Arabidopsis, ethylene receptor mutants are hypersensitive to ABA (Beaudoin et al.,
2007) and GA application increases the expression of 7-aminocyclopropane-1-
carboxylic acid oxidase (ACQO). Downstream of ethylene signalling, the expression of
ABA 80OH, encoding the main ABA degrading enzyme ABA 8hydroxylase, was induced
by the cold (Fig. 4e) and other genes of the ABA signalling cascade, such as ABA
INSENSITIVE 3 and 5 (ABI3&5) along with ABA BINDING FACTOR 1 (ABF1) showed
cold-responsive expression patterns (Fig. 4e). This contradicts pervious microarray data
that show an after-ripening dependant increase in ABA 8’OH expression (Barrero et al.
2009). Interestingly, gibberellin 13-oxidase (GA130x), encoding an enzyme that reduces
gibberellin activity in rice (Magome et al., 2013), also showed a cold-responsive

expression pattern (Fig. 5f).

Whilst expression of ABA biosynthetic genes, including the rate limiting 9-cis-
epoxycarotenoid dioxygenases (NCEDs), followed a dry state-specific expression
pattern (Fig 5a), genes involved in the biosynthesis of gibberellins, such as kaurene
synthase (KS), kaurene oxidase (KO), kaureneoic acid oxidase (KAO) and the rate
limiting gene gibberellin 3-oxidase (GA30x), were expressed in an after-ripening
dependant manner and not expressed in the D 8°C condition (Fig. 5b). The gibberellin
receptor gene GIBBERELLIN INSENSITIVE DWARF1 (GID1) was constitutively
expressed across all the treatments. Genes encoding some GIBBERELLIC ACID-
INSENSITIVE (GAI) DELLA proteins, which represses the expression of GA-responsive
genes in the absence of bioactive GAs, expression was higher in the D 16°C condition.
Known downstream germination-specific GA-responsive genes (Chen & Bradford, 2000;
Jan & Komatsu, 2006), such as xyloglucan endotransglycosylase/hydrolase 8 (XTHS)

and B-expansins show AR-specific expression patterns (Fig. 5b).

Taken together, distinct hormonal processes appear to be involved in dormancy release
by cold temperatures and after-ripening. In the cold, upregulation of ethylene-responsive

transcription factors and ABA 8’ hydroxylase in the absence of GA3ox expression
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indicate a potential GA-independent mechanism for dormancy release. Conversely, the
AR-specific expression pattern of key GA biosynthetic genes and known GA-responsive
genes suggests an important role for gibberellin in regulating after-ripening dependant

dormancy release.
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Fig. 5. Dormancy- and after-ripening-specific changes in gene expression. Expression
patterns of hormone biosynthesis and signalling genes with pathway components grouped into
the clusters in which they are mostly highly represented. (a) Abscisic acid and jasmonate
biosynthesis genes are highly expressed in the dry seed. (b) GA biosynthesis genes and GA
responsive genes are expressed in an after-ripening dependant manner. (c) Genes in the
strigalactone/smoke signal transduction pathway show dormancy and after-ripening specific
expression patterns. Genes are named by their nearest homolog in rice or Arabidopsis. Numbers
under gene names represent the number of scaffolds summed. Error bars show standard error
of the mean for 5 replicates. 13-LOX, 13-Lipoxygenase; AAO, Abscisic Aldehyde Oxidase; ABA,
abscisic acid; ACX, Acyl CoA Oxidase; COI1, Coronatine Insensitive1; CPS, ent-Copalyl
Diphosphate Synthase; CRTISO, Carotene Isomerase; DAD1, Defective In Anther Dehiscense
1; EXPB, B-Expansin; GA13ox, Gibberellin 13-Oxidase ; GA200x, Gibberellin 20-Oxidase;
GA3ox, Gibberellin 3-Oxidase; GAl, GA Insensitive; GID1, Gibberellin Insensitive Dwarf1; GGPP,
Geranylgeranyl Diphosphate; HYDB, -Ring Carotene Hydroxylase; JA, jasmonic acid; JA-lle,
jasmonoyl isoleucine; JAR, Jasmonoyl Isoleucine Conjugate Synthase; JAZ, JASMONATE ZIM
DOMAIN Proteins; KAI2, Karrikin Insensitive2; KAO, ent-Kaurenoic Acid Oxidase; KAR1, karrikin
1; KAT, L-3-Ketoacyl-Coa-Thiolase; KO, Ent-Kaurene Oxidase; KS, ent-Kaurene Synthase;
NCED, 9-cis-Epoxycarotenoid Dioxygenases; OPDA, cis-(+)-12-oxophytodienoic acid; OPDA-
lle, isolucene conjugate of OPDA; OPR, OPDA Reductase; PDS, Phytoene Desaturase; PP2C,
Type 2C Protien Phosphatases; PSY, Phytoene Synthase; PYL, PYRABACTIN RESISTANCE-
Like; SCF, SKP Cullin F-box; SDR, Short-Chain Dehydrogenase/ Reductase; SLR1, Slender
Rice 1; SnRK2, SNF1-Related Protein Kinase 2; XTHS, xyloglucan
endotransglycosylase/hydrolase 8; ZEP, Zeaxanthin Epoxidase; ZDS, Z-Carotene Desaturase;
ZISO, Z-Carotene Isomerase.
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Changes in hormonal pathways associated with dormancy

In a targeted analysis of the transcript abundance of hormone biosynthesis and signalling
pathways, it is interesting that very few significantly up-regulated transcripts were
identified in the D 16°C state, the condition under which dormancy is enforced. For
example, there is no overall pattern of expression to suggest that D seeds may be more
sensitive to ABA or less sensitive to GA. However there were upregulation of some

jasmonate- and strigolactone-related genes in the D 16°C state.

Early jasmonate biosynthetic genes such as 13-lipoxygenases (13-LOX), allene oxide
synthase (AOS) and allene oxide cyclase (AOC) were specifically expressed in the dry
seed indicating a potential accumulation of 12-oxo-phytodienoic acid (OPDA) in the dry
state (Fig. 5a). OPDA reductase (OPR) and genes involved in the peroxisomal [3-
oxidation of the resultant 3-oxo-2-(2-pentenyl)-cyclopentane-1-octanoic acid (OPC-8)
are more highly expressed in the AR state, yet JA-amino acid synthetase (JART), that
catalyses the activating conjugation of Jasmonic acid (JA) to JA-lle, is more highly
expressed in the D 16°C. Whilst OPDA and JA-lle both have some regulatory roles in
dormancy and germination in model species (Dave et al., 2011; Linkies & Leubner-
Metzger, 2012) it is also possible that OPDA or JA-lle have some role in the enrichment

in defence response GO terms seen in the D 16°C state (Fig. 3b,c).

Expression levels of strigolactone biosynthetic genes such as D27, MAX3, MAX4 and
MAX1 were very low across all the treatments, however genes of the strigalactone
receptor complex such as D74 (in the dry state) and D53 (in the AR state) had relatively
high expression levels (Fig. 5¢). The receptor KARRIKIN INSENSITIVE 2, that perceives

karrikin produced by smoke, had a dry seed-specific expression pattern.
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Identification and assessment of potential targets for weed seedbank management

In the context of an agricultural weed with a winter annual habit, targets for the
management of the weed seedbank should exploit processes that are active in the D
state under warm conditions. For the example of compounds targeting endogenous
hormone signalling, the presence of a receptor and downstream signalling components
is required. This is the case for the gibberellin receptor G/ID1 and the karrikin receptor
KAI2. Using a target catalogue compound library, we assessed a number of targets for
dormancy breaking and germination stimulation. Of the 6 compounds that had a
significant dormancy breaking effect, three were GID1 agonists, two were Phytoene

Desaturase (PDS) inhibitors and one was a KAI2 agonist (Fig. 6a-g). Interestingly, the
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Fig. 6. Chemical screen to identify targets for dormancy breaking compounds. (a)
Summary of the compound screen, showing the area under the curve of the dose-response
generated from maximum germination percentage for triplicates of ~30 seeds. Individual points
are coloured by mode of action, inferred from structural similarity or in vitro activity. Filled circles
show significant responses resulting from one-way ANOVA with a post-hoc Dunnett’s Multiple
Comparisons Test (P<0.001). (b-g) germination curves showing the dose-response effect of the
most potent dormancy-breaking compounds on D (b,d,f) and AR (c,e,g) batches. Error bars
represent standard error of the mean for three replicates of ~30 diaspores
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effect of the KAI2 agonist (RH184) was dependant on the dormancy status of the seed
batch where in the D state dormancy was broken but in the AR state after-ripening
germination was inhibited. The expression pattern of KA/2 was dry seed specific (Fig.

5c¢) suggesting that this KAI2 accumulates in the dry state and remains during imbibition.

Conclusions

Seed dormancy in A. myosuroides is a highly complex trait regulated by the interaction
of multiple hormone signalling pathways. Dormancy, rather than a state of quiescence,
is characterised by the expression of many dormancy-specific genes involved in defence
against pathogens, alternative respiration pathways and inhibition of the cell cycle. Cold
temperature-release from primary dormancy of A. myosuroides is associated with
changes in ethylene signalling components whilst after-ripening mediated dormancy
release involves the expression of gibberellin biosynthesis genes. Our targeted analysis
of the hormonal regulation of dormancy and germination in A. myosuroides has identified
a number of targets that were validated using a compound screening approach. This
work will inform the design and selection of novel targets for agricultural weed seedbank

management.
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Chapter V

Abstract

The tissues that surround the embryo in dicotyledonous seeds have a well-studied role
in enforcing seed dormancy and regulating germination through the modulation of their
cell wall mechanical properties. Here we report that the coleorhiza, a tissue that
surrounds the radicle in grass embryos, performs the same role during dormancy and
germination in A. fatua (common wild oat). Using novel biomechanical techniques, we
show that the coleorhiza becomes strengthened during the enforcement of dormancy
and weakened during germination. Ablation experiments demonstrate that the
coleorhiza is required for the maintenance of dormancy. Analysis of publically available
microarray data indicate that xyloglucan endotransglycosylase/hydrolases (XTH) may
have a role in coleorhiza reinforcement. Separation of XTH isozymes identify XTHs that
are specific to the dormant coleorhiza. Our study supports the idea that physical
restraint of the radicle is an important mechanism regulating germination and that

monocots and dicots have independently evolved similar mechanism to achieve this.

Introduction

In recent years there has been a growing interest in how mechanical forces shape
plant interactions with the environment'. This is particularly true in plant dormancy
research, where organs physically blocking the growth and expansion of tissues have
been found to play an important role in both bud? and seed dormancy®. Seeds are
structurally complex and different organs of the seed provide different contributions to
seed dormancy*. From a biomechanical perspective a seed consists of two functional
compartments: the embryo that expands in response to environmentally-mediated
hormonal signals, and the covering layers that restrain the growth of the embryo up to
a threshold point, above which germination occurs?®. In eudicot seeds, the key tissue in

restraining the growth of the radicle is the micropylar endosperm (MPE) that surrounds
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the tip of the radicle (embryonic root)®. The force required to puncture this tissue, and
hence complete germination, is changed in response to temperature and hormone

application®.

Weakening of the MPE is a prerequisite for the completion germination of many eudicot
species®. This weakening is directed by environmentally-mediated hormonal
mechanisms involving reactive oxygen species, gibberellins (GAs) and ethylene®’°
through the increased activity of cell wall remodeling proteins (CWRPs) such as
expansins, glucanases, mannanases and transglycosylates that loosen the
polysaccharide bonds within the MPE cell walls’'%-'2, Biomechanical techniques have
been used to confirm that hormone-mediated upregulation of these CWRPs results in a
decrease in the force required to puncture the MPE®'3-'6, Monocotyledonous seeds,
such as cereals, lack the MPE that plays this important role in dicot seed dormancy
and germination. Instead, the radicle is surrounded by a non-vascularised embryonic
tissue called the coleorhiza that expands upon imbibition and is thought to have some
role in protecting the growing embryo during the germination process'’. It has recently
been suggested that the coleorhiza of monocots and the MPE of dicots may be
functionally related tissues, and that the coleorhiza may have an important role to play

in the regulation of dormancy in monocot seeds'®1°,

In this study we use the agricultural weed Avena fatua (wild oat) to demonstrate that
the coleorhiza and MPE are indeed functionally related, in so far as the coleorhiza
modulates its mechanical properties to restrain or permit the growth of the radicle
during dormancy and germination. We also provide an explanation for how this process

may be mediated by the xyloglucan endotransglycosylase/hydrolase family of CWRPs.
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Fig. 1. Morphophysiology of A. fatua germination. a, Photographs of A. fatua diaspore and
caryopses at different stages of the germination process, showing the emergence of the
coleorhiza, the rupture of the coleorhiza by the radicle and the emergence of the shoot. b, After-
ripening assau showing the effect of storage time on the maximum germination of D diaspores
at 33 and 50% equilibrium relative humidity. ¢, The effect of different temperatures on the
maximum germination of D and AR diaspores. d, Germination curve showing the timing of
these events at an optimal temperature in the after-ripened (AR) state. e, the effect of 50 yM
cis-S(+)-Abscisic acid (ABA) on the timing of germination events. f, the effect of ablation of the
coleorhiza from dormant caryopses in comparison to other wounding controls such as the
removal of the embryonic shoot and pericarp. After 240 hours, these wounding controls were
transferred to a germination promoting medium containing 100 yM GAas+7 to confirm that
ablation did not affect germinability. Scale bar 3 mm. Error bars show SEM for 3 independent
replicates of 30 individuals. D, dormant; AR, after-ripened; CRZ, coleorhiza emergence; RAD,
radicle emergence; SHT, shoot emergence.

Germination kinetics in A. fatua. Dormancy in A. fatua acts to inhibit germination
under warmer temperatures, a mechanism common in winter annuals (Fig. 1c). After a
period of dry storage (‘after-ripening’), dormancy is released and after-ripened (AR)
caryopses will germinate under warm conditions (Fig. 1b). Germination in A. fatua, as

with other cereals, occurs as a three step process, beginning with the emergence of
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the coleorhiza (Fig. 1a) caused by expansion of the cells of the coleorhiza that ruptures
the covering layers of the testa and pericarp (Fig. 2b). This mechanism of expansion
occurs independently of the cell cycle as coleorhizal cells do not proceed through the
cell cycle (Appendix. Fig. 9.13). The expansion of coleorhiza cells occurs before the
growth of the radicle that later ruptures the coleorhiza (Appendix. Fig. 9.12). Application
of 50 pM cis-S(+)-ABA (hereafter ABA), a phytohormone associated with the
acquisition and maintenance of dormancy, has a disproportional effect on radicle and
shoot emergence in after-ripened (AR) caryopses (Fig. 1e), indicating that different
embryonic organs have autonomous regulation of their rate of expansion. This
retardation of radicle emergence under ABA treatment also occurs in dicot species,
such as the endosperm weakening model Lepidium sativum, as the result of an
inhibition of MPE weakening®. This was the first indication that the coleorhiza may have

a role in restraining the radicle under conditions unfavourable for germination.

Ablation of the coleorhiza breaks dormancy. If the coleorhiza restrains the growth of
the radicle to maintain dormancy, we hypothesised that ablation of the coleorhiza from
dormant caryopses would induce radicle growth. This is indeed the case, however the
initiation of radicle growth occurs at a slower rate than during germination in the AR
state, suggesting that physical restraint is not the only factor regulating the growth of
the radicle. We are confident that the dormancy breaking effect of coleorhiza ablation is
not a wounding response, since severe wounding treatments, such as the removal of
the entire embryonic shoot, did not induce germination (Fig. 1f). Removal of the testa
and pericarp, concurrent with coleorhiza ablation, do not contribute to this effect either,
since ablation of both had no dormancy breaking effect. Transferal of these ablation
treatments onto a medium containing 100 yM Gibberellin A7, a strong dormancy
breaking treatment for A. fatua, demonstrated that the ablation treatments did not have

any effect on the germinability of the caryopses (Fig. 1f).
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Fig. 2. Mechanical properties of the coleorhiza. a,b, Brightfield micrographs of the A. fatua
embryo at (a) 24 and (b) 48 hours after imbibition showing the expansion of the cells of the
coleorhiza and the rupture of the covering layers of the testa and pericarp. ¢,d Graphical
representation of the biomechanics approach used to measure coleorhiza puncture force where
(d) shows example force-displacement curves for strong and weak coleorhizae. e, Puncture
force measurements for D and AR coleorhizae at 24 and 48 hours after imbibition were each
point represents a single measurement. AR 24h, n=33; D 24h, n=23; AR 48h, n=26; D 48h,
n=36. Significance was inferred using a 2-way ANOVA and between treatment comparisons
were made using Tukey’s Multiple Comparisons Test. *P < 0.05, **P < 0.01, ***P < 0.005 and
****P < 0.001. Scale bar, 200 um. PF, puncture force; T+P, testa and pericarp.

Dormancy level affects the biomechanical properties of the coleorhiza. We
hypothesised that, like the MPE of many eudicots®, the restraint imposed by the
coleorhiza on the expansion of the radicle was mechanical in nature. In order to test
this hypothesis we adapted a method previously used to measure the tissue resistance
of the MPE?® to quantify the force required by the radicle to rupture the coleorhiza
(Puncture Force, PF) using a custom-made biomechanics platform. This involved
pushing a probe with the same dimensions as the radicle through the coleorhiza and
measuring the resultant forces using a load cell (Fig. 2c,d). In the AR state, PF was
reduced between 24 and 48 hours after imbibition (Fig. 2e). After 24 hours of
imbibition, there was a significant difference between D and AR coleorhizae, and after
48 hours of imbibition PF in the D state was further increased. That is to say the AR
coleorhiza becomes weakened over time and the D coleorhiza is reinforced. The
difference between PF in the AR state (~40 mN) and the D state (~80 mN) are likely to

be physiologically relevant, since they are similar to the values measured in models for
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MPE weakening using equivalent methods; for example 120 mN (D State) to 50 mN

(AR state) in L. sativum?.

Different XTHs have tissue- and dormancy-specific patterns of activity.
Xyloglucan endotransglycosylase/hydrolases (XTHs) are cell wall remodelling enzymes
that modulate cell wall mechanical properties through the remodelling of the
hemicellulose xyloglucan?'. These enzymes may have both a xyloglucan
endotransglycosylase activity (XET, EC 2.4.1.207) and hydrolase activity (XEH, EC
3.2.1.151)?". In a microarray expression experiment using the Barleyl GeneChip,
Barrero and colleagues identified a probe targeting XTHs that was highly expressed in
the D coleorhiza of H. vulgare'®. We have expanded this analysis by identifying more
XTHs in their microarray dataset by searching for the conserved motif in the active site
of XTHs (‘DEIDFEFLG’). This search yielded 15 probes that correspond to H. vulgare
XTHs. Multiple alignment of these probe exemplar sequences identified two clades of
XTHs (Fig. 3a). Mapping relative expression data onto this phylogenetic tree shows
that these clades have either an expression pattern more associated with dormancy or
germination. For example, one probe (Barley1_02670) is highly expressed specifically
in the dormant coleorhiza, whilst others (e.g. Barley1 02672) are specifically
expressed in the AR coleorhiza. This approach has demonstrated that there may be a

division of function within the XTH gene family.
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Fig. 3. Tissue- and dormancy-specific expression patterns of XTHs. Heatmap of XTHs
identified using a search for the conserved motif ‘DEIDFEFLG’ across Barley1 GeneChip probe
sequences. Sequences are arranged according to a tree built from a probe sequence
alignment. Relative mean expression values (RLE) for D and AR H. vulgare coleorhizae and
radicles were extracted from a publically available dataset'® and are normalised by row as z-
scores. The relative expression levels for each probe are shown by red bars.

In order to test the hypothesis that there are dormancy- and germination- specific XTHs
present in different embryonic tissues in A. fatua we used an isoelectric focusing
separation coupled with a zymographic visualisation (Fig. 4). In the radicle we see that,
in the D and AR states, and an ABA treatment, XET isozymes are similar — one major
isozyme at pH 7.4 and a minor isozyme in the AR and ABA treatments at pH 8.2. The
same pattern is seen in the AR coleorhiza, however the D coleorhiza is has a different
pattern of isozymes with lower pls (isozymes at pH 6.2, 6.9). ABA treated AR
coleorhizae had the major isozyme at pH 7.4 as the other AR treatments with an
additional isozyme at pH 7.6. These results demonstrate there are XTHs specific to the
dormant coleorhiza, and that changes in XTH isozyme profile are occurring in the

coleorhiza and not the radicle.
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Fig. 4. Tissue and dormancy specific activity patterns of XET isozymes. Isoelectric
focusing zymograms showing the different XET isozymes present in D, AR and ABA treated
radicles and coleorhizae after 48 hours of imbibition. White spots show UV fluorescence of a
transglycosylated labelled xyloglucan oligosaccharide visualising XET activity at the isoelectric
point of specific XET isozymes (indicated by arrows). In each lane the total protein load was
normalised by relative XET activity. For D tissues, n=~300 individuals; for AR tissues n=~150
individuals.
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XET activity differs between D and AR embryos. To further test the hypothesis that
the XET isozyme profile in D and AR states are functionally different, we quantified the
XET activity of tissue lysate from whole D and AR embryos across a spectrum of pHs.
We hypothesised that XET activity in the germinating AR state would be optimal at
lower pHs since apoplastic pH is typically lower in expanding tissues??. The XETs in
the AR state were indeed optimally active at lower pHs than those present in the D

state (Fig. 5a).
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Total XET activity against the substrate used (XLLG-SR) was lower in the D state. ABA
application reduced XET activity only in the coleorhiza but not the radicle (Fig. 5b). XET
activity was not directly related to the expansion of tissues as measured by water
uptake, since after 72 hours in the coleorhiza and 48 hours in the radicle, XET activity
levels were reduced even though expansion of the tissues continued (Fig. 5c¢,d). The
peak of XET activity in the coleorhiza was closer in timing to the emergence of the
radicle than the expansion of the coleorhiza, indicating that XET activity may play more
of a role in the weakening of the coleorhiza observed from the puncture force

measurements rather than in the expansion of the coleorhiza itself.
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Fig. 5. Dynamics of XET activity from tissue lysates. a, the effect of pH on XET activity in
lysates of isolated D and AR embryos imbibed for 48 hours. Horizontal error bars show the 95%
confidence interval for the optimum pH generated through a segmental linear regression model.
b, the effect of ABA treatment on XET activity in AR coleorhizae and radicles. Significance was
calculated using a one-way ANOVA. cd, Dynamics of XET activity over time in D and AR
coleorhizae (c) and radicles (d) plotted against the change in fresh weight (water uptake). The
time taken for the AR populations to reach 50% cumulative coleorhiza and radicle emergence
(Tso CRZ/Tso RAD) are shown by arrows. Error bars show standard error of the mean for
triplicates of ~50 individuals.

Xyloglucan oligosaccharides modify germination behaviour. In the absence of
XTH mutants in monocots or specific XET inhibitors?® we aimed to test if XTHs were
implicated in coleorhiza reinforcement by applying an excess of a xyloglucan
oligosaccharide (XXXG) and observing a change in germination behaviour. Previous
authors have suggested a role for XGOs in regulating cell wall loosening as a negative

feedback mechanism preserving cell wall integrity?*. Application of XXXG to AR
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caryopses had a small inhibitory effect on germination rate, however when applied in
combination with ABA, radicle emergence was completely inhibited (Fig. 6a) and
germination was arrested at the coleorhiza emergence stage (Fig. 6b). This
germination arrest indicates some role for XTHs in the inhibition of radicle emergence

during germination.
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Fig. 6. The effect of the xyloglucan oligosaccharide XXXG on germination kinetics. a,
Germination curve showing the effect of 50 pM ABA, 0.1 % (w/v) XXXG and a mixture of both
on radicle emergence of AR caryopses. b, photographs of the seedling growth symptoms
produced by the treatments in the germination assay. A combination of XXXG and ABA causes
germination arrest at coleorhiza emergence. Scale bar = 5 mm. Images of individual seedlings
are representative of the symptoms seen in the different treatments. Error bars show standard
error of the mean for triplicates of 30 caryopses.

Discussion

Convergent evolution between monocots and dicots in the regulation of
germination. Our measurement of changes in the tissue resistance of the coleorhiza in
D and AR states demonstrates that the coleorhiza, like the MPE of dicots, modulates
its mechanical properties to regulate the growth of the radicle. Though they share
similar anatomical compartments, as organs surrounding the radicle in both monocot
and dicot diaspores, the MPE and coleorhiza have distinct developmental origins. The
MPE is a triploid endospermic tissue formed from the double fertilisation of polar

nuclei?®> whereas the coleorhiza is homologous to the hypocotyl and basal Poales do
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not necessarily possess a coleorhiza®®. This convergent evolution of mechanical
restraint lends support to the concept that mechanical interactions are important

determinants of seed dormancy and germinability.

XTHs as candidates for coleorhiza reinforcement genes. Whilst only weakening
has been reported in the MPE, here we report that the coleorhiza becomes reinforced
during the maintenance of dormancy. We suggest that this reinforcement is the result
of active cell wall remodelling processes such as xyloglucan remodelling. Many species
have large families of XTHs, (e.g. 33 in A. thaliana?') and GUS reporter lines have
demonstrated that individual XTHs have highly tissue-specific expression patterns?®
that are likely to play a role in pH, temperature and substrate specificity?®-23. Across the
conditions tested, we identified a unique XET isozyme (pl ~6.2) that was only present
in the dormant coleorhiza. Similarly in A. thaliana, a seed-specific XTH (XTH25,
atbg57550) is specifically expressed only in the MPE of D seeds of the Cape Verde
Islands (CVI) ecotype®*. The physiological result of XET activity is substrate-
dependant, with loosening and reinforcement effects observed depending on
exogenous application of different xyloglucan oligosaccharides®. We found that
exogenous application of XXXG (a xyloglucan nonasacharide) has little effect on
coleorhiza emergence or rupture in AR diaspores, however when applied together with
ABA, germination is arrested at coleorhiza emergence. Whilst our results do not
directly implicate XTHs in coleorhiza cell wall reinforcement or weakening, the
presence of ABA inducible and dormancy-specific XET isozymes in the coleorhiza and
the observation that xyloglucan oligosaccharide application can arrest germination at
the coleorhiza emergence stage lends support to the idea that XTHs are involved in

coleorhiza reinforcement.
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Conclusion

In this study we used a novel biomechanical approach to demonstrate mechanical
reinforcement in the coleorhiza of dormant A. fatua caryopses. Ablation experiments
also showed that the coleorhiza is required for the maintenance of dormancy. XET
activity assays demonstrated that specific XET isozymes are present in the dormant
coleorhiza. We propose that these isozymes may have a role in coleorhiza
reinforcement. Our work cannot directly implicate XTHs in this process, so further
investigation is required to determine the precise cell wall remodelling mechanisms
involved in the process of coleorhiza enforced dormancy. An understanding of the
convergent function of the MPE and coleorhiza will contribute to an improved
understanding of key agronomic issues such as pre-harvest sprouting®, germplasm

quality and seedling vigour.

Methods

Seed material and germination assays. A. fatua diaspores were collected in August
2017 from a wheat field in Hampshire, UK. Half of this population was air-dried and
stored at -20°C (‘D’ population) and the other half was stored at 50% relative humidity
(above a saturated solution of Ca(NOs)2) at 20°C. Periodically subpopulations were
removed from the humid condition and a germination assay conducted under standard
conditions: in a 90 mm petri-dish containing 2 filter papers and 5 mL of autoclaved
ultrapure water with 30 diaspores in triplicate. All germination experiments were carried
out at 20°C under constant light (fluorescent light at 100 umol m= s) in a Panasonic
MLR-352 Environmental Test Chamber. This was repeated monthly until no further
increase in maximum germination was recorded (112 days) to generate a fully after-

ripened (‘AR’) population. In order to determine the optimal temperature condition for
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germination assays, D and AR diaspores were imbibed on a purpose-built
thermogradient plate with a temperature range between 8 and 23°C under constant
light. 20°C was because this condition gave the greatest difference in germination

between D and AR diaspores with minimal evaporation of the germination medium.

Exogenous application of phytohormones and oligosaccharides. For experiments
involving ABA application, 50 uM cis-S(+)-Abscisic Acid (Duchefa Biochemie, Haarlem,
The Netherlands) was prepared in 1N KOH and adjusted to a pH 7 using HCI. For
experiments involving GA application, 100 uM of a mixture of gibberellin A4 and As
(Duchefa Biochemie, Haarlem, The Netherlands), containing 0.1% (v/v) DMSO was
prepared to a neutral pH using KOH. The xyloglucan nonosacharide XXXG
(Megazyme, Leinster, Ireland) was prepared in ultrapure water to a concentration of

0.1% (w/v) and filter-sterilised.

Flow cytometry. 20 AR caryopses were imbibed at 20°C under constant light for 3, 24
and 48 hours and dissected into coleorhiza and plumule tissues on ice. Nuclei were
extracted in 100 uL of Cystain UV Precise P extraction buffer (Sysmec Partec GmbH,
Gorlitz, Germany) by maceration with a razor blade. Samples were stained with 1 mL
of Cystain UV Precise P DAPI fluorescent buffer (Sysmec Partec GmbH, Goérlitz,
Germany) and filtered through a 30-um filter. >9,000 nuclei were analysed using a
Partec PAS Flow Cytometer (Sysmex Partec GmbH, Germany). Data analysis and

noise reduction was performed using Flowing Software 2.5.1 (Terho 2017).

Ablation experiments. For experiments involving he ablation of the coleorhiza, a fine
grade silica-based sandpaper was used to remove the coleorhiza from dry caryopses.
For the ablation of the plumule a fine razor blade was used to bisect the embryo to the
depth of the scutellum and the plumule removed with fine forceps. In pericarp ablation

experiments, the pericarp was peeled away from the embryo using fine forceps without
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disturbing the underlying tissues. After 240 hours, pericarp and plumule ablated

treatments were transferred to a plate containing 100 uM GA4+7 to test for germinability.

Microscopy. Partially dissected embryos that had been imbibed for 24 or 48 hours
under standard conditions were fixed in 4% (w/v) paraformaldehyde and subjected to
an ethanol dehydration gradient. The samples were embedded in 2-hydroxyethyl
methyl acrylate polymerised with 1% (v/v) benzoyl peroxide (Technovit 7100 cold
curing resin system, Kulzer Technique, Wehrheim, Germany)¥ following the
manufacturers recommendations with mofidicatons®. Sections of 5 um were cut on a
rotary microtome (Microtom HM 355S, Thermo Scientific, Massachusetts, USA) and
progressively stained with 1% (w/v) safranin O (to stain cell wall lignin counterstained
with 1% (w/v) toluidine blue (to stain nuclei and polysaccharides)®®. Bright-field images
were taken using a Nikon ECLIPSE Ni-E stereomicroscope (Nikon, Tokyo, Japan) and
processed using GIMP#® (version 2.8.16) to desaturate the images and improve the
contrast. Macroscopic images of germination stages were taken using a
Stereomicroscope (Leica MZ125, Leica Biosystems, Wetzlar, Germany) and Images

were processes using the inbuilt Leica Application Suite Software (version 4.1).

Puncture force measurements. Puncture force was measured directly for isolated
coleorhizae using a purpose built device?. Custom-made metal holders held the
coleorhizae in place while a metal probe (0.2 mm diameter) was driven into it at a rate
of 0.7 mm min™" while the resultant forces were measured by a load cell (Fmax = 1 mN).
An in-house software platform recorded the resultant force-displacement data and
logged puncture force for each sample based on the maximum force sustained by the
sample until its rupture. Statistical differences between treatments was inferred using a
2-way ANOVA and between-treatment comparisons were made using Tukey’s Multiple
Comparisons Test implemented in GraphPad Prism (version 7.05, Graphpad Software,

California, USA).
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XET activity assay. Preparations of 50 coleorhizae or radicles were dissected from D
or AR caryopses, weighed and frozen in liquid nitrogen. Total protein was extracted
from isolated tissues by micropestle homogenisation in 5x (w/v) of an extraction buffer
containing 200 mM succinate (Na+) buffer (pH 5.5) containing 2.5 mg/mL bovine serum
albumin (BSA)*' and protein was quantified using the Bradford method*?. Total protein
concentrations were adjusted to 20 ug using the extraction buffer. 5 uL of sample was
applied to 6 mm diameter discs of a matrix (EDIPOS, Edenborough, UK) composed of
Whatman No. 1 filter paper impregnated with tamarind seed xyloglucan (2.5 g m*) and
a sulforhodamine conjugate of the xyloglucan oligosaccharide XLLG (1 pmol m2), held
within a 96 well microtitre plate. This plate was incubated at 20°C in the dark for 3
hours in container at saturated relative humidity to prevent evaporation. After
incubation, the discs were washed repeatedly with ethanol:formic acid:water (1:1:1)
followed by water to remove unbound labelled substrate*' and dried in an oven at 60°C.
Fluorescence was measured in a multimode plate reader (SPARK, Tecan Trading AG,
Switzerland) by using an excitation filter at 570 nm and emission filter at 615 nm as an
mean of 24 independent readings per well in triplicates. Readings were taken before
and after sample application, the fraction of substrate bound per well was calculated
and blank measurements were subtracted. Based on the known amount of substrate
on the membrane, XET activity was calculated as nmol of XLLG transglycosylated. For
the XET activity assay involving a gradient of pHs, the same protocol was followed
except for the sample preparation, where individual replicates of 30 isolated embryos
were prepared in extraction buffer with pHs adjusted with 10M NaOH. After extraction,

pH was checked using universal indicators strips.

Separation of XET isozymes by isoelectric focusing. D or AR caryopses were
imbibed for 48 hours under standard conditions. For D caryopses 300 caryopses were
dissected into coleorhiza and radicles and for AR caryopses (or those treated with

ABA) 150 caryopses were dissected on ice. These samples were homogenised using a
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micropestle in 350 mM succinate (Na+) at pH 5.5 on ice and centrifuged at 13 krpm to
remove cell debris. The supernatant was filtered through a 0.22 uM cellulose acetate
spin column (Agilent Technologies, California, USA) and desalted against distilled
water using a BioRad Bio-Spin 6 column (BioRad Laboratories, California, USA). Total
protein concentration was measured using the Bradford method*'. Samples were
loaded onto dehydrated isoelectric focusing strips (Immobiline DryStrip pH 6-11, 13 cm,
GE Healthcare, lllinois, USA) according to their relative XET activity as measured at 48
hours from the XET activity assay (AR(coleorhiza 225 ug, radicle 120 ug),
ABA(coleorhiza 300 ug, radicle 120 ug), D(coleorhiza 720 ug, radicle 520 ug) in a
solution containing 5% glycerol and 2% IPG buffer (pH 6-11, GE Healthcare, lllinois,
USA). Samples in rehydrated gel strips were subjected to an isoelectric focusing
program following the manufacturer’s recommendations (8000V, 16 kVh, current limit
50 yA and power 200 mW) in a flatbed isoelectric focusing apparatus (3100 OFFGEL
fractionator, Agilent Technologies, California, USA). Gel strips were then equilibrated
for 10 minutes in a buffer containing 50 mM succinate (Na+, pH 5.5), 10 mM CacCl, and
1 mM Dithiothreitol*®. Equilibrated gels were transferred to strips of the substrate matrix
previously described and sandwiched between parafilm and two sheets of glass. This
sandwich was incubated in the dark for 24 hours. After incubation, unbound fluorescent
substrate was removed by washing as previously described*® and visualised using a
UV transilluminator with an orange filter. Images were processed using GIMP*

(version 2.8.16) to improve the contrast.
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Abstract

Seed dormancy is the key factor determining weed emergence patterns in the field.
Alopecurus myosuroides (blackgrass) is a serious cereals weed in Europe that
experiences two emergence peaks affecting winter and spring cereals respectively.
Seedlings that emerge in autumn experience a period of cold winter temperatures,
whereas those that emerge in spring do not. In this work we investigated the effects of
this overwintering during vegetative growth on the primary seed dormancy of the
offspring. Alopecurus myosuroides plants were propagated under controlled conditions
where a proportion of the population was subjected to a simulated winter period
(vernalisation) as seedlings. The offspring produced by vernalised plants was
significantly more dormant, requiring longer after-ripening and cold stratification
treatments to germinate at warm temperatures. However there was no difference in the
range of temperatures under which dormant seeds germinate. We hypothesised that
this difference in dormancy was the result of an epigenetic memory of vernalisation. In
the absence of techniques to identify changes in epigenetic status at the gene level,
global changes in methylation were quantified using an ELISA-based approach.
Imbibition in dormant seeds produced by vernalised plants was associated with a
global demethylation event that was not observed in the offspring of plants that had not
been vernalised. Taken together these results demonstrate the importance of
temperature at different stages of the plant lifecycle in determining dormancy levels

and consequently weed emergence patterns in the field.
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Introduction

Alopecurus myosuroides Huds. (blackgrass) is often cited as the most destructive
agricultural weed in Europe (Lutman et al., 2013) due to its high fecundity (Moss,
1985), complex herbicide resistance traits (Heap, 2019) and competitive ability against
cereal crops (Maréchal & Henriet, 2012). Alopecurus myosuroides has a typical winter
annual life history (Fig. 1). Diaspores (hereafter seeds) are dispersed in the summer
with a high degree of primary dormancy that prevents their germination until colder
winter temperatures and consequently a major peak of emergence occurs in winter
cereals. A minor emergence also occurs in spring, which coincides with the planting of
spring cereals (Clarke et al., 2015). In this way, A. myosuroides synchronises its
emergence with the cropping cycle to avoid herbicide applications and maximize its

competitiveness with the crop (Maréchal & Henriet, 2012).

Autumn -
4 Emergence Flowering _ /

Spring

Emergence‘

Figure 1. The lifecycle of A. myosuroides. Grey shaded area represents
emergence; dotted and solid lines shows the period during which flowering and
seed dispersal occur respectively. Modified from Clarke et al. (2015).

A long term trend for earlier sowing of winter wheat has led to increased A.
myosuroides infestations (Moss, 2017) hence recent A. myosuroides management
practices have shifted from winter cereal production to spring cereals and oil seed rape

(OSR) in an attempt to avoid the peak winter A. myosuroides emergence (AHDB, 2016,
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2017, 2018). This system has been successful in managing A. myosuroides
infestations (Lutman et al., 2013), however recent evidence has suggested that A.
myosuroides is adapting to this strategy by delaying emergence until the spring,
leading to similar levels of emergence in the winter and spring (Taylor-Davies, 2017).
Models of A. myosuroides emergence recognise the importance of seed dormancy in
determining the timing and scale of emergence in field (Colbach et al., 2006a,b)
however these models focus on the autumn emergence of A. myosuroides and do not

take into account a potential shift to spring emergence.

There is a large body of evidence in crop and model species to suggest that the
environment experienced by the mother plant modulates seed dormancy in the
offspring (Penfield & MacGregor, 2017). These effects are divided into those that affect
the developing zygote whilst it is maturing on the mother plant (‘zygotic environment
effects’), and those effects that are strictly maternal before fertilisation occurs, that are
mediated by the maternal genome or epigenome (‘true maternal effects’) (Penfield &
MacGregor, 2017). Whilst zygotic environmental effects are well studied even in A.
myosuroides (Swain et al., 2006), studies on true maternal effects are much less
common. Interestingly in A. myosuroides, although there are two peaks of emergence,
flowering and seed dispersal occur only once across the year, suggesting that these
two emerged populations of A. myosuroides have similar zygotic environment however
the true maternal environmental conditions differ. The autumn emerged population

experiences winter and the spring emerging population does not.

In this study we demonstrate that vernalisation of young A. myosuroides seedlings, or
mimicking of winter under controlled conditions, has a consierable impact on the seed
dormancy of their offspring. This difference in dormancy affects the after-ripening
requirement and temperature preferences for germination in the after-ripened state. We
propose that this mechanism generates heterogeneity in the soil seed bank that

contributes to the adaptability and weediness of A. myosuroides.

5
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Materials and Methods

Seed Material

A field collected parental population of A. myosuroides seeds from Germany that was
harvested in May 2015, was germinated at 20°C under constant light on moist filter
papers for 10 days. The resultant seedlings were then transferred to 6 cm diameter
pots containing a 10:1 mixture of John Innes Number 1 compost and perlite and grown
for 14 days in an 18/6h day night cycle at 18°C. Half of this crop was transferred to a
Conviron™ Environmental Test Chamber (Conviron Adaptis CMP6010) set at the
same conditions, where the temperature and photoperiod was gradually reduced over
the course of 6 days from 18°C to a 8/16h day/night cycle at 6°C and 4°C respectively
whilst the other half of the population was propagated under the original warm
conditions. This condition was maintained for 35 days, and then the temperature and
day/night cycles were increased up to the initial condition. Vernalised (V) and non-
vernalised (NV) plants were then transferred to a glasshouse bay maintained at 18°C
with a 16/8 hour photoperiod with supplemental lighting from sodium lamps. The onset
anthesis was counted over time as the emergence of the tip of the panicle from the
culm. Both batches were harvested on the same day (21.09.2017) by agitating the
mature panicles to ensure only mature seeds were collected. These seeds were
weighed for each plant and the resultant seed batches were dry-stored using silica gel
(<10% moisture content by weight) and stored at -20°C. To determine the 100 seed
weight for each batch, triplicates of 100 randomly selected freshly harvested seeds

were weighed using a fine balance.

Germination Kinetics

Germination assays were conducted using the following standard conditions unless

otherwise specified: seeds were incubated in 3 mL distilled water in petri dishes with
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two filter papers (Machery-Nagel™ MN-713), and incubated at 20°C under constant
light in environmental test chambers (Panasonic™ MLR-352-PE). The emergence of
the coleorhiza (coleorhiza emergence, CE) through the margin of the glumes was
counted over time until there was no further increase in the number of emerged
coleorhizae. This value was reported as the maximum number of germinated seeds
within the population (gMAX). For the production of seed batches with different levels
of dormancy, dormant freshly harvested seeds stored in porous paper bags were
incubated in a hermetically sealed chamber containing saturated calcium nitrate, that
generated an equilibrium relative humidity of 53%. Incubation under these conditions
resulted in a seed moisture content of 19.3% (w/w). Seeds were periodically removed
and germination was tested using standard conditions. For experiments involving the
endogenous application of gibberellin As+7 or fluridone (Duchefa Biochemie, Haarlem,
The Netherlands) compounds were first solubilised in absolute dimethyl sulfoxide
(DMSO) and consequently a solvent control of 0.1% (v/v) DMSO was included in the
control for these experiments. To investigate the effect of imbibitional temperature on
germination seeds of freshly harvested or 196 day after-ripened V and NV batches
were incubated across a gradient of temperatures from 5°C to 28°C under constant
light conditions using a two dimensional thermogradient plate (GRANT GRD1-LH,
Grant Instruments Ltd., Cambridge, UK) and germination was scored using the

standard conditions procedure.

Seed Viability Testing

Vernalised and non-vernalised batches that had been after-ripened for 196 days were
imbibed for 24 hours at 20°C under constant light as previously described. One
hundred diaspores in ftriplicate were dissected and the number of diaspores that

contained a fully formed caryopsis were recorded. Caryopses were then transferred to
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a petri-dish containing filter papers as described before, with a medium containing 1%
(w/v) 2,3,5- triphenyltetrazolium chloride (TTC). As negative (dead) control, another set
of caryopses were incubated at 90°C in ultrapure water for an hour, were also
transferred to TTC plates. These plates were then incubated for a further 24 hours at
20°C in the dark. Staining was assessed using a stereomicroscope. Embryos were
considered stained when the entirety of the visible external portion of the embryo
(underneath the testa and pericarp) was fully stained dark red. Caryopses with weak of

patchy staining were considered unstained.

Cold Stratification

Triplicates of 30 freshly harvested V and NV diaspores were imbibed in petri dishes as
previously described with 1 mL of autoclaved distilled water. These plates were
incubated in the dark at 4°C using a laboratory refrigerator for 3, 7, 14 and 21 days.
After this time, an additional 2 mL of autoclaved distilled water was added and the
plates were transferred to an incubator at 20°C under constant light and germination

was scored as previously described.

ELISA based quantification of DNA methylation

Forty milligrams (dry weight) of A. myosuroides seeds that were either dry, or had been
imbibed for 90 hours under standard germination conditions, were homogenised by
pestle and mortar in liquid nitrogen. DNA was extracted using a DNeasy™ Plant Mini
Kit (Qiagen, Venlo, Netherlands) following the manufacturer's recommendations with
modifications (5% (v/v) B-mercaptoethanol in lysis buffer). DNA yield and quality were
quantified using a NanoQuant Plate™ (Tecan, Mannedorf, Switzerland). Quantification
of 5-methylcytosine (5-mC) was performed using a fluorometric enzyme-linked

immunosorbent assay (ELISA) kit (MethylFlash™ Methylated DNA Quantification Kit,
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Epigentek, New York, USA) following the manufacturer’s instructions for 10 ng of
genomic DNA. Fluorescence proportional to 5-methylcytosine (5-mC) concentration
was measured for 3 biological and two technical replicates using a florescence
microplate reader (Tecan SPARK™, Mannedorf, Switzerland) at 530ex/590em nm and

%5-mC was calculated from a standard curve of synthetic 5-mC.
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Results

Vernalisation of plants had a strong impact on A. myosuroides plant morphology,
flowering and seed production. Vernalised plants were shorter than NV plants with

more dense culms (data not shown). The initiation of flowering in both V and NV plants
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Figure 2. Propagation and description of seed batches. (a) Assessment of flowering time
for V and NV A. myosuroides plants. Accumulated day degrees were calculated with a base
temperature of 0°C. Flowering was counted as by the emergence of panicles from the culms.
(b) The difference in the seed mass produced by each plant for V and NV treatments.
Statistical significance from a Mann-Whitney test is represented by asterisks (**, p=0.0079).
(c) Seed mass for triplicates of 100 seeds in V and NV batches. (d) After-ripening curves
showing the change in maximum germination over storage time at 53% equilibrium relative
humidity for V and NV batches. (e) Viability testing of freshly harvested V and NV batches
showing the proportion of diaspores containing no caryopsis (grey) and that had embryos
stained (black) or non-stained (white) by incubation in 2,3,5- triphenyltetrazolium chloride
(TTC) solution. Error bars show standard error of the mean.
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occurred simultaneously (130-140 days after germination), however when expressed
as degree days there was a delay in the flowering of NV plants (Fig. 2a) yet V plants
produced approximately three fold more panicles (Fig. 2b) which equated to a three-
fold increase in seed mass per plant (Mann Whitney U(40,15), p=0.0079) (Fig. 2b).
There was no significant difference in the 100 seed weight of the plants produced by V
and NV plants (Mann Whitney U(12,9), p=0.7) and there was no difference in the
viability of seeds produced by either treatment as measured by presence of a caryopsis
or by tetrazolium staining (two-way ANOVA, F (2,12) = 0.225, p=0.8018). The absence
of a caryopsis contributed more to the non-viable population than a lack of staining by

incubation in TTC solution (Fig. 2e).

The seeds produced by NV plants after-ripened more rapidly than seeds produced by
V plants, reaching a fully after-ripened state after approximately 200 days. In the fully
after-ripened state, seeds from NV plants reached ~75% maximum germination (Fig.
2d), reflecting the number of tetrazolium stained embryos (~80%) (Fig. 2e). The
vernalised seed batch did not reach a fully after-ripened state even after a year of after-
ripening treatment (Fig. 2d). Interestingly, after 250 days of after-ripening the maximum
germination of seeds produced by NV plants was steadily reduced, indicating that

seeds were losing viability during after-ripening (Fig. 2d).

In the dormant state, seeds produced by V and NV plants germinated over a similar
range of temperatures between 5 and 15°C (Fig. 3a). A low proportion of seeds (~20%)
from the V batch germinated under this temperature range whereas a large proportion
of seeds (~50%) from NV plants germinated under these conditions (Fig. 3a). This
effect was most pronounced at 7°C (Fig. 3c). After 196 days of after-ripening the
temperature range permissive to germination was changed in seeds produced by both
V and NV plants. (Fig. 3b). Seeds from NV plants reached high germination
percentages (60-75%) over a broad range of temperatures between 5 and 22°C,

whereas this level of germination was only achieved in after-ripened seeds produced

11
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by V plants at a single temperature of 12°C (Fig. 3e). After-ripened seeds from NV

plants also germinated to a higher maximum proportion at 5°C, the coldest temperature

tested (Fig. 3d).
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Figure 3. The effect of dormancy and vernalisation on the response of A. myosuroides
seeds to temperature. (a,b) the effect of imbibition of dormant (a) and 196 day after-ripened
(b) V and NV seeds across a gradient of temperatures. (c-e) germination curves for V and NV
batches at selected temperatures (¢) dormant seeds incubated at 7°C, (d) after-ripened seeds
incubated at 5°C and (e) after-ripened seeds incubated at 12°C. Germination was scored as
coleorhiza emergence for triplicates of > 30 seeds. Error bars show standard error of the mean.
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Figure 4. Cold stratification of dormant A. myosuroides seeds produced by V or NV
plants. The effect of imbibition of seeds produced by V and NV plants at 4°C in constant
darkness prior to transferal to 20°C in constant light where seeds were incubated in the cold
for (a) 0 days, (b) 3 days, (c) 7 days, (d) 14 days and (e) 21 days. Germination was scored
as cumulative coleorhiza emergence. Error bars show standard error of the mean.

Seeds produced by V and NV plants also differed in their response to cold stratification.
Whilst in the dormant state there was low germination of both batches when imbibed at
20°C under constant light (<5%), cold stratification at 4°C in the dark increased the
germination of both batches when transferred to 20°C under constant light in a dose-
dependent manner (Fig. 4). However the effect of cold stratification was consistently
~2-fold greater in seeds from NV plants (Fig. 4). After 21 days of cold stratification, the

NV treatment reached similar final germination proportions (mean=68%) as their
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Figure 5. The effect of gibberellin and fluridone application on dormant seeds from V and
NV plants. (a,b) The effect of 100 uM gibberellin As+7 on dormant seeds from (a) V and (b) NV
plants. (c,d) the effect of application of 10 or 100 yM fluridone on dormant seeds from (¢) V and
(d) NV plants. Germination was counted as counted as cumulative coleorhiza emergence for
triplicates of >30 seeds incubated at 20°C under constant light. Error bars show standard error
of the mean.

respective fully after-ripened seed batch (mean=73%). Cold stratification of seeds
produced by V plants for 21 days reached lower germination proportions (mean=27%)
particularly when compared to their respective 196 day after-ripened batch

(mean=40%) (Fig. 4e).

Incubation of seeds produced from V or NV plants in gibberellin As7 (GA4+7) and
fluridone had no substantial differential effect on germination (Fig. 5). Gibberellin
application slightly increased the maximum germination of seeds produced by NV
plants, however this effect seems unsubstantial given that the dose applied was high.
Conversely both batches did respond to fluridone application (Fig. 5c,d) and this

response was very similar for both batches.

Quantification of global DNA methylation levels in both dormant and after-ripened
batches of seeds produced from V or NV plants identified a pattern of differential
methylation only in the V condition. Whilst there was no change in methylation between
0 and 90 hours in the after-ripened batch, a significant demethylation was observed in

the dormant batch (two-way ANOVA, F(1,15)=5.12, p=0.0377). No Significant changes
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in methylation were observed in seeds from the NV batch associated with after-ripening

or imbibition.
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Figure 6. Changes in DNA methylation associated with the enforcement of dormancy.
Results from ELISA-based quantification of global DNA methylation from dormant (D) and
after-ripened (AR) batches of seeds produced by (a) vernalised and (b) non-vernalised plants
either dry or after 90 hours of imbibition at 20°C under constant light. Error bars show standard
error of the mean for >3 biological replicates of 30 seeds. Asterisks shows significance at
p<0.01 from a two-way ANOVA where ‘ns’ shows no significant effect.
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Discussion

Vernalisation has a clear effect on A. myosuroides morphology and seed production as
previously discussed by other authors (Chauvel et al., 2002). The original result from
this study is that vernalisation modulates the dormancy of the offspring of A.
myosuroides plants, as demonstrated by an increase in after-ripening and cold
stratification requirement. The implication of this finding is that winter emerging A.
myosuroides may produce offspring that have higher dormancy levels than spring
emerging populations. Both of these populations flower and set seed at the same time
in the field (Clarke et al., 2015), yet the seed returned to the seedbank is likely to be
heterogeneous. This could serve as a bet-hedging strategy in the constantly changing
environment of an agricultural field where herbicide application, cultivation and crop
rotation could drastically change year on year. Bet-hedging strategies, that spread the
risk of reproductive failure, have been reported for heteromorphic seeds, where the
fitness benefit of heteromorphy correlates with the unpredictability of the environment

(Arshad et al., 2019).

Interestingly although seeds produced from V and NV plants differed in their dormancy
levels, the range of temperatures under which these batches germinate in the dormant
state did not differ in contrast to established physiologically dormant species, where
differences in dormancy level are typically associated with changes in the temperature
window permissive to germination (Baskin & Baskin, 2004). Additionally these two
dormant batches did not differ in their responses to the classical dormancy breaking
treatments of exogenous gibberellin and fluridone application. Fluridone is an inhibitor
of phytoene desaturase, an enzyme involved in the biosynthesis of the carotenoid
precursors of abscisic acid (ABA), the phytohormone associated with the enforcement
of dormancy (Bartels & Watson, 1978; Nambara et al., 2010). These results indicate

some involvement of de novo ABA biosynthesis in the enforcement of dormancy in A.
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myosuroides however this process cannot explain the difference we see in the dormant

seeds from V and NV plants.

Examples of true maternal effects on seed dormancy are sparse in the literature,
however they typically involve changes in temperature during the vegetative phase in
plant growth (Thomas & Raper, 1975; Sawhney et al., 1985; Chen et al., 2014; Auge et
al., 2017). These effects have been linked to the expression patterns of genes that are
also responsible for controlling the timing of flowering such as FLOWERING LOCUS C
(FLC), circadian clock genes, FLOWERING LOCUS T (FT) and MOTHER OF
FLOWERING TIME (MFT) that also control the response to vernalisation and day
length in Arabidopsis thaliana (Chen et al., 2014; Penfield & MacGregor, 2017; Chen &
Penfield, 2018). Disruption of these genes causes altered seed dormancy phenotypes
(Penfield et al., 2005; Chono et al., 2006; Nakamura et al., 2011), modified seed
hormone metabolism (Chiang et al., 2009; Chen et al., 2014) and changes in seed coat

pigmentation (Macgregor et al., 2015).

Signals during vegetative development are ‘remembered’ through epigenetic gene
silencing, and the vernalisation response of Arabidopsis is becoming an increasingly
well understood example of this process (Song et al., 2012). In Arabidopsis FLC is
quantitatively downregulated in the cold by a polycomb based switching mechanism
whereby histone modifications regulate the balance between FLC expression and
transcription of the FLC antisense transcripts COOLAIR and COLDAIR (Song et al.,
2012). DNA methylation also has an important role in vernalisation induced flowering
(Burn et al., 1993), embryo maturation and cold-stratification induced bud dormancy
breaking in forestry (Santamaria et al., 2009; Viejo et al., 2010; Pérez et al., 2015),

whereby patterns of global DNA demethylation precede developmental transitions.

The analysis of patterns of histone modifications and DNA methylation at the gene-

level that are performed in model species are unfeasible for agricultural weed species
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such as A. myosuroides that have very limited publically available genetic resources.
What we sought to achieve with the quantification of 5-mC was to investigate the
general trends in genomic methylation that are associated with the interaction between
vernalisation, dormancy level and imbibition. Our results for the V batch show
demethylation in response to imbibition only in the D state and no changes in the NV
batch. This indicates that, rather than seed dormancy being a ‘quiescent state’ in A.
myosuroides, a developmental program may be induced to prevent germination and
that this program may be associated with environmental cues throughout the plant

lifecycle.

The response of A. myosuroides to vernalisation is a strong example of phenotypic
plasticity in agricultural weeds and a mechanism by which A. myosuroides can
increase the heterogeneity of it soil seedbank as a potential bet-hedging strategy
against the constantly changing environment of the agricultural field. Models for
predicting weed emergence should take into account the plasticity of weed seed
dormancy, especially in the context of changing weed management practice and

climate change.

Conclusions

Vernalisation of A. myosuroides plants increased the after-ripening and cold
stratification requirement for germination but had no effect on the window of
temperatures permissive to germination in the dormant state. After-ripening widened
the temperature window more slowly in seeds produced from vernalised plants. The
enforcement of dormancy in seeds from vernalised plants was associated with a global
DNA demethylation event that was not observed in seeds produced by non-vernalised
plants. In the context of autumn and spring emergence peaks in the lifecycle of A.

myosuroides, these results indicate that vernalisation acts to increase the
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heterogeneity of dormancy in the weed seedbank. Consequently, models should take
into account the effect of temperature throughout the lifecycle of weeds to more

effectively predict weed emergence in the field.
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7. General Discussion and Conclusions

7.1 Summary of results

The overall objective of this work was to develop an understanding of the mechanisms
of grass weed seed dormancy and how these mechanisms could be influenced for the
purposes of weed seed bank management. The germination responses of five
economically important grass weeds to a gradient of temperatures were characterised
at differing levels of primary dormancy. Release of the physiological dormancy of these
grass weeds was achieved by after-ripening storage, and was associated with a
widening of the temperature window for germination differently in summer and winter
annual weeds. In winter annuals, dormancy release was associated with an increase in
the maximum temperature (T.) permissive for germination, whereas in summer annuals
dormancy release was associated with a reduction in the minimum temperature (T}) for
germination. In A. myosuroides, cold exposure during vegetative growth was found to
increase the after-ripening requirement of the progeny but did not affect the window of

temperatures permissive to germination in the dormant state.

The winter annual weed A. myosuroides was selected for further analysis of the
molecular mechanisms of dormancy and germination due its predictable change in
temperature response at defined dormancy levels, its diploid genome (facilitating
reference-free assembly) and its economic importance as a major weed of European
cereals agriculture. Transcriptome analysis revealed a conservation of the core
ABA:GA regulatory module between A. myosuroides and model species, however
distinct mechanisms were involved in dormancy release by after-ripening and cold
temperature. After-ripening was associated with the expression of GA biosynthesis
genes whereas cold-induced dormancy release was associated with the expression of
ABA degradation and ethylene-responsive transcription factor genes. The A.

myosuroides ortholog of the gibberellin receptor GID1 was identified as a potential
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target for germination stimulants, and this observation was validated when a synthetic
GID1 agonist was identified as the top-hit in a dormancy-breaking compound screen.
Screening of this compound across the five weed species showed a similar effect

amongst winter annual, but not summer annual grass weeds.

This transcriptome study, as well as analysis of other publicly available transcriptome
datasets, identified tissue-specific cell wall remodelling transcripts, such as Xyloglucan
Endotransglycosylase/Hydrolases (XTHSs), which were upregulated in the dormant
coleorhiza. This observation led to the hypothesis that the coleorhiza may have
become mechanically reinforced during dormancy enforcement. Application of
biomechanical techniques, developed for measuring puncture force in the micropylar
endoderm, were used to confirm this hypothesis. Separation of XTH isozymes by
isoelectric focusing identified an XTH isoform that was present only in the dormant

coleorhiza.

7.2 Do the lifecycle habits of grass weeds predict germination response to

temperature in the dormant state?

7.2.1 How does dormancy affect the response of weeds seeds to the thermal

environment?

All five species in this work exhibited primary dormancy when freshly harvested. After-
ripening storage was used as a method to release the primary dormancy of grass weed
species in a controlled manner to generate fully after-ripened (AR100%) and half after-
ripened (ARso%) seed batches. Primary dormancy restricted the range of temperatures
under which seeds germinated. In winter annuals, dormancy restricted germination to

cooler temperatures and dormancy release increased the maximum temperature for
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germination (T;). Conversely in summer annuals dormancy restricted germination to
warmer temperatures and dormancy release reduced the minimum temperature for
germination (Chapter 2). Whilst it is inappropriate to make generalisations about life
history and dormancy from just five weed species, particularly when the two species in
this work come from the same tribe (Paniceae), other authors have made this link
between life-history and the function of dormancy in restricting the window of conditions

permissive to germination (reviewed by Baskin & Baskin, 2014).

If dormancy is the key factor regulating emergence patterns in nature, then winter and
summer annuals are achieving the opposite outcome in terms of emergence
phenology, from their physiological dormancy (autumn or spring germination). We
might therefore hypothesise that the mechanisms through which dormancy is regulated
may be distinct between summer and winter annuals. Screening of germination
stimulants demonstrated differences in the response of our winter annuals (A.
myosuroides, A. fatua and P. annua) and summer annuals (D. sanguinalis and S.
faberi) to different germination stimulants. For example whilst winter annual species all
responded to both GAs and a synthetic GID1 agonist, neither summer annual species
responded to either compound (Chapter 3). Summer annual grasses also responded
differently to after-ripening than winter annuals. In D. sanguinalis a 50 day period of
after-ripening was required before any germination was observed at 20°C, in contrast
to winter annual species where at this temperature even in the dormant state some
germination was observed. Setaria faberi did not respond predictably to after-ripening
as other species did, a response previously described in its weedy close relative (Tribe

Paniceae) Echinochloa crus-galli (Honek et al., 1999).

In studies comparing dormancy cycling in winter and summer Arabidopsis ecotypes,
similar mechanisms involving gibberellin biosynthesis were observed at temperatures
permissive to germination and expression of the gibberellin receptor GID1 was

positively correlated with dormancy level in the summer annual ecotype (Huang et al.,
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2014; Footitt et al., 2017). Attempts have been made by some authors to link life-
history traits to the response to germination stimulants (Chen, 2014; Mojzes et al.,
2015), however the life-cycle phenology (winter vs. summer annual) of plants has yet to
investigated. From this work, conclusions cannot be drawn about the role of life history
phenology in determining the response of weed seeds to germination stimulants due to
the limited number of species used. Future work in developing an understanding of the
association between life-history traits and the responses to different germination
stimulants would be valuable in selecting germination stimulants and predicting the

behaviour of these compounds on seedbanks with diverse populations of weed seeds.

7.2.2 Is after-ripening storage an appropriate method for generating seed

batches with defined dormancy levels?

This work has aimed to understand the role of seed dormancy in grass weeds by
comparison to non-dormant seeds of the same genotype. After-ripening storage was
effective in releasing dormancy in a controlled manner in most species (with the
exception of S. faberi) (Chapter 2). Whilst after-ripening time is unsuitable for
comparing the dormancy levels of between species due to differences in sorption
isotherm properties (Chapter 2), after-ripening was used to demonstrate differences in
dormancy in seeds produced by vernalised and non-vernalised A. myosuroides plants,
a result that was confirmed by a difference in their cold stratification requirement
(Chapter 6). However the use of after-ripening in this work has had two main
limitations. Firstly, for some species (e.g. A. myosuroides), the generation of fully after-
ripened seed batches took up to a year of after-ripening storage, imposing time
restrictions on the planning of follow-up experiments. Additionally in S. faberi after-
ripening did not produce a controlled and predictable release in dormancy. After-

ripening storage may also not be representative of the natural dormancy releasing
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processes that occur in nature. Winter annuals shed their seed in the summer, when
soil conditions are dry and natural after-ripening is proposed to occur (Bewley et al.,
2013). Conversely, summer annuals shed seed in the cooler winter months when soil
moisture is likely to be less limiting and summer annual species are typically more
sensitive to cold stratification than after-ripening (Baskin & Baskin, 2014). Further
studies into germination stimulants in weeds should therefore take into consideration
the environmental conditions causing dormancy loss in weeds in their agronomic

contexts in order to have findings that are more applicable in the field.

7.2.3 Do the conditions experienced by seeds in petri dishes reflect field

conditions?

Seeds in the WSB exist in a ‘dormancy continuum’ where the dormancy levels of seeds
fluctuate depending on seasonal cues (Baskin & Baskin, 1985). However this work has
focused solely on a comparison between differing levels of primary dormancy. The
majority of studies on seed dormancy mechanisms have focused on primary dormancy,
since primary dormant seed batches can be generated in a reproducible manner and
primary dormancy can be preserved by cold-storage of dry seeds after-harvest,
facilitating both mutant screening and molecular analysis (Finch-Savage & Footitt,
2017). However in the field, many of the seeds that are shed with primary dormancy
will not germinate in the first season and develop secondary dormancy. The
relationship between primary and secondary dormancy has been studied in the
volunteer weed Brassica napus (oil seed rape), where the depth of primary dormancy
correlates with the likelihood of entrance into secondary dormancy (Soltani et al., 2019)
and the same relationship has also been observed in Arabidopsis (Auge et al., 2015).
Advances in ‘-omics’ technologies have allowed untargeted comparisons of the

transcriptome profiles of seeds in both primary and secondary dormancy states. In
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Arabidopsis the enforcement and release from of both dormancy types are associated
with similar changes in gene expression, notably for genes responsible for the
dynamics of the ABA:GA balance (Cadman et al.,, 2006). However some secondary
dormancy-specific processes have also been identified in dormancy cycling
experiments, such as differences in the expression of clock and flowering time genes

(Footitt et al., 2017).

Numerous experiments have demonstrated that levels of seed dormancy fluctuate in
response to changes in environmental conditions and these fluctuations are associated
with changes in the transcription of genes with a role in the regulation of germination
(Cadman et al., 2006; Footitt et al., 2013, 2015, 2017; Lee et al., 2017). In this work
seed dormancy has been investigated by simulation experiments using constant
environmental conditions (continuous water, light and temperature) in order to simplify
and standardise results across species. In nature seed dormancy is often negatively
regulated in many species by daily fluctuations in temperature or photoperiod and this
phenomenon has been proposed as the mechanism by which seeds perceive their
burial depth (reviewed by Baskin & Baskin, 2014). Seeds in the WSB are also exposed
to cycles of imbibition and drying that can have an effect on dormancy and the
subsequent germination of seeds. Under controlled conditions, cycles of drying and
rehydration can either enforce or release dormancy differently across grass species
(reviewed by Simpson, 1990). However whilst these factors are important determinants
of dormancy in the field, the responses of different species to these factors is highly
variable. The use of solely primary dormant seed under constant environmental
conditions in this work is justified by a need to reduce the complexity of factors
influencing dormancy and the observation that the core mechanisms of dormancy

release are conserved across dormancy types in model species.
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7.3 Are the mechanisms regulating dormancy and germination conserved

between model species and grass weeds?

7.3.1 Does the maternal environment of weeds regulate the dormancy of their

offspring?

Seed dormancy allows seeds to incorporate information from environmental conditions
experienced by previous generations in order to adjust emergence times in the progeny
(Auge et al., 2017b). In doing so, seeds increase the heterogeneity of the seed bank
that serves as a strategy to spread the risk of reproductive failure in changeable
environments (Cohen, 1966). Studies on ‘true maternal effects’ on dormancy are
limited in the literature (Penfield & MacGregor, 2017) with only few studies
demonstrating the effect of temperature and photoperiod on the dormancy of the
progeny. A. myosuroides has two peaks of emergence; a major peak in the autumn
and a minor peak in the spring (Maréchal & Henriet, 2012), meaning that plants that
emerge in the autumn experience winter (vernalisation) whereas those that emerge in
spring do not. By replicating these two maternal environments under controlled
conditions, seed batches produced by vernalised and non-vernalised plants were
generated. Vernalised plants produced more seeds, confirming previous reports in A.
myosuroides (Chauvel et al., 2002). Seeds produced by parents that had been
vernalised took longer to after-ripen and had a longer cold-stratification requirement to
break dormancy (Chapter 6). The after-ripening time required to generate an AR1g0%
batch in seeds from vernalised plants (~1 year) was similar to the time to reach AR1o%
in a field collected A. myosuroides batch (Chapter 2). Interestingly this observation
contradicts findings in different Arabidopsis ecotypes, where vernalisation reduced

dormancy in ecotypes where there was a significant effect (Auge et al., 2017a).
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The observation that the maternal environment affects seed dormancy in weeds has
important implications for weed management at the seed bank level. Firstly, the
responses of seeds to different germination stimulants are dependent on the dormancy
levels of the seeds. For example, where the smoke derived germination stimulant KAR4
promotes germination in dormant A. myosuroides, in the after-ripened state KAR; acts
as a germination inhibitor (Chapter 3). Therefore the response of seeds to germination
stimulants may also be affected by the influence of environmental conditions of their
parents. This hypothesis was tested using fluridone, an ABA biosynthesis inhibitor,
however no significant difference was found (Chapter 6) and KAR1 was not tested. An
understanding of how the maternal environment influences dormancy would be
valuable to make better forecasts for weed emergence that would improve weed

management practises in the following season.

7.3.2 Are mechanisms of dormancy and germination conserved across

species?

In model species the interaction between ABA and GA is at the core of the regulation of
dormancy and germination (Finch-Savage & Leubner-Metzger, 2006) and more
recently additional phytohormones such as jasmonates and ethylene have been found
to play a role in influencing the balance of ABA and GA signalling (Linkies & Leubner-
Metzger, 2012; Corbineau et al., 2014). In Arabidopsis, the dry seed transcriptome has
an overrepresentation of ABA-responsive genes containing an ABRE cis element in the
promoter sequence (Nakabayashi et al., 2005). In A. myosuroides, transcripts encoding
NCEDs, the rate limiting step in ABA biosynthesis, were specifically expressed in the
dry state (Chapter 4) supporting a previously described role for ABA in seed maturation
(Bewley et al., 2013). In both Arabidopsis and barley, after-ripening is associated with

an increased expression of the genes encoding enzymes responsible for ABA
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degradation upon imbibition (AtCYP707A2 and HvABA8'OH-1) (Millar et al., 2006).
However this was not the case in A. myosuroides, where there was no difference in the
expression of ABA8'OH between dormant and after-ripened seeds at a warmer
temperature (Chapter 4). Instead ABA8’OH expression was greater in both dormant

and after-ripened seeds imbibed at a cold temperature.

Germination is associated with an increase in the expression of genes encoding
gibberellin synthesis enzymes in imbibed seeds and a consequent increase in the
accumulation of bioactive gibberellins in Arabidopsis and barley (Jacobsen et al., 2002;
Ogawa et al.,, 2003). In A. myosuroides gibberellin biosynthesis genes, such as
GAJ3oxidase, were expressed in after-ripened seeds regardless of temperature but not
in dormant seeds at the cold temperature that also germinate (Chapter 4). The
gibberellin biosynthesis inhibitors flurprimidol and paclobutrazol also inhibited
germination of after-ripened A. myosuroides diaspores at a warm temperature (Chapter
3) further supporting a role for gibberellin biosynthesis in after-ripening mediated
dormancy release. Gibberellin degradation by GA2oxidase has also been implicated in
the maintenance of dormancy (Footitt et al, 2011) however in A. myosuroides
GAZ2oxidase relative gene expression was low and there were no differences between
dormant and after-ripened seeds (Chapter 4). In addition specific GA2oxidase inhibitors

had no germination stimulant effect (Appendix 9.5).

Gibberellin perception, through the GID1 receptor, is also regulated by dormancy level
and temperature in Arabidopsis (Footitt et al., 2011; Hauvermale et al., 2014). In A.
myosuroides we found a GID1 homolog (Appendix 9.9b) that unlike in Arabidopsis, did
not change expression level due to differences in dormancy (Chapter 4). Across the
grass weed species investigated, responses to both natural and synthetic GID1
agonists were highly variable. In A. myosuroides, A. fatua and P. annua GAz and GAs+7
had a dormancy breaking effect, however in A. myosuroides and P. annua a synthetic

GID1 agonist was a more potent dormancy breaking treatment. Conversely S. faberi

145



Discussion and Conclusions

and D. sanguinalis did not respond to either GID1 agonist (Chapter 3) and in A.
myosuroides GAs+7 had a greater dormancy breaking effect than GAs. Since only one
GID1 ortholog was robustly expressed in dormant A. myosuroides (Chapter 4) these
results suggest that different synthetic agonists have different affinities (or availability)
for the GID1 receptor, possible as a result of allosteric binding, as described by Gazara
et al.,, (2018). Indeed agonist specificity has been identified in Arabidopsis GID1
receptors (GID1a-c), where GID1b has the greatest affinity for GA4 only under a limited
range of pHs (Nakajima et al. 2006). It would be interesting to check if this pattern of
GA responsiveness across species is also seen upon exogenous GA; application,
since this is the bioactive gibberellin which accumulates during barley germination
(Jacobsen et al., 2002) however such a GA: application is currently cost prohibitive.
This observation also suggests that GID1 affinity limits the activity of endogenous
gibberellins and therefore structure optimisation of GID1 agonists could lead to more

potent germination stimulants.

Taken together our results show that the core hormonal signalling mechanisms
involved in the hormonal regulation of dormancy and germination are conserved
between model species, such as Arabidopsis and barley, and A. myosuroides however
hormone signalling appears to differ substantially. Distinct species-specific
mechanisms are also likely to be involved in the regulation of germination across the
grass weeds, since their responses to endogenous application of hormones differ
considerably. This diversity in the regulation of germination indicates that it is unlikely
that a single germination stimulant will be discovered that will break dormancy in all

weed species.
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7.3.3 Have grasses and eudicots convergently evolved a physical restraint to

regulate germination?

Dormancy is not only regulated by hormonal interactions, but also by the physical
barriers that surround the embryo to prevent germination. The structure of the dispersal
unit of grasses is quite different from that of eudicots. Whilst the eudicot embryo is
typically surrounded by an endosperm (not present in all species, e.g. most members
of the family Fabaceae) and testa (seed coat) and possibly a pericarp (fruit coat, e.g.
many members of family Asteraceae), grass seeds (diaspores containing a caryopsis)
are typically dispersed with additional covering layers of the glumes that have a well
described role in the regulation of germination in many species (reviewed by Simpson,
1990). Additionally, instead of being surrounded by endosperm, the radicle in grasses
is enclosed by a structure called the coleorhiza that is common to all grasses (Rudall et
al., 2005). In many eudicot species the endosperm surrounding the radicle (MPE)
regulates germination through modification of its mechanical properties (reviewed by
Steinbrecher & Leubner-Metzger, 2017). In initial compound screens applying ABA to
after-ripened A. myosuroides diaspores a differential effect on different visible
germination stages was observed (Chapter 3), where further germination was delayed
at coleorhiza emergence. This germination arrest was reminiscent the effect of ABA
application to Arabidopsis and L. sativum seeds where high concentrations of ABA
arrest germination after testa rupture due to a lack of weakening of the MPE (Mller et

al., 2006).

Previous work had suggested that the coleorhiza may have some role in the regulation
of germination analogous to the MPE through ABA metabolism and potentially through
weakening by cell wall remodelling processes (Millar et al., 2006; Barrero et al., 2009;
Gonzalez-Calle et al., 2015). In order to investigate these processes, A. fatua was

chosen due to its large size that facilitates dissection and tissue preparation. Ablation

147



Discussion and Conclusions

of the coleorhiza from dormant caryopses released dormancy (Chapter 5) indicating a
role for the coleorhiza in the maintenance and release from dormancy. To test if this
role in the release from dormancy was mechanical, a technique was optimised to
measure the puncture force of dormant and after-ripened coleorhizae. In after-ripened
coleorhizae progress towards germination was associated with a decrease in
coleorhiza puncture force as seen in the MPE during germination in many species
(reviewed by Steinbrecher & Leubner-Metzger, 2017). Interestingly unlike in the MPE in
dormant eudicots, the coleorhiza became reinforced during imbibition in the dormant

state (Chapter 5).

To investigate the mechanism of coleorhiza reinforcement, both publicly available
microarray datasets and the A. myosuroides transcriptome in this work were probed for
cell wall remodelling genes upregulated in the dormant state. The upregulation of a
Xyloglucan Endotransglycosylase/Hydrolase (XTH) transcripts specifically in the
coleorhiza was reported in the barley microarray of Barrero et al. (2009). By searching
for the conserved sequence of the active site of this family of genes in microarray
probe sequences, 14 additional putative XTHs were identified and alignment of these
sequences revealed a phylogenetic relationship between XTHs expressed in the
dormant and after-ripened states. Additionally those XTHs that were highly expressed
in the dormant state were localised in the coleorhiza (Chapter 5). Analysis of the A.
myosuroides transcriptome identified a number of additional genes encoding CWRPs
that were differentially expressed in the dormant state such as xyloglucan
galactosyltransferases, endo-1,4-beta-xylanases and acetylxylan esterases (Chapter
4). Performing a search for the XTH motif in the A. myosuroides assembly identified a
large number of putative XTH genes, that when aligned showed dormancy- and
germination-specific expression patterns that was reflected in their phylogeny
(Appendix 9.10). Interestingly an XTH (AtXTHZ25) is also specifically expressed in the

MPE of dormant Arabidopsis Cvi seeds during imbibition (Dekkers & Pearce, 2016).
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Dormancy-specific XTH isozymes were also demonstrated to be present in the A. fatua

coleorhiza using an isoelectric focusing approach (Chapter 5).

Taken together these results indicate that the MPE and coleorhiza share a common
function in restraining the growth of the radicle to regulate germination. Since the
coleorhiza and MPE have a different developmental origin, this mechanism is an
example of convergent evolution in the regulation of germination between monocots
and dicots. These findings also lend support to the concept that mechanical
interactions are important determinants of seed dormancy and germinability.
Additionally, a previously unreported division of labour within the XTH gene family was

identified that will inform the study of xyloglucan remodelling in a broader sense.

7.4 Was the transcriptomic approach successful in identifying targets for

WSB management?

7.4.1 What are the challenges and limitations of RNAseq in non-model species?

Despite the power of NGS technologies to reveal global transcriptional responses to
different treatments without a requirement for genome sequence information, these
technologies have some important assumptions and limitations that need to be
understood in order to put NGS experiments in perspective. Firstly, library preparation
relies on reverse transcription and amplification via the polymerase chain reaction
(PCR) that can introduce bias into cDNA libraries (Hansen et al., 2010). After-
sequencing, reference-free assembly can cause the missassembly of transcripts due to
gene duplication, transposable elements and contamination from non-target species
(Holzer & Marz, 2019). Read counting and normalisation is another source of error,
where many normalisation methods are available that vary considerably in their output

(Dillies et al., 2013). Functional annotation of assembled transcript contigs relies on the
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assumption that sequence similarity to annotated genes in model species is a good
predictor of molecular function. Additionally, there is not a one-to-one relationship
between normalised transcript and protein abundance. Studies directly comparing
transcriptomes and proteomes have observed lower than expected correlations
between transcript abundances attributed to post-transcriptional regulation prior to
translation (Stare et al., 2017; Bathke et al., 2019). All of these challenges need to be
taken into account when interpreting gene expression data from NGS experiments in

non-model species.

With these limitations in mind, the aim of our transcriptomic analysis of environmentally
controlled dormancy in A. myosuroides was not to understand specific molecular
mechanisms of dormancy but to probe the broader processes involved in the regulation
of germination in A. myosuroides to inform the selection of dormancy breaking
compounds. The transcriptome presented in this work was designed with additional
biological replicates (5 per treatment) to be run across multiple sequencing lanes to
minimise bias with a high sequencing depth (40 million 150 bp paried-end (or 80 million
total) reads/sample). Reference-free (de novo) assembly of a subset of these reads
generated a larger than expected number of scaffolds (347,138) with a mean length of
916 bp (Appendix 9.7), however a number of chimeric scaffolds were also generated
(max scaffold length 56,256 bp). A high proportion of reads mapped back to the
assembly (91-98%) however properly paired alignment rates were lower (54-76%)
reflecting the large number of putatively assembled isoforms. It is likely that these
isoforms reflect diversity in the seed population and minor variants of genes, rather
than true paralogs. Scaffolds with low normalised expression (FPKM <5) were removed
due to a high degree of within-replicate variation. However, benchmarking of assembly
completeness using the BUSCO method (Simao et al., 2015) demonstrated a high
degree of completeness (94.2% complete BUSCOs). Functional annotation of the

filtered assembly was performed using BLAST and InterProScan (Gotz et al., 2008),
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and for key hormone biosynthesis and signalling genes BLAST annotations were
validated using an alignment and tree building approach against manually curated
reference sequences (Appendix 9.9). Taken together, these results show that the
transcriptome presented in this work is not without limitations, however the assembly
has a high degree of completeness, sufficient coverage to conduct expression analysis
and in the majority of cases validation of BLAST annotations confirmed a high degree

of annotation accuracy.

7.4.2 Was the RNAseq approach successful in identifying novel targets for WSB

management?

Targeted analysis of hormone synthesis and signalling gene expression revealed a
partly conserved transcriptional response for the core ABA:GA signalling module in A.
myosuroides when compared to model species (Chapter 4). Identification of novel
molecular mechanisms regulating dormancy in A. myosuroides is limited by the current
state of knowledge in model species, where much remains to be discovered about the
mechanisms regulating seed dormancy. However comparisons between compound
screening results (Chapter 3) and the transcriptomes of dormant and germinating A.
myosuroides seeds (Chapter 4) provides some useful insights about targets for
germination stimulants. For example a number of putative GID1 isoforms were
identified in A. myosuroides, however only one was strongly expressed in the dormant
state and phylogenetically confirmed (TC_749302) (Appendix 9.9) indicating that this
GID1 is the target for the effective GID1 agonists that were identified through
compound screening in A. myosuroides (Chapter 3). Phylogenetic analysis of this
putative G/ID1 identified close homology with a barley GID1 whose mutant (gse7) that
has a strongly diminished response to the GID1 agonist (AC94377), with respect to

other gibberellin insensitive mutants (Chandler et al., 2008). This GID1 agonist was
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identified in A. myosuroides as having a strong dormancy effect, supporting that
hypothesis that the GID1 that was expressed in the transcriptome was the target of this
compound. Information about the relative proportions of targets could therefore be
useful in understanding the responses of different species to specific germination

stimulants.

Another potential target found in the transcriptome was a putative homolog of the KA/I2
receptor for the smoke-derived germination stimulants karrikinolides. This transcript
was expressed at low levels but showed dry seed-specific expression pattern,
indicating that imbibed seeds may be sensitive to KAR: application due to
accumulation of the receptor (Chapter 4). KAR1 was indeed an effective dormancy
breaking compound in A. myosuroides however in after-ripened seeds KAR; acted as a
germination inhibitor (Chapter 3). Additionally at high concentrations, KAR; treated
seeds produced seedlings with severe morphological abnormalities (Chapter 3).
Inhibition of hypocotyl extension at high KAR1 concentrations have been demonstrated
in Arabidopsis (Nelson et al., 2010), however it appears these seedling effects are

stronger in A. myosuroides at similar concentrations.

Targeted analysis of known genes regulating dormancy and germination can only
reveal information about the regulation of germination in grass weeds in the context of
what is known from model species through forward and reverse genetics studies.
However the use of untargeted approaches identified a number of interesting
dormancy-related processes that had not previously been described in the literature
(Chapter 4). Differential expression analysis revealed a vast number of DEGs across
the treatments; 40% of the assembled transcript contigs were differentially expressed
between all the comparisons even with a relativity stringent DEG-calling threshold
(Chapter 4) therefore looking at individual DEG lists was not a practical approach to
analysing the transcriptional responses of A. myosuroides seeds. Instead a clustering

approach (Appendix 9.11) was employed to create gene lists with similar expression
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profiles and the overrepresentation of functional annotations was used to infer
differences in processes occurring in different clusters. Two clusters showing
dormancy-associated expression patterns (Cluster 6 & 8) were generated and these
clusters were found to be enriched in genes involved in, for example, cell wall

organisation, defence responses and the response to hypoxia.

Dormant A. myosuroides seeds imbibed at high temperatures had higher expression
levels of pathogenic response genes such as Xylanase Inhibitor Proteins and
Thioredoxin Peroxidases that have a previously described role in the seed defences to
pathogens (reviewed by Pollard, 2018). In the plant defence literature, such pathogenic
defence genes are typically regulated by jasmonate (JA) signalling (Jung et al., 2007).
In A. myosuroides the rate limiting step of bioactive JA-lle biosynthesis (JART) was
upregulated in the dormant state (Chapter 4). | hypothesised that dormancy, in addition
to the inhibition of germination, also acts to enhance processes which contribute to the
longevity of A. myosuroides seeds in the soil seed bank, such as defence against
pathogenic fungi. If these processes are regulated by JA signalling in seeds, then this
could provide an interesting novel target for the management of the WSB where
inhibitors of JA biosynthesis, such as Jarin-1 (Meesters et al., 2014), could be used to
repress seed defence responses and make weed seeds more vulnerable to fungal

pathogenesis to deplete the WSB.

Untargeted analysis of the A. myosuroides transcriptome also identified an
upregulation of genes related to anaerobic "respiration" (fermentation), such as
Pyruvate Decarboxylase and Lactate Dehydrogenase in the dormant state, whereas
genes involved in aerobic respiration were specifically expressed in treatments that
promoted germination (Chapter 4). This phenomenon has not been observed in model
species, however anaerobic conditions can induce secondary dormancy in a number of
grass species (reviewed by Simpson, 1990) and some weeds of paddy rice are able to

germinate under-water due through alcoholic and lactic fermentation (Rumpho &
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Kennedy, 1981). The adaptive significance of anaerobic respiration during dormancy is
not clear, however this process may provide an additional non-hormonal target for
WSB management worthy of further investigation in A. myosuroides. For example
inhibition of ATP generation through anaerobic fermentation could cause an energy
deficit and exhaustion in seeds or alternatively inhibition of lactate or alcohol

dehydrogenase activity could cause an accumulation of phytotoxic intermediates.

Results of our untargeted analysis of dormancy and germination in A. myosuroides
demonstrate that dormancy is a state associated with more processes than just the
inhibition of germination. Whilst most of the recent research into germination stimulants
has focused on targeting the hormonal processes involved in the regulation of
germination (Villedieu-percheron et al., 2014), untargeted analysis of transcriptomics
data provide the opportunity to identify additional dormancy-related process that might

be manipulated for the purposes of WSB management.

7.5 Future challenges in the study of germination stimulants in grass

weeds.

7.5.1 Will there be a ‘silver bullet’ germination stimulant that works for all weed

seeds?

This work has investigated the germination responses of a range of germination
stimulants across five grass species. The germination responses of these species to
different compounds was highly species-specific and often compounds with activity in
Arabidopsis did not have an activity on grass weeds (Chapter 3). This may be the
result in differences in the regulation of dormancy, target-site affinity but also
compound uptake and metabolism. It therefore seems unlikely that a ‘silver bullet’

compound that is able to break the dormancy of all the weed seeds in the WSB will be
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identified in the immediate future. Instead it may be useful to develop an understanding
of the patterns in the responses to compounds across different species. In the screen
of GID1 agonists in this work, weed species in tribe Poeae with a winter annual
lifecycle responded to GID1 agonists and two weed species from tribe Paniceae with a
summer annual lifecycle did not (Chapter 3). It is not clear if this observation reflects a
true pattern related to phylogeny or life cycle due to the limited number of species used
however both are weeds from different agronomic contexts (winter cereals and maize
respectively), and show similar germination responses to imbibitional temperature as
dormancy is released (Chapter 2). It may therefore be more constructive to look for
compounds that can break dormancy in weed species that are a problem in specific
cropping contexts. This approach would benefit from a greater understanding of the
patterns of compound responses across different species, and how these responses

can be related to life history traits.

7.5.2 WIill the germination stimulants identified in petri-dish assays be effective

in the field?

In many ways, constant laboratory conditions do not reflect field conditions as
previously discussed. In the petri-dish style germination assay, compounds are applied
to dry seeds that rapidly take up the solution during imbibition potentially offering an
easy route of entry for germination stimulants. Conversely in a WSB situation, seeds
may be at varying levels of hydration and compound uptake may not be so easily
facilitated by differences in water potential between soil and the seed. The differential
uptake of compounds across seed coats has already been probed in the literature to a
limited extent (Salanenka & Taylor, 2011) however little is known about the behaviour
of germination stimulants in soil. Studies of the stability of germination stimulants for
parasitic weed seeds have identified soil stability as a key factor limiting the success of

germination stimulants for ‘suicidal germination’ (Zwanenburg et al., 2016). An
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understanding of how compounds are taken-up by seeds in different growth media will

therefore be essential in developing germination stimulants for WSB management.

7.5.3 Could weeds become resistant to germination stimulants?

Successful weed management strategies involve strong selective pressures typically
involving mass-mortality events where a few individuals survive either by chance or by
adaptive fitness. Reliance on a limited range of herbicide MOAs has driven the
evolution of herbicide resistance in weed populations globally (Chapter 1). There is no
reason to assume that germination stimulants used to manage the WSB would be
exempt from the effects of this selective pressure. The analysis of the A. myosuroides
transcriptome presented in this work demonstrated that distinct mechanisms regulate
the release from dormancy during after-ripening including the interaction of distinct
hormonal signalling pathways (Chapter 4). Dormancy breaking can also occur through
multiple independent mechanisms, such as GID1 agonism, the inhibition of ABA
biosynthesis and from smoke cues (Chapter 3). In contrast herbicides typically have
monogenic non-redundant targets that are vital for survival in susceptible weeds. It
might therefore be hypothesised that resistance would develop more rapidly to
germination stimulants than it has for many herbicide MOAs. It may therefore be
important to test the effects of germination stimulants with different MOAs as mixtures
to avoid applying strong selective pressure on a single one of the many regulatory

pathways involved in the regulation of germination.

7.5.4 Is there a future for ‘Flush and Kill’ in weed management?

In this chapter many of the limitations and knowledge gaps to chemical manipulation of

the WSB have been discussed. However, despite these limitations, the ‘Flush and Kill’
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concept has great potential in bring the complex dynamics of the WSB under the
control of farmers. This is particularly relevant in the context of a shift away from tillage
practises that have historically been used to control weed emergence. Future research
should focus both on the biology of seed dormancy in weeds to better understand their
response to the environment. An understanding of the diversity of dormancy regulation
and responses to germination stimulants across species will also be important in

selecting the best targets for germination stimulants in different agronomic contexts.
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7.6 Project conclusions

7.6.1 Overall Conclusion

Chemical genetics and transcriptomics approaches have demonstrated a diversity of
mechanisms involved in the regulation of dormancy and germination across species.
This dormancy acts to restrict the range of temperatures in which grass weed seeds
germinate in a manner that reflects their life history and field emergence patterns. The
mechanical restraint of the radicle as a means of regulating germination is a
mechanisms that is conserved across mono- and dicotyledonous plant classes. The
ongoing potential of the ‘Flush and Kill concept will depend on a broadening
understanding of the diversity of mechanisms controlling weed seed responses to

germination stimulants and to the environment.

7.6.2 Addressing the specific aims of the project

Aim 1: Develop an understanding of the role of temperature on the germination of
grass weed seeds with defined levels of dormancy and investigate how these patterns

of germination can be explained by patterns of gene expression.

After-ripening was able to release the dormancy in dose-dependent manner in all but
one species. After-ripening rate was dependent on both the dormancy level of seeds
and their differing sorption isotherm properties. After-ripening caused an increase in the
maximum temperature permissive to germination in winter annuals and a decrease in
minimum temperature in summer annuals. Vernalisation of A. myosuroides plants
increased their dormancy as well as affecting seed production. Transcriptomic profiling
of the effect of after-ripening and imbibitional temperature in A. myosuroides diaspores
identified differential regulation of dormancy release by after-ripening and the cold. Dry

after-ripening did not cause significant differences in expression in the dry state. When
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imbibed, dormancy release by after-ripening was associated with the expression of
gibberellin biosynthesis genes while under cold temperatures dormancy release was
associated by the expression of abscisic acid catabolism genes and ethylene

responsive transcription factors.

Aim 2: Using information and experimental conditions obtained from Aim 1, select and

test putative germination stimulants on seed batches with defined dormancy levels.

Published and novel compounds from a target catalogue compound library were
screened against dormant and after-ripened A. myosuroides seed batches. GID1
agonists, PDS inhibitors and KAR:; were effective dormancy breakers in A.
myosuroides. A selection of hit compounds were further tested across four other
species, and multiple seed batches with differing genotypes or storage histories. Hit
compounds had diverse effects across the species and in some species responded

differently depending on the dormancy level of batches.

Aim 3: Investigate the hypothesis that the coleorhiza and MPE share a common

function in the physical restraint of the radicle during dormancy and germination.

Ablation of the coleorhiza from dormant A. fatua caryopses promoted germination
when compared to wounding controls. Biomechanical measurements of the coleorhiza
demonstrated weakening over time when imbibed in the after-ripened state and a
reinforcement in the dormant state. The coleorhiza and MPE therefore share a
conserved function in the restraint of radicle growth in dormant seeds. Since these two
tissues have a distinct developmental origin, this is an example of convergent evolution
in the regulation of germination between dicotyledonous and monocotyledonous plants.
Analysis of multiple transcriptome datasets identified candidate CWRPs associated

with coleorhiza strengthening or weakening, such as XTHs. The XET activity of XTHs
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was profiled across embryonic tissues and dormancy states. A peak of XET activity in
the after-ripened state was associated with radicle emergence and separation of XET
isozymes using isoelectric focusing identified dormancy-specific XETs as hypothesised
by the phylogenetic analysis of transcriptome data. These results confirm the

hypothesis that the coleorhiza plays a key role in the regulation of germination.

160



Chapter VI

7.7 References

Auge GA, Blair LK, Burghardt LT, Coughlan J, Edwards B, Leverett LD, Donohue
K. 2015. Secondary dormancy dynamics depends on primary dormancy status in

Arabidopsis thaliana. Seed Science Research 25: 230-246.

Auge GA, Blair LK, Neville H, Donohue K. 2017a. Maternal vernalization and
vernalization-pathway genes influence progeny seed germination. New Phytologist

216: 388—400.

Auge GA, Leverett LD, Edwards BR, Donohue K. 2017b. Adjusting phenotypes via

within- and across-generational plasticity. New Phytologist 216: 343—-349.

Barrero JM, Talbot MJ, White RG, Jacobsen J V, Gubler F. 2009. Anatomical and
transcriptomic studies of the coleorhiza reveal the importance of this tissue in

regulating dormancy in barley. Plant Physiology 150: 1006—1021.

Baskin JM, Baskin CC. 1985. The annual dormancy cycle in buried weed seeds: A

continuum. BioScience 35: 492—-498.

Baskin C, Baskin J. 2014. Seeds: Ecology, Biogeography, and Evolution of Dormancy

and Germination. Oxford: Academic Press.

Bathke J, Konzer A, Remes B, Mcintosh M, Klug G. 2019. Comparative analyses of
the variation of the transcriptome and proteome of Rhodobacter sphaeroides

throughout growth. BMC Genomics 20: 1-13.

Bewley J, Bradford K, Hilhorst H, Nonogaki H. 2013. Seeds - Physiology of

Development, Germination and Dormancy. London: Springer.

Cadman CSC, Toorop PE, Hilhorst HWM, Finch-Savage WE. 2006. Gene
expression profiles of Arabidopsis Cvi seeds during dormancy cycling indicate a

common underlying dormancy control mechanism. Plant Journal 46: 805-822.

161



Discussion and Conclusions

Chandler PM, Harding CA, Ashton AR, Mulcair MD, Dixon NE, Mander LN. 2008.
Characterization of gibberellin receptor mutants of barley (Hordeum vulgare L.).

Molecular Plant 1: 285-294.

Chauvel B, Munier-Jolain NM, Grandgirard D, Gueritaine G. 2002. Effect of
vernalization on the development and growth of Alopecurus myosuroides. Weed

Research 42: 166-175.

Chen Y. 2014. Thesis: The Effect of Smoke on Seed Germination: Global Patterns and

Regional Prospects for the Southern High Plains. Texas Tech University, USA.

Cohen D. 1966. Optimizing reproduction in a randomly varying environment. Journal of

Theoretical Biology 12: 119-129.

Corbineau F, Xia Q, Bailly C, EI-Maarouf-Bouteau H. 2014. Ethylene, a key factor in

the regulation of seed dormancy. Frontiers in Plant Science 5. 1-13.

Dekkers BJW, Pearce SP. 2016. Dormant and after-ripened Arabidopsis thaliana
seeds are distinguished by early transcriptional differences in the imbibed state.

Frontiers in Plant Science 7: 1-15.

Dillies MA et al. 2013. A comprehensive evaluation of normalization methods for
lllumina high-throughput RNA sequencing data analysis. Briefings in Bioinformatics 14:

671-683.

Finch-Savage WE, Footitt S. 2017. Seed dormancy cycling and the regulation of
dormancy mechanisms to time germination in variable field environments. Journal of

Experimental Botany 68: 843—856.

Finch-Savage WE, Leubner-Metzger G. 2006. Seed dormancy and the control of

germination. New Phytologist 171: 501-523.

Footitt S, Douterelo-Soler |, Clay H, Finch-Savage WE. 2011. Dormancy cycling in

Arabidopsis seeds is controlled by seasonally distinct hormone-signaling pathways.

162



Chapter VI

PNAS 108: 20236—-20241.

Footitt S, Huang Z, Clay HA, Mead A, Finch-Savage WE. 2013. Temperature, light
and nitrate sensing coordinate Arabidopsis seed dormancy cycling, resulting in winter

and summer annual phenotypes. Plant Journal 74: 1003-1015.

Footitt S, Miiller K, Kermode AR, Finch-Savage WE. 2015. Seed dormancy cycling
in Arabidopsis: Chromatin remodelling and regulation of DOG1 in response to seasonal

environmental signals. Plant Journal 81: 413—-425.

Footitt S, Olger-Footitt H, Hambidge AJ, Finch-Savage WE. 2017. A laboratory
simulation of Arabidopsis seed dormancy cycling provides new insight into its
regulation by clock genes and the dormancy-related genes DOG1, MFT, CIPK23 and

PHYA. Plant Cell and Environment 40: 1474—-1486.

Gazara RK, Moharana KC, Bellieny-Rabelo D, Venancio TM. 2018. Expansion and
diversification of the gibberellin receptor GIBBERELLIN INSENSITIVE DWARF1

(GID1) family in land plants. Plant Molecular Biology 97: 435—449.

Gonzalez-Calle V, Barrero-Sicilia C, Carbonero P, Iglesias-Fernandez R. 2015.
Mannans and endo-B-mannanases (MAN) in Brachypodium distachyon: Expression
profiing and possible role of the BdMAN genes during coleorhiza-limited seed

germination. Journal of Experimental Botany 66: 3753-3764.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Garci JM, Nagaraj SH, Valencia
D, Geno C De. 2008. High-throughput functional annotation and data mining with the

Blast2GO suite. Nucleic Acids Research 36: 3420-3435.

Hansen KD, Brenner SE, Dudoit S. 2010. Biases in lllumina transcriptome

sequencing caused by random hexamer priming. Nucleic Acids Research 38: 1-7.

Hauvermale AL, Tuttle KM, Takebayashi Y, Seo M, Steber CM. 2014. Loss of

Arabidopsis thaliana seed dormancy is associated with increased accumulation of the

163



Discussion and Conclusions

GID1 GA hormone receptors. Plant and Cell Physiology 56: 1773-1785.

Holzer M, Marz M. 2019. De novo transcriptome assembly: A comprehensive cross-

species comparison of short-read RNA-Seq assemblers. GigaScience 8: 1-16.

Honek A, Martinkova Z, Jarosik V. 1999. Annual cycles of germinability and
differences between primary and secondary dormancy in buried seeds of Echinochloa

crus-galli. Weed Research 39: 69-79.

Huang Z, Footitt S, Finch-Savage WE. 2014. The effect of temperature on
reproduction in the summer and winter annual Arabidopsis thaliana ecotypes Bur and

Cvi. Annals of Botany 113: 921-929.

Jacobsen J V, Pearce DW, Poole AT, Pharis RP, Mander LN. 2002. Abscisic acid,
phaseic acid and gibberellin contents associated with dormancy and germination in

barley. Physiologia Plantarium 115. 428—-441.

Jefferson L, Pennacchio M, Havens-Young K. 2014. Ecology of Plant-Derived

Smoke: Its Use in Seed Germination. Chicago: Oxford University Press.

Jung C, Lyou SH, Yeu S, Kim MA, Rhee S, Kim M, Lee JS, Choi Y Do, Cheong JJ.
2007. Microarray-based screening of jasmonate-responsive genes in Arabidopsis

thaliana. Plant Cell Reports 26: 1053—-1063.

Lee Y, Karunakaran C, Lahlali R, Liu X, Tanino KK, Olsen JE. 2017. Photoperiodic
regulation of growth-dormancy cycling through induction of multiple bud — shoot
barriers preventing water transport into the winter buds of norway spruce. Frontiers in

Plant Science 8: 1-16.

Linkies A, Leubner-Metzger G. 2012. Beyond gibberellins and abscisic acid: How

ethylene and jasmonates control seed germination. Plant Cell Reports 31: 253-270.

Maréchal P, Henriet F. 2012. Ecological review of black-grass (Alopecurus

myosuroides Huds.) propagation abilities in relationship with herbicide resistance.

164



Chapter VI

Biotechnology, Agronomy, Society and Environment 16: 103—113.

Meesters C, Monig T, Oeljeklaus J, Krahn D, Westfall CS, Hause B, Jez JM, Kaiser
M, Kombrink E. 2014. A chemical inhibitor of jasmonate signaling targets JAR1 in

Arabidopsis thaliana. Nature Chemical Biology 10: 830-836.

Millar AA, Jacobsen J V., Ross JJ, Helliwell CA, Poole AT, Scofield G, Reid JB,
Gubler F. 2006. Seed dormancy and ABA metabolism in Arabidopsis and barley: The

role of ABA 8-hydroxylase. Plant Journal 45: 942-954.

Mojzes A, Csontos P, Kalapos T. 2015. Is the positive response of seed germination

to plant-derived smoke associated with plant traits? Acta Oecologica 65-66: 24—31.

Miiller K, Tintelnot S, Leubner-Metzger G. 2006. Endosperm-limited Brassicaceae
seed germination: Abscisic acid inhibits embryo-induced endosperm weakening of
Lepidium sativum (cress) and endosperm rupture of cress and Arabidopsis thaliana.

Plant and Cell Physiology 47: 864—-877.

Nakabayashi K, Okamoto M, Koshiba T, Kamiya Y, Nambara E. 2005. Genome-
wide profiling of stored mRNA in Arabidopsis thaliana seed germination: Epigenetic

and genetic regulation of transcription in seed. Plant Journal 41: 697—709.

Nakajima et al. 2006. Identification and characterization of Arabidopsis gibberellin

receptors. Plant Journal 46: 880-889.

Nelson D, Flematti G, Riseborough JA, Ghisalberti EL, Dixon KW, Smith SM.
2010. Karrikins enhance light responses during germination and seedling development

in Arabidopsis thaliana. PNAS 107: 7095-7100.

Ogawa M, Hanada A, Yamauchi Y, Kuwahara A, Kamiya Y, Yamaguchi S. 2003.
Gibberellin biosynthesis and response during Arabidopsis seed germination. The Plant

Cell 15: 1591-1604.

Penfield S, MacGregor DR. 2017. Effects of environmental variation during seed

165



Discussion and Conclusions

production on seed dormancy and germination. Journal of Experimental Botany 68: 1—

7.

Pollard AT. 2018. Seeds vs fungi: An enzymatic battle in the soil seedbank. Seed

Science Research 28: 197-214.

Rudall PJ, Stuppy W, Cunniff J, Kellogg EA, Briggs BG. 2005. Evolution of
reproductive structures in grasses (Poaceae) inferred by sister-group comparison with
their putative closest living relatives, Ecdeiocoleaceae. American Journal of Botany 92:

1432-1443.

Rumpho ME, Kennedy RA. 1981. Anaerobic metabolism in germinating seeds of

Echinochloa crus-galli (barnyard grass). Plant Physiology 68: 165—168.

Salanenka YA, Taylor AG. 2011. Seedcoat permeability: Uptake and post-germination

transport of applied model tracer compounds. HortScience 46: 622—626.

Simao FA, Waterhouse RM, loannidis P, Kriventseva E V, Zdobnov EM. 2015.
Genome analysis BUSCO : assessing genome assembly and annotation completeness

with single-copy orthologs. Bioinformatics 31: 3210-3212.

Simpson G. 1990. Seed Dormancy in Grasses. Cambridge: Cambridge University

Press.

Soltani E, Baskin JM, Baskin CC. 2019. A review of the relationship between primary
and secondary dormancy, with reference to the volunteer crop weed oilseed rape

(Brassica napus). Weed Research 59: 5-14.

Stare T, Stare K, Weckwerth W, Wienkoop S, Gruden K. 2017. Comparison
between proteome and transcriptome response in potato (Solanum tuberosum L.)

leaves following potato virus Y (PVY) infection. Proteomes 5.

Steinbrecher T, Leubner-Metzger G. 2017. The biomechanics of seed germination.

Journal of Experimental Botany 68: 765—783.

166



Chapter VI

Villedieu-percheron E, Lachia M, Jung PMJ, Screpanti C, Fonné-pfister R,
Wendeborn S, Zurwerra D, Mesmaeker A De. 2014. Chemicals Inducing Seed

Germination and Early Seedling Development. Chimia 68: 654—-663.

Zwanenburg B, Mwakaboko AS, Kannan C. 2016. Suicidal germination for parasitic

weed control. Pest Management Science 72: 2016-2025.

167






Chapter VI

8. Materials and Methods

8.1 Seed collection, production and storage

The seed batches used in this thesis come either from field collections in the UK,
propagation in the glasshouse at Royal Holloway University or as contributions from
the seed bank at Jealott's Hill International Research Center (Bracknell, UK).
Information about the provenance of individual seed batches can be found in Chapter 2
(Table 2.2). All the seed batches were subjected to the same storage conditions upom

arrival to the university.

8.1.1 Collection of seed material in the field

Seed collection in the field was conducted following the recommendations in Baskin &
Baskin, (2014). Alopecurus myosuroides LH170 was collected from a wheat field in
Jealott’s Hill (Bracknell, Berkshire, UK, 51°27'19.2"N 0°45'44.8"W) in June 2017 and A.
fatua LH840 was collected from a barley field in Kingsclere (Hampshire, UK,
51°15'29.8"N 1°19'36.1"W) in August 2016. To ensure seeds were collected only at
maturity, seed bearing culms were cut and agitated in a plastic bag. Culms bearing

seeds that did not detach were discarded.

8.1.2 Propagation of plants for seed in controlled environments

All seed batches that were produced from plants grown under controlled environment
conditions were subjected to the same temperature and supplementary lighting regime
during seed maturation. After-ripened or non-dormant seeds were germinated in 90
mm Petri dishes containing 5 mL of water at 20°C under constant light for 2 weeks (see

8.2.1). Seedlings were then transferred to 40-cell seed trays (LBS Horticultural Ltd.,
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Lancashire, UK) containing a 10:1 (v/v) mixture of J. Arthur Bower’s John Innes No. 1
compost (Westland Horticulture Ltd., Dungannon, County Tyrone, Northern Ireland)
and Standard. These seed trays were incubated for two weeks in a phytochamber with
a 18/6 hour day/night cycle under fluorescent white light at 20/18°C for two weeks and
regularly watered. After two weeks seedlings were potted into round 15 cm diameter
pots (A. myosuroides and P. annua) or 30 cm diameter pots (D. sanguinalis and S.
faberi) containing a 10:1 (v/v) mixture of J. Arthur Bower’s John Innes No. 3 compost
(Westland Horticulture Ltd.) and Standard Perlite (Sinclair Pro, Westland Horticulture
Ltd.) and 300 g m? of Exemptor® (10% w/w Thiacloprid insecticide, Bayer AG.
Leverkusen, Germany) for the control of soil-borne insect pests. Plants were
transferred to a glasshouse bay with supplemental sodium lighting on a 16/8 hour
day/night cycle at 20/18°C and watered regularly. Plants were fed approximately every
two weeks with a water soluble fertiliser (Peters® Professional Grow-Mix, ICL Ltd.
Ipswitch, UK) at 1 g L™ until flowering. To control mildew on A. myosuroides plants a
commercial fungicide (Trifloxystrobin + Tebuconazole, Fungus Fighter Plus®, Bayer
AG) was applied using a trigger spray bottle following the manufacturer’s
recommendations. After flowering and seed maturation, the watering regime was
reduced and plants were allowed to desiccate before seed harvest. To ensure seeds
were collected only at maturity, seed bearing culms were cut and agitated in a plastic

bag. Culms bearing seeds that did not detach were discarded.

8.1.3 Vernalisation

To assess the effects of vernalisation on progeny dormancy, the propagation method
above (8.1.2) was followed, except that half of the seedlings were kept in seed trays
and incubated in an environmental test chamber (Conviron™ Adaptis® CMP6010) set

to 16/8 hour day/night cycle at 20/18°C with the same photoperiodicity as the
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phytochamber. The temperature in this chamber was gradually reduced over the
course of 6 days to an 8/16 hour day/night cycle at 6/4°C (Table 8.1). This condition
was maintained for 35 days and then temperatures and lighting were increased to the
initial condition. In total 12 plants that were vernalised and 6 non-vernalised plants
were grown to maturity. These plants were harvested following the method described in
8.1.2. The P. annua plants used to produce LH011 were also vernalised following this
method. Attempts to vernalise D. sanguinalis and S. faberi following this method

resulted in the death of the plants.

Table 8.1. Vernalisation program.

Day length Day temp. (°C)  Night temp. Day light Number of Cumulative
(hours) (°C) level cycles days

16 18 16 3 2 2

14 14 10 2 2 4

12 8 6 1 2 6

8 6 4 1 35 41

12 8 6 1 2 43

14 14 10 2 2 45

16 18 16 3 2 47

8.1.4 Seed batch processing and cleaning

Immediately after harvest, for both field collected and propagated batches, seeds were
spread evenly on trays and transferred to a seed drying room held between 10-20%
relative humidity at 20°C in the dark for one week. Different seed cleaning processes
were used for different species. For A. fatua glumes (but not lemma and palea) were
removed using a laboratory seed thresher (STM-350, Seed Processing Holland Inc.,
Enkhuizen, The Netherlands) resulting in the removal of awns from most diaspores.
For A. myosuroides a coarse metal sifter was used to remove large debris and a fine
sifter was used to separate diaspores from anthers. For smaller seeded species (D.
sanguinalis, P. annua and S. faberi) a ‘Seed Blower was used to separate anthers
from diaspores (Seed blower & 100 mm, type 4110.10.00, Seed Processing Holland

Inc.).
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8.1.5 Measuring flowering and seed production by A. myosuroides plants

During the propagation of A. myosuroides plants for Chapter 6, the onset of anthesis
was counted regularly over time by recording the emergence of the tip of the panicles
from the culms for each plant individually. To measure seed production, diaspores
were weighed for each plant separately after drying. To determine the 100 seed weight
for both batches, triplicates of 100 seeds were randomly selected and weighed using a

fine balance.

8.1.6 Seed provided by collaboration partner

In compound screens using multiple seed batches from the same species, seeds with
unknown dormancy were provided by Syngenta Ltd. (Jealott’'s Hill International
Research Centre, UK). These seeds had been stored for varying lengths of time in a
dry seed storage facility in cotton seed bags. For these seed batches it is not clear if

batches with low germination are dormant or aged.

8.1.7 Long term seed storage

All seeds in this work were subjected to the same seed storage protocol after arrival at
the University. After harvest or collection, seeds were dried to < 20% equilibrium
relative humidity in a purpose built seed drying room and processed following the
methods described in 8.1.4. Seeds were transferred to 13 x 18 cm 40 g m* glassine
bags (HERA Papierverarbeitung GmbH & Co KG, Nidda, Germany) and stored for one
week above silica gel (Chameleon® C 2,5 - 6 mm drying agent, VWR International Ltd.,
Pennsylvania, USA) at room temperature. The silica gel contained a colour changing

agent to indicate a loss of hygroscopic potential. When this color change was

172



Chapter VI

observed, silica gel was refreshed and regenerated by heating in a drying oven (DRY-

Line® 53, VWR International Ltd.) at 110°C for >7 hours or overnight.

After a week of storage above silica gel the water activity of the seed was tested using
a dew point hygrometer (see 8.1.9). When seeds reached < 10% equilibrium relative
humidity (%ERH) they were transferred in their bags to hermetically sealed 2 L ‘Kilner
Jars’ (Item code: 0025.513, Rayware Ltd. Liverpool, UK) along with ~250 mL of silica
gel and stored in a -20°C cold room. Monitoring germination of dormant seed batches
(A. fatua LH840-D and A. myosuroides LH170-D) showed that there was minimal
change in dormancy over a three year storage period when seeds were stored under

this condition (Chapter 2).

8.1.8 After-ripening seed storage

After-ripening was used to release seed dormancy and generate seed batches with
defined dormancy levels. For after-ripening assays sub-populations of ~200 seeds from
dormant seed batches were portioned into aliquots in 5.3 x 7.8 cm 40 g m glassine
bags (HERA Papierverarbeitung GmbH & Co KG, Nidda, Germany). These bags were
suspended above saturated aqueous solutions of MgCl, or Ca(NOs), in hermetically
sealed containers generating ERHs of 32% and 53% respectively. Measurements of
seed %ERH when stored under these conditions showed that seeds came to
equilibrium with this humidity within one week (Chapter 2). Sub-populations were
periodically removed every 4 weeks and a standard germination assay was conducted

at 20°C under constant light following the method described in 8.2.1.

To generate seed batches with standardised after-ripening treatments, after-ripening
curves (Chapter 2) were generated showing the change in maximum germination
occurring over after-ripening storage time. A four parameter logistic curve was fitted

using GraphPad Prism software (v7.0.5, GSL Biotech LLC, California, USA) to after-
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ripening curves and used to interpolate the half-maximal (ARso%) and maximal (AR100%)
after-ripening times under either humidity. Values for S. faberi were not interpolated
because the relationship between after-ripening and maximum germination was
ambiguous. Larger batches (~100 g) were incubated in 13 x 18 cm 40 g m glassine
bags (HERA Papierverarbeitung GmbH & Co KG, Nidda, Germany) under the
described storage conditions and removed after reaching ARsos, or ARigo%. These

batches were then dried and stored at -20°C as previously described.

8.1.9 Measurement of equilibrium relative humidity

A dew point hygrometer (LabMaster-aW, Novasina AG, Lachen, Switzerland) was used
to measure the %ERH generated by seeds and aqueous solutions of different salts.
This device was regularly calibrated using hygroscopic standards as described by the
manufacturer. For measurements of seed %ERH, ~1 g of seeds were equilibrated to
200C and %ERH was measured with a 5 minute stable observation time. Care was
taken to minimise the exposure of samples to the ambient environment. For the
measurement of solutions, 3 mLs of solution was pipetted into the sample cups and
measurements with a 5 minute stable observation time and varied temperatures were
used. Percentage saturation of the salt solutions was calculated relative to published

solubility data on the PubChem Database (Kim et al., 2019).

8.1.10 Generation of seed moisture sorption isotherms

Approximately 1 g of seeds was equilibrated above SAL-T humidity standards (4, 6, 11,
33, 53, 75, 90 & 98 %ERH, Novasina AG, Lachen, Switzerland) on a filter paper cup
inside a hermetically sealed container. These seeds were allowed to equilibrate at 20°C

for one week in a controlled environment chamber (MLR-352-PE, Panasonic
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Corporation, Osaka, Japan). After equilibration seeds were weighed using a fine
balance taking care to minimise exposure to the ambient environment. Samples were
then heated to 110°C for 3 hours in a drying oven (DRY-Line® 53, VWR International
Ltd.) and reweighed. Seed moisture content was calculated as the difference between
equilibrated mass and dry mass as a percentage of the mass equilibrated at 100%
ERH (above a solution of ultrapure water). These values were fitted to a five parameter
asymmetric sigmoidal curve (Gottschalk & Dunn, 2005) using GraphPad Prism (v7.0.5,
GSL Biotech LLC, California, USA) and the moisture contents generated from different

storage humidities were interpolated.

8.1.11 Seed viability testing using the tetrazolium assay

Seeds were imbibed for 24 hours at 20°C in a controlled environment chamber (MLR-
352-PE, Panasonic Corporation, Osaka, Japan) under constant light. One hundred
diaspores in ftriplicate were dissected and the number of diaspores that contained a
fully formed caryopsis was recorded. Caryopses were then transferred to a petri-dish
containing two filter papers and an aqueous solution of 1% (w/v) 2,3,5-
triphenyltetrazolium chloride (TTC). As a negative (dead) control, another set of
caryopses were incubated at 90°C in ultrapure water for an hour and then transferred
to TTC plates. These plates were incubated for a further 24 hours at 20°C in the dark.
Staining was assessed under a stereomicroscope. Embryos were considered stained
when the entirety of the visible external portion of the embryo (underneath the testa
and pericarp) was stained dark red (Appendix 9.16). Caryopses with weak or patchy

staining were considered unstained and non-viable.
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8.2 Germination kinetics

8.2.1 Standard germination assay conditions

For all germination assays and tissue preparations a standard germination medium and
filter paper substrate was used with different Petri-dish sizes and incubation medium
volumes depending on the species. For all species the incubation medium was reverse
osmosis purified water (Purite® Select Fusion, Suez Recycling and Recovery UK Ltd.,
Berkshire, UK) with a resistivity of > 18.0 MQ-cm that was sterilised by autoclaving at
121°C for 20 minutes. Filter papers, manufactured from cotton linters and refined pulp
with a high level of a-cellulose, were acquired from Machery-Nagel™ (MN-713,

Machery-Nagel GmbH & Co. KG, Oensingen, Switzerland).

A. fatua seeds were incubated in clear 9 cm Petri dishes with two 8 cm filter papers
with 5 mL of water. A. myosuroides and S. faberi seeds were incubated in 6 cm Petri
dishes with 5 cm filter papers and 2.5 mL of water. The small seeded species D.
sanguinalis and P. annua were incubated in 6 cm Petri dishes with 5 cm filter papers
and 2 mL of water. Petri dishes were sealed with Parafim™ (Bemis™, Thermo Fisher
Scientific Inc., Massachusetts, USA). When Petri dishes were stacked in incubators, a
blank plate containing filter papers and water but no seeds was placed on top of the
stack. In larger germination assays (>100 plates), the position of plates within the stack
and the incubator was pseudorandomised at each assessment time point. Unless
otherwise stated, germination assays consisted of biological triplicates containing >30
diaspores per Petri-dish. Unless otherwise stated, germination was counted as the

emergence of the coleorhiza through the proximal margins of the glumes.
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8.2.2 The use of two dimensional thermal gradient plates

Thermal gradient plates consist of a sheet of aluminum where a gradient of
temperatures is generated by heating one end of the plate and cooling the other. Plates
are divided into grids where each grid square represents the position of one Petri-dish.
Each plate therefore experiences a small gradient of temperatures that we expect to be
in the range of + 1°C. The temperature in the center of each position was measured
using a thermocouple temperature sensor (K type, +0.1°C) embedded in a petri dish
using a temperature data logger (VOLTCRAFT® PL-125-T4USB, Conrad Electronic
AG, Wollerau, Switzerland). In this work two different thermal gradient plates were
used. For A. fatua, a custom built plate (2D Thermogradiententisch, Albert-Ludwigs-
Universitat, Freiburg, Germany) with supplementary fluorescent lighting was used
because it was more suitable for larger Petri dishes. For species that were incubated in
6 cm Petri dishes a GRANT™ GRD1-LH (Grant Instruments Ltd., Cambridge, UK) with
supplementary fluorescent lighting was used because of its greater temperature-
linearity across the plate. When incubating plates on a two dimensional thermal
gradient plate the standard germination conditions described in 8.2.1 were used.
Additionally, at temperatures above 24°C, supplemental water was added to replace

water that was lost through evaporation.

8.2.3 Cold stratification

Triplicates of 30 freshly harvested A. myosuroides seeds produced by vernalised and
non-vernalised plants (LH192V-D & LH192NV-D) were imbibed in Petri-dishes as
described in 8.2.1 but with just 1 mL of water. These plates were incubated in the dark
at 4°C using a laboratory refrigerator for 3, 7, 14, and 21 days. After this time, an
additional 2 mL of water was added and the plates were transferred to an incubator at

20°C in constant light and germination was scored as described in 8.2.1.
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8.2.4 Coleorhiza ablation experiments

For experiments involving ablation, a fine grade (P240) silica-based abrasive paper
was used to remove the coleorhiza from dry caryopses. Coleorhiza ablation using this
method produced similar results to surgical ablation of the coleorhiza from imbibed
caryopses (data not shown). A number of wounding controls were also generated using
imbibed caryopses. For the ablation of the plumule a fine razor blade was used to
bisect the embryo to the depth of the scutellum and the plumule was removed using
fine forceps. For pericarp ablation, the pericarp and testa were peeled away from the
embryo using fine forceps without disturbing the underlying tissues. After 240 hours,
pericarp and plumule ablated treatments were transferred to a plate containing 100 pM
GA4+7 + 0.1 % (v/v) DMSO (Table 8.2) under standard germination conditions (8.2.1) to

determine if tissue ablation had affected the germinability of the seeds.

8.2.5 Statistical analysis of thermal gradient table data

Estimation of cardinal temperatures from the germination data produced from
thermogradient table experiments was conducted by calculating the area under the
curve (AUC) for a point-to-point spline of the germination data for individual plates. For
calculating base (T,) and ceiling (T:) temperatures, linear regression analysis
(GraphPad Prism v7.0.5) was performed on the relationship between AUC and
temperature. For T, estimation, data points below an optimal temperature were
included in the regression analysis for T estimation only data points above the optimal
temperature were included. The intercept of the regression line and 95% confidence
intervals with the x-axis was used to extrapolate the cardinal temperatures. For the
estimation of optimal temperatures (T,) a segmental linear regression analysis
(GraphPad Prism v7.0.5) was performed with all AUC data points where the parameter

‘X0’ was considered the optimal temperature with a predicted 95% confidence interval.
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8.3 Microscopy
8.3.1 Stereomicroscopy and imaging of whole seeds and isolated tissues

Images of whole and dissected diaspores were taken using a stereomicroscope fitted
with a camera (Leica MZ125, Leica Biosystems, Wetzlar, Germany) and images were
processed using the inbuilt Leica Application Suite Software (version 4.1). Images were
further processed using GIMP v2.8.16 (The GIMP Team, 2019) to improve the contrast

and remove noise.

8.3.2 Sample preparation for light microscopy

The light microscopy in this work was all performed using the same method. Diaspores
or caryopses were imbibed for varying lengths of time under standard germination
conditions (8.2.1) at 20°C under constant light. Samples were then fixed in 4% (w/v)
paraformaldehyde during three cycles of vacuum infiltration in a vacuum desiccator and
overnight incubation at 4°C. After fixation, samples were washed in an excess of
phosphate buffered saline (PBS) and then subjected to the following ethanol (% v/v)
dehydration gradient: 30% (2x 30 mins), 50% (2x 30 mins), 70% (2x 30 mins), 85% (2x
30 mins), 95% (2x 30 mins) and 100% (4x 30 mins). A resin based system was chosen
for embedding after the failure of paraffin-based methods to infiltrate the endosperm.
Samples were embedded in 2-hydroxyethyl methyl acrylate (HEMA) (Technovit® 7100
cold curing resin system, Kulzer Technique, Wehrheim, Germany) following
Matsushima et al., (2014) with modifications (Yeung et al., 2015). The following dilution
series of HEMA in 96% ethanol (% v/v) was used to embed samples: 25% (24 hours, 3
exchanges), 50% (24 hours, 3 exchanges), 75% (24 hours, 3 exchanges), 100% (96
hours, 4, exchanges). Samples were then polymerised in a heatsink blocking mold
(Histoform™ Q, Kulzer Technique, Wehrheim, Germany) by the addition of 1% (v/v)

benzoyl peroxide. After polymerisation, blocks were removed and trimmed with a

179



Materials and Methods

jewelers saw and re-embedded in the desired orientation. Samples were then mounted
onto supports (Histoblock™ Q, Kulzer Technique, Wehrheim, Germany) using the

Technovit™ 3040 polymer following the manufacturer’s instructions.

Sectioning was performed using a rotary microtome (Microtom HM355S, Thermo
Scientific, Massachusetts, USA) to cut 5 pm sections. Sections were mounted onto
slides (VWR 631-0117, VWR International Ltd., Pennsylvania, USA) by flotation on
water and dried at 45°C on a hotplate for 2 hours. Sections were progressively stained
on the slide using in 1% (w/v) safranin O (to stain cell wall lignin) counterstained within
1% (w/v) toluidine blue (to stain nuclei and polysaccharides) (Ruzin, 1999). Coverslips
were mounted using Canada Balsam (Merck KGaA, Darmstadt, Germany) and sealed
using clear nail varnish. Bright-field images were taken using an ECLIPSE™ Ni-E
stereomicroscope (Nikon, Tokyo, Japan) and images were processed using GIMP

(v2.8.16) to improve the contrast.

8.3.3 Measuring organ expansion during germination

To measure the expansion of different embryonic tissues during the germination in A.
fatua, caryopses that had been imbibed under standard germination conditions (8.2.1)
were fixed in paraformaldehyde (8.3.2) and stored at 4°C. Caryopses were washed in
PBS then laterally cut using a razor blade to produce ~0.5 mm thick sections. Before
imaging, sections were briefly