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Abstract

Abstract
The carbon partitioning and accumulation are critical for biomass formation in

plants and can be affected by environmental changes and regulated by circadian clock.
Thus, in this study, barley was grown under three light intensities and under three
temperature regimes to evaluate growth, photosynthesis and carbon metabolism. We
also established a high throughput enzymatic protocol that allows determination of
fructans and glucose, fructose and sucrose from small tissue samples. Barley
photosynthesis and carbon compounds accumulation increase accordingly to
increments of light intensity, mainly in blades. Surprisingly, malate is accumulated in
high quantities and is the major pool of carbon in barley, especially under low light,
when sucrose accumulation is lower. Turnover rates of metabolites were very similar
between light intensities and the participation of circadian clock on the regulation was
investigated. Introgression lines with mutation in the ELF3, an element of the
circadian core clock, presented increased content of hexoses and lower starch content
at end of day with similar turnover rates to wild-type. Impaired elf3 function did not
lead to inhibition of growth in barley, which might be explained by the low
contribution of starch and hexoses to the pool of C used at night. Growth in barley is
dependent of sucrose and malate levels, which are not under strong influence of elf3.
Plants grown under cold condition presented inhibition of photosynthesis and growth.
Surprisingly, they also presented inhibition of starch accumulation during the day
under cold nights. However, mobilization rates of starch were similar in warm days
and nights. Malate and sucrose compose the majority of the carbon pool available for
the night growth in all temperature regimes, accumulating in blades under cold days.
Although fructan accumulation was expected under cold, it was negligible for all
tissues. The growth in barley is impaired under cold nights, even though there is
carbon available for use at night. Hence, the data suggests that barley growth
machinery is sensitive to cold night, leading to a negative feedback on photosynthesis,
starch accumulation, and sucrose and malate mobilization at night. Glucose, starch
and sucrose accumulation was reduced in elf3 mutants grown under cold nights,
suggesting a clock control on the synthesis of these compounds, despite the absence
of an effect of ELF3 mutation on growth and photosynthesis. Thus, further
investigation targeting other clock components would clarify the extent of the growth
regulation and carbon partitioning in sucrose accumulating plants, as well as the

growth response to cold.
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Chapter 1 — Regulation of primary metabolism to environmental changes in starch
and sucrose accumulating species

1.1. Introduction

Plants face biotic and abiotic stresses in their natural environment. The
frequency, variety and intensity of the stresses vary according to the regions where
plants grow, and it is reflected by the range of adaptations plants have developed
(Kozlowski and Pallardy, 2002; Ruelland et al., 2009; Berger et al., 2016). Plants of
tropical regions experience low variation in daylength although usually high and stable
temperatures, whereas plants from temperate and arctic regions face large seasonal
variations of daylength and temperatures. Besides geographical effects, plants face a
large number of micro environmental stresses such as pathogens, herbivores, poor soil
quality and structure, salinity, drought, heavy metals, micronutrient deficiencies, low
pH and waterlogging. In agriculture, proper agricultural practises are able to improve
nutritional and soil structural characteristics, thus mitigating environmental stresses,
however often at high environmental and financial costs (Caires et al., 2015; Mbuthia
et al., 2015). Indeed, crop domestication has led to crops more sensitive to biotic and
abiotic stresses than their wild relatives due to loss of genetic diversity (Kantar et al.,
2017). However, traditional breeding and genetic engineering aiming at improving
crop resilience to stresses could be significant tools to improve the yield of crops
grown under suboptimal conditions (Wolter et al., 2019). Indeed traditional breeding
and the domestication process has already led to the adaptation of crops to new
suboptimal growth conditions, e.g. barley which originates from the fertile crescent
has been adapted to the short and long photoperiods encountered in Scandinavian
countries, these varieties being mutants of the core clock gene EARLY FLOWERING
3 (ELF3) (Zakhrabekova et al., 2012).

The domestication of plants changed tremendously their morphological
characteristics, associated with higher yield and often seed size (Helbaek, 1959; Hake
and Ross-1barra, 2015) but also influenced the chemical defences of leaves and seeds
(Shlichta et al., 2018), and the microbiome present in the rhizosphere (Perez-Jaramillo
et al., 2016). It has been reported that up to 8% of the whole genome of plants or
animals have been affected by domestication (Wright, 2005; Caicedo et al., 2007;
Zhou et al., 2015; Zhang et al., 2017; Moyers et al., 2018; Liu et al., 2019), and it also
led to a decrease in the variance of gene expression of domesticated varieties compared
to their wild relatives (Bellucci et al., 2014; Nabholz et al., 2014; Ranwez et al., 2017,
Sauvage et al., 2017; Hunter, 2018; Li et al., 2019). Often, the selection of plants for
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a trait of interest, has secondary effects, including decreasing their fitness (Austen et
al., 2017). In agreement, eighteen cycles of molecular marker assisted selection for
early flowering phenotypes in two 02 (opaque-2) maize populations, that present
higher content of lysine in the kernel but late flowering phenotype, resulted in
significant reduction in flowering time, but also came with a drastic decrease in yield
and biomass (Ordas et al., 2019). More generally, breeding for yield gain under
optimal growth conditions does not necessarily result in increased yield under
suboptimal conditions. In the USA, maize varieties grown under suboptimal
conditions showed very marginal yield gains for the period 1987 to 2015, in sharp
contrast to the same varieties grown under high yielding environments where
significant yield gains were observed (Assefa et al., 2017). Adaptation of crops to
environmental stresses can be morphological and metabolic. We expect that a better
understanding of how the metabolic pathways and physiological traits are affected by
environmental factors would help for the development of varieties less sensitive to
environmental stresses and propose metabolism as a target of choice.

Primary metabolism is of major importance for plant growth and is strongly
affected by environmental factors. Their influence on photosynthesis and carbon (C)
reserves has been extensively studied, e.g. water availability (Basu et al., 1999;
Borland et al., 2014; Easlon et al., 2014), temperature (Lorenzo et al., 2015), light
intensity (Nagaraj et al., 2001), nitrogen status (Wang and Tillberg, 1996; Wang et al.,
2000; Lattanzi et al., 2012) and combinations of stresses (Penning de Vries et al., 1979;
Majlath et al., 2016; Wang et al., 2017). The growth in plants occur during both day
and night although the assimilation of C resources occurs only in the presence of light
and mostly in mature leaf tissues, demanding a spatial and temporal control of the
partition of C to fuel growth (Walter et al., 2009). The storage of photoassimilates is
spatially separated in source and sink tissues, not solely for night requirements for
growth and maintenance, but also over long time for supplying flowering and grain
development, e.g. in cereals (Smouter and Simpson, 1991; Schnyder, 1993). Changes
in carbohydrate metabolism are vital to overcome abiotic stresses (Pommerrenig et al.,
2018) and the partitioning of photoassimilates is affected by environmental and
developmental factors, driven for example by phytohormones and the circadian clock.
The knowledge obtained from Arabidopsis thaliana (Arabidopsis) indicates that
hormone signalling and the circadian clock coordinate growth and diurnal metabolism
of transient reserves (Wiese et al., 2007; Covington et al., 2008; Walter et al., 2009;
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Graf et al., 2010; Nusinow et al., 2011; Feugier and Satake, 2013, 2014; Kolling et al.,
2015). However, most of these studies address the involvement of clock in the
regulation of growth and/or metabolism on a whole shoot basis (Gibon et al., 2004;
Blasing et al., 2005; Cross et al., 2006; Graf et al., 2010; Pyl et al., 2012; Caldana et
al., 2013; Pal et al., 2013; Florian et al., 2014; Florian et al., 2014; Fukushima et al.,
2014; Sato and Yanagisawa, 2014; Ishihara et al., 2015; Jafari et al., 2018; Flis et al.,
2019) or investigate solely one leaf (Poire et al., 2010; Baerenfaller et al., 2015). Thus,
these studies cannot address the potential role of the clock in sink/source regulation,
as well as the possibility that sink and sources might be differentially regulated.
Further, it has been suggested that plants, including our domestic crops, might present
differences in the inter-connections between clock and metabolism for growth
regulation, (Poire et al., 2010; Muller et al., 2014).

Because each species might have different responses to environmental stresses,
in terms of metabolism and growth, the information gathered from few model plants
might not always be applicable to the crop of interest. As a result, the target genes and
gene networks identified in one species might not be relevant for the crop of interest,
this issue being often exacerbated by the use of laboratory conditions, which are
usually far from the field conditions. In this review, we chose to focus on the regulation
of sugar metabolism and growth in crops when facing variations in photoperiod and
temperature. Then, we discuss about how we could gather a more comprehensive
knowledge about how our crops respond to environmental cues, and how we could
develop varieties more resilient to their environment, a major challenge in the context

of global warming.

1.2. Photosynthate partitioning and diurnal use of Carbon: sucrose and starch

The two main products of photosynthesis in Arabidopsis and the large majority
of other species are sucrose and starch. Arabidopsis growth at night heavily relies on
starch content and mobilization (Pilkington et al., 2015), and it is as well the case in
tomato (Magana et al., 2009) and maize (Czedik-Eysenberg et al., 2016). Importantly,
if Arabidopsis actively regulates the daily partitioning of photosynthates between
sucrose and starch, starch at night is metabolised into sucrose before being translocated
to other tissues. Thus sucrose is translocated to sink tissues all day, and its metabolism

is important in Arabidopsis and other plants for both day and night (Gottwald et al.,
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2000; Slewinski et al., 2009; Jung et al., 2015; Durand et al., 2018). Sucrose is
involved in sugar signalling, growth and development (Koch, 1996; Koch, 2004;
Tognetti etal., 2013), and its levels and translocation are strongly linked to root growth
rates (Farrar, 1989; Durand et al., 2018). Besides regulatory functions, sucrose content
increases during cold treatments (Savitch et al., 1997; Strand et al., 1999; Liu et al.,
2013), and in the case of osmaotic stress, sucrose accumulation is partly provided by
the degradation of starch, including in the light (Thalmann et al., 2016).

However, some other plants do not only accumulate starch in daytime, but also
other carbohydrates such as sucrose, hexoses or fructans, and thus might rely on their
direct mobilization to supply growth at night (Larry, 1973; Lunn and Hatch, 1995; de
Oliveira Joaquim et al., 2018).

1.3. Regulation of starch and sucrose synthesis

Photosynthate partitioning between sucrose and starch has been extensively
studied, and if for long starch has been considered as simply an overflow of the
photosynthates which could not be converted and used directly in the form of sucrose,
we now know that it is an highly regulated process (Sulpice et al., 2009; Stitt and
Zeeman, 2012; Pal et al., 2013; Mugford et al., 2014; Sulpice et al., 2014). Although
studies on Arabidopsis have provided information on the regulation of starch
metabolism, structure and partitioning (reviewed by Streb and Zeeman (2012)), many
questions remain unanswered. Arabidopsis accumulates soluble sugars and starch in
response to increases in light intensity (Jankanpaa et al., 2012). In contrast, increases
in photoperiod length lead to increases in sucrose content, but not necessarily in starch
amounts at the end of the light period (Sulpice et al., 2014). The regulation of starch
also involves sugars and trehalose-6-phosphate, thus the regulation of the these
products of photosynthesis is interconnected (Geigenberger, 2003; Heyer et al., 2004;
Lunn et al., 2006; Kotting et al., 2010; Bolouri Moghaddam and Van den Ende, 2013;
Martins et al., 2013; Figueroa et al., 2016; Figueroa and Lunn, 2016). Altogether,
carbohydrate availability during the diurnal cycle will regulate most plant
developmental processes, such as the transition to flowering, flower maintenance and
seed development (Friend et al., 1984; Ishioka et al., 1991; Aloni et al., 1997; Roldan
etal., 1999; Heyer et al., 2004; Seo et al., 2011; Christiaens et al., 2016; Lauxmann et
al., 2016; Cho et al., 2018).
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It is proposed that post-translational steps of starch synthesis are sensible to
environmental inputs (Skryhan et al., 2018). The adjustment of starch synthesis rate to
different daylengths in Arabidopsis seems to be largely under allosteric regulation by
3-phosphoglycetate (3-PGA) of ADP-glucose pyrophosphorylase (AGPase), the
enzyme catalysing the limiting step in starch synthesis, with likely the involvement of
some of the components of the clock (Mugford et al., 2014). When the main isoforms
of sucrose phosphate synthase (SPS) in Arabidopsis are knocked-out, plants
accumulate starch in high levels and the growth is impaired due to reduced synthesis
of sucrose in daytime and mostly reduced starch mobilization at night, because starch
is metabolised into sucrose before translocation to other tissues (VVolkert et al., 2014).
In appearance, it would mean that the partitioning of photosynthates in double mutant
of Arabidopsis isoforms of SPS (spsal/spsc) is affected by the mutations, but a
labelling experiment showed that it is not the case (\Volkert et al., 2014) suggesting
that the over-accumulation of starch was mostly due to a partial inhibition of its
degradation at night. This result also show that sucrose/starch partitioning should be
estimated via labelling experiments during the light period, and that caution should be
taken when only estimating sucrose/starch ratio.

In contrast, the regulation of sucrose synthesis and partitioning of
photosynthates are different in “sugar leaf” plants, i.e. those that accumulate large
amounts of sucrose during daytime, when compared to Arabidopsis, a “starch leaf”
plant, which accumulates very little amount of sucrose in daytime (Figure 1.1). The
reduction of SPS activity in rice - a “sugar leaf” plant - affects the ratio sucrose/starch,
without any impact on growth, suggesting unknown compensation mechanisms
(Hashida et al., 2016). In wheat, another “sugar leaf” species, the modulation of the
activity of key enzymes in sucrose synthesis in response to changes in light intensities,
showed that there is strong link between sucrose synthesis and photosynthetic rate,
similar to what is observed in starch accumulating species, but that the accumulation
of sucrose do not lead to feedback inhibition of photosynthesis (Trevanion, 2002;
Trevanion et al., 2004), in contrast to “starch leaf”” in which photosynthesis is inhibited
by high sugar level in leaves (Van Oosten et al., 1997). Also, important sugar crops,
such as beetroot and sugar cane, accumulate high concentration of sucrose but in other
organs, thus avoiding photosynthesis feedback inhibition (De Souza et al., 2018;
Fasahat et al., 2018). Thus, for plants that accumulate more sugars than starch in the

leaves, many questions remain unanswered regarding why there are not prone to
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photosynthesis feedback inhibition by sugars, how is functioning the partitioning of
their photoassimilates, and overall how partitioning of reserves in these plants impact
on their diurnal growth. Because “sugar leaf” plants do not solely rely on starch for
their night C requirements, they might in fact not need for a very tight regulation of
the individual content of sucrose and starch accumulated during the daytime. Instead,
it might be in fact the sum of both which could be the crucial parameter allowing them
to grow at night. Additionally, fructose 2,6 bisphosphatase (FBPase) is responsible for
redirecting triose phosphate to sucrose or starch synthesis (Figure 1.1). Markedly,
under photosynthesis stimulation, the excess of triose phosphates will be converted to
sucrose in plants that accumulate predominantly starch, leading to a negative feedback
on photosynthesis (Neuhaus et al., 1989; Neuhaus et al., 1990). However, decrease in
the activity of FBPase in wheat does not cause changes in partitioning of sugars,
suggesting a control of starch and sucrose levels independent of fructose-2,6-
biphosphate levels (Trevanion, 2002; Trevanion et al., 2004).

To summarise, if a large part of the plant scientific community consider starch
as the main C reserve for night growth due largely to the knowledge accumulated in
Arabidopsis, tomato, maize or tobacco (Matheson and Wheatley, 1963; Matt et al.,
1998; Osorio et al., 2014; Kolling et al., 2015; Czedik-Eysenberg et al., 2016), there
is a number of plants, such as barley, wheat and rice, that do not primarily use starch
as a transient C storage, but sucrose instead (Larry, 1973; Sicher et al., 1984; Farrar
and Farrar, 1986; Lunn and Hatch, 1995; Rosti et al., 2007; Hashida et al., 2016), and

the implication in terms of growth strategy still requires further investigation.

1.4. Other carbon stores

1.4.1. Fructans can be a major carbohydrate pool

Fructans are water soluble polymers of fructose and are products of vacuolar
sucrose (Nagaraj et al., 2001; Nagaraj et al., 2004; Ritsema et al., 2009). Thus, they
are not primary products of photosynthesis. They can represent the main pool of
soluble carbohydrates in grasses when plants are grown under cold or drought (Vijn
and Smeekens, 1999; del Viso et al., 2009). They have been assigned roles as long-
term reserves, grain filling, seed development and tolerance to cold and water deficit
(Pilonsmits et al., 1995; Joudi et al., 2012; Peukert et al., 2014; Chen et al., 2015;
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Guevara-Figueroa et al., 2015; Peukert et al., 2016; Yanez et al., 2017). Fructans with
small degree of polymerization (DP) may stabilise membranes (Hincha et al., 2007),
possibly act as reactive oxygen species scavengers (Van den Ende and Valluru, 2008;
Matros et al., 2015; Peukert et al., 2016), possibly function as short term reserves (Roth
etal., 1997; Cimini et al., 2015), and are usually found in leaves. In Musa spp., small
DP fructans are observed in fruits and rhizome, and it is supposed that fructans might
be related to fruit maturation (Cruz-Cardenas et al., 2015). In contrast, fructans with
high DP may have a role as long term reserves (Gebbing, 2003), and are typically

stored in specialised roots or stems (reviewed by Versluys et al. (2018).
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Figure 1.1 — Scheme of key regulatory steps on sucrose and starch partitioning in
plants. Starch leaf plants accumulate higher levels of starch compared to other
carbohydrate forms, while sugar leaf plants accumulate most often sucrose in the
vacuole, besides other sugars, to supply growth. The partitioning of trioses phosphate
to sucrose in starch leaves is immediately used in daytime and part is stored as starch
for night growth. In sugar leaves, the partitioning is much higher towards sucrose than
starch, while sucrose is also stored for night usage. While starch leaves present
inhibition of photosynthesis under high levels of sucrose and triose phosphate
(Neuhaus et al., 1990), sugar leaves do not present this inhibition (Savitch et al., 1997).
The partitioning of trioses phosphates towards starch synthesis in the chloroplast is
possible due allosteric regulation on FBPase activity by fructose-2,6-bisphosphate
levels (Stitt, 1990), also by stimulation of AGPase activity by higher levels of 3-PGA
when CO; assimilation rates are high (Mugford et al., 2014). However, sugar leaf
plants do not present alteration in partitioning due to levels of fructose-2,6-BP
(Trevanion, 2002). SPS is responsible for sucrose synthesis and apparently there is a
compensating mechanism in sugar leaves that lack main isoforms of SPS (Hashida et
al., 2016), while in starch leaves the lack of SPS forms result in impaired starch
mobilization (Volkert et al., 2014). The nocturnal degradation of starch, and
consequently growth, is regulated by circadian clock components in Arabidopsis (Graf
et al., 2010; Flis et al., 2019), but it remains unclear the role of circadian clock on the
C metabolism and growth in monocots, which seems to be more sensitive to
environmental changes (Poire et al., 2010). Some plants may accumulate fructans as
a stress tolerance mechanism. Fructans synthesis is stimulated by higher levels of
sucrose (Nagaraj et al., 2001), but also connected to starch (Jin et al., 2017). AGPase:
ADP-glucose pyrophosphorylase; FBPase: fructose 2,6 bisphosphatase; SPS: sucrose
phosphate synthase; Pi: inorganic phosphate; 3-PGA: 3-phosphoglycerate; green
arrows: synthesis; red arrows: inhibition; blue arrows: stimulation; black arrow:
nocturnal degradation; green compartment: chloroplast; yellow circle: triose
phosphate/phosphate translocator; dashed lines represent pathways with two or more
steps.

It is widely accepted that fructans synthesis is induced in conditions where
accumulation of sucrose is induced (Pollock and Cairns, 1991). Indeed, gene
expression and enzymatic activity of sucrose transferases responsible for fructan
synthesis are sensitive to sucrose levels (Nagaraj et al., 2001; Nagaraj et al., 2004).
However, the concentration of sucrose necessary to induce fructan accumulation may
vary among species and the sole increase in sucrose content might not suffice for
fructans accumulation. The cold tolerant box tree (Buxus sempervirens) accumulates
small DP fructans in spring; however highest sucrose content occurs in winter without
fructans synthesis (Van den Ende et al., 2016). Fructans could play a role in the
development of buds in spring by reinforcing sink strength (VVan den Ende et al., 2016).
Interestingly, if fructans have been described as strongly linked to sucrose metabolism,
Jin et al. (2017) described a mechanism linking fructan and starch synthesis through a
single gene that encodes two transcription factors named SUSIBA (sugar signalling in

10



Chapter 1 — Regulation of primary metabolism to environmental changes in starch
and sucrose accumulating species

barley). These transcription factors, encoded by a single gene, have different lengths
and respond to different sucrose concentrations, acting in an antagonistic and auto-
regulatory way, which result in the control of the rates of starch and fructan synthesis
in barley (Jin et al., 2017). Despite the importance of fructans accumulation in stress
tolerance (Tarkowski and Van den Ende, 2015; Yokota et al., 2015; Versluys et al.,
2017; Yanez et al., 2017; Pommerrenig et al., 2018), little is known about their diurnal
regulation and potential role as transient storage of C for night usage. In barley,
fructans mobilization at night has been suggested (Farrar and Farrar, 1985) and the
accumulation at the base of young leaves is expected to supply growth of new leaves
(Roth et al., 1997), and allow regrowth after defoliation. In the case of grasses, storage
of C resources in sink tissues to allow adaptation to grazing is paramount, but more

generally, source/sink relationships are of utmost importance in all plant species.

1.5. Transient carbon reserves to fuel growth and maintenance at night

Changes in photoperiods lead to variation in day/night growth rates in
Arabidopsis, night growth rates being largely dependent upon starch availability and
degradation rates (Pilkington et al., 2015), those being partly controlled by the
circadian clock which regulates the degradation of starch reserves at night (Scialdone
etal., 2013; Scialdone and Howard, 2015; Fernandez et al., 2017; Mengin et al., 2017).
It allows to avoid C starvation at night in Arabidopsis (Graf et al., 2010; Graf and
Smith, 2011), anticipating the dawn by cross-talk of dusk and evening components
(Flis et al., 2019). Indeed, when starch reserves are exhausted early in the night, the
growth is impaired in Arabidopsis clock mutants (Stitt and Zeeman, 2012).

In contrast, rice mutants with defective AGPase grow at rates similar to wild
type even though they present very low starch content and do not compensate by over-
accumulating other sugars. It might be explained by the high sucrose levels present in
rice, allowing it to maintain growth, development and yield via supply of C at night
(Rosti et al., 2007). Although starch seems to be less essential to supply C in rice, the
spsl/spsll rice mutant grows normally despite a decrease of over 80% in sucrose
phosphate synthase (SPS), the key enzyme in sucrose synthesis, which led to a
decrease in the sucrose/starch ratio. Thus, sucrose and starch in rice might compensate

each other for C supply at night, suggesting that the sum of sucrose and starch might
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be more important than their respective amounts. Also, it does not exclude

participation of other alternative C compounds.

1.6. Regulation of source/sink relationships

It has been proposed that photosynthesis is down regulated when the capacity
of sinks to consume photoassimilates is limited (Herold, 1980). Due to its small size,
plant habit, and difficulties to distinguish source and sink tissues, C flux studies
between source/sink tissues in Arabidopsis are scarce. Even though much focus is
given on starch metabolism and its relation to growth in Arabidopsis, sucrose remains
the C source transported in Arabidopsis, so increasing the export of C to the sinks
could be achieved in Arabidopsis by increasing sucrose loading in phloem. It has been
achieved recently by over-expressing sucrose transporters specifically in phloem cells,
but unexpectedly led to a decrease in growth, the plants showing symptoms of
phosphate deficiency (Dasgupta et al., 2014). Growth of the transgenics could be
restored by addition of phosphate, but the transgenics still did not outperform wild
type plants, suggesting a limitation in sink strength. Studies in crops are in line with
the proposed inhibition of photosynthesis by sink limitation, although the mechanism
regulating sink strength signalling remains to be elucidated. Coffee trees present
inhibition of photosynthesis when they are girdled or branches have low fruit load,;
sucrose most likely mediating the feedback inhibition (Franck et al., 2006). Nodulation
and vegetative growth during flowering (indeterminate phenotype) of soybean are
strong sinks and when they are absent in mutant lines, the photosynthesis is inhibited
(Ainsworth et al., 2004). Although tomato is a “starch leaf” plant, sucrose is the main
C supply for fruit growth (Guan and Janes, 1991, 1991; Osorio et al., 2014; Benard et
al., 2015) and the translocation to sink tissues is a crucial step to determine fruit yield
(Garchery et al., 2013). The habit of plants also affects sink-source relations and
mobilization of reserves. A fast growing barley variety (Hordeum vulgare cv. NFC
Tipple) appeared sink limited while a perennial wild relative (H. bulbosum) was source
limited (Burnett et al., 2016) when grown in same environmental conditions, thus
enlightening the requirement for considering both sources and sinks for improving
biomass production of crop varieties. Comparing two Poa species (ruderal and sub-
arctic) under a diurnal cycle and extended darkness, Borland and Farrar (1985) showed

that even though they accumulate similar content of C reserves, diel rhythms for starch
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degradation were observed in the sheaths but not in blades of the ruderal species,
which is a faster growing grass than the perennial sub-arctic one. The results point to
rapid changes in carbohydrates turnover and export to supply the fast growth of the
ruderal species, while the slow growing grass presents lower photosynthesis rate and
mobilizes at low rates the carbohydrates (Borland and Farrar, 1985). Thus, under same
conditions the C supply was adjusted to the growth dynamic of the grass, suggesting
a strong connection between growth machinery and C assimilation, which is likely
independent of availability of reserves for night growth.

1.7. Adaptation of primary metabolism to variations in light intensity, quality,
day length and temperature

1.7.1. Light abundance and photoperiod phenotypes

Plants under natural environment experience variation in both light quality and
quantity. Light intensity has been long known to affect the saturation point for
photosynthesis in a species-specific manner, and this value is used to classify plants
as sun or shade types based on light saturation curve responses and leaf
morphophysiological traits (Burnside and Bohning, 1957; Boardman, 1977; Givnish,
1988). Light intensity directly affects the light harvesting complexes and lead to
changes in the abundance of chlorophylls and other pigments (De la Torre and Burkey,
1990, 1990; Bailey et al., 2001; Koufil et al., 2013) with direct impact on
photosynthesis and then the content of photoassimilates. Thus, plants need to adjust
their growth and metabolism to cope with the light changes (Annunziata et al., 2017).
In Arabidopsis, the activation state of Rubisco activase, which is controlled by the
redox state of the cell, is responsive to light intensity, and the proper regulation of the
activity of Rubisco activase is crucial to acclimation to light fluctuation and optimal
growth (Carmo-Silva and Salvucci, 2013). Rubisco activase is modulated by light
availability and is important for adaptation to shade-to-sun transitions. A short time
for the activation of Rubisco activase is desired to improve crop yield under diurnal
variation of light in field (Andralojc et al., 2018). The abundance of light is also
important to define the responses of plants to stress as seen in winter pea variety, that
can only show cold acclimation if in the presence of a minimum light intensity

(Bourion et al., 2003). In good agreement, plants that grew under light fluctuating
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conditions showed slower growth during the early stages of development. However,
they presented higher light use efficiency when transferred from low to higher light
intensities, when compared to plants that never faced light fluctuations (Vialet-
Chabrand et al., 2017).

A very critical aspect regarding light is quality, which is perceived by
phytochromes (Rockwell et al., 2006) and regulate diverse aspects of plant
development (Reed et al., 1993). It has been demonstrated that the same genotypes of
Arabidopsis grown using different lamp manufacturers provided in growth chambers,
thus different light quality, is enough to cause changes in leaf growth and metabolic
profile, especially amino acids and intermediates of the TCA cycle (Massonnet et al.,
2010; Han et al., 2017). For leafy crops grown under controlled environments, such as
lettuce, light quality and intensity are crucial to guarantee better germination
performance, seedling development and also mature yield and quality (Yan et al.,
2019). Furthermore, the leaf development and flowering time in barley are generally
faster under higher light intensities, longer days and requires far-red light (Aspinall
and Paleg, 1963; Paleg and Aspinall, 1964).

Light is also important in the modulation of responses to stresses. The
metabolism of carbon and nitrogen in plants is affected by light. In leaves, the
reduction of nitrate requires reducing power provided either directly by photosynthetic
reducing power or from the energy provided by the degradation of sugars. Under
photosynthesis limiting conditions by 3-(3’,4’-dichlorophenyl)-1,1’-dimethylurea
(DCMU) or carbon depleted leaves, maize could still reduce nitrate while in barley its
reduction was strongly inhibited (Basra et al., 2002). These results suggest a potential
regulation of nitrate reductase activation state by light, independent of carbohydrate
levels in maize (Basra et al., 2002).

It has been long described that flowering time is sensible to variations in day
length, classifying plants as long or short-day types as well neutral plants (Garner,
1933). Responses to photoperiod have been extensively studied and reviewed in crops
regarding regulation of flowering time and clock genes related to the process (Hayama
and Coupland, 2003; Andres and Coupland, 2012; Bolouri Moghaddam and Van den
Ende, 2013; Kobayashi and Shimizu, 2013; Blumel et al., 2015). A vast range of
molecules that can control flowering are produced under circadian clock regulator,
and exogenous application of phytohormones and other molecules can surpass the

environment input to the internal clock and induce germination, flowering time, fruit
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development and maturation in annual or perennial plants (lonescu et al., 2017). The
regulation of flowering time is critical for grain filling and ensuring seeds will arrive
at maturation during the growing season. It means that plants should not flower too
early to guarantee that enough source leaves have been produced to fill the C
requirements for flower and seed development, thus achieve high yields, but not too
late to avoid autumn very unfavourable conditions which could impair the maturation
of the seeds.

Different daylengths not only induce flowering but also changes the C
dynamics and consequently growth and yield (Gordon et al., 1982; Gibon et al., 2004;
Gibon et al., 2009; Matsuda et al., 2014; Mugford et al., 2014; Fernandez et al., 2017;
Mengin et al., 2017). Although the accumulation of non-structural carbohydrates
(NSC) in Arabidopsis is dependent of light intensity (Jankanpaa et al., 2012),
variations in photoperiods do not affect in the same manner the accumulation of
sucrose and starch (Sulpice et al., 2014), starch content reaching a plateau for long
photoperiods. The understanding of how C dynamics are regulated in response to
photoperiods is yet not clear. Under longer daylength, sugar accumulation was
induced in tomato plants, but it did not induce a higher fruit number (Dorais et al.,
1996). On the other hand, pepper presented higher levels of sugars than tomato under
normal conditions, and when shifted to longer photoperiods sugar accumulation did
not increase but the plants produced a higher number of fruits (Dorais et al., 1996).

Under continuous dark, bean presented a continuous decrease in NSC while
cotton presented mainly a decrease in the subjective night, indicating different
regulation in the use of reserves at night (Gessler et al., 2017). In trees, the seasonal
variation of photosynthesis is more affected by the shortening of the photoperiod that
precedes the decrease of temperature in winter than the lower temperature itself
(Bauerle et al., 2012). Plants with crassulacean acid metabolism (CAM) may present
isoforms of phosphoenolpyruvate carboxylase (PEPcase) which are sensitive and non-
sensitive to photoperiod (Lerman and Queiroz, 1974; Brulfert and Queiroz, 1982;
Nimmo, 2000), affecting directly assimilation of CO> and pool of C reserves in
pineapple (Rainha et al., 2016). Thus, understanding the crop specific mechanisms
involved in the modulation of C dynamics by light is crucial to avoid undesired effects,
such as growth impairment, misregulation of flowering time, lower flower survival,

fruit number and quality.
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1.7.2. Cold triggered responses on primary metabolism

The response of plants to cold treatments has been extensively reviewed (Berry
and Bjorkman, 1980; Huner et al., 1998; Stitt and Hurry, 2002; Ruelland et al., 2009;
Janska et al., 2010; Thomashow, 2010). Many studies on a number of species have
looked at the effect of low temperatures on photosynthesis (Hurry and Huner, 1992;
Hurry et al., 1994), C storages (Guy et al., 1992; Hurry et al., 1995; Farooq et al.,
2017), nitrogen metabolism (Guy, 1990; Martindale and Leegood, 1997; Dumont et
al., 2011; Janmohammadi et al., 2014; Trischuk et al., 2014), shoot and root
metabolism with sink-source implications (Al-Hamdani and Thomas, 2001; Gorsuch
et al., 2010), and the metabolism of susceptible and tolerant varieties to cold (Equiza
et al., 1997; Vagujfalvi et al., 1999; Equiza et al., 2001; Dahal et al., 2012; Xu et al.,
2018). Likewise, cold hardiness response is crucial to distribution and survival in
woody plants and it is triggered by shorter daylength, transition to lower temperature,
water deficit or a combination of them (Kozlowski and Pallardy, 2002). Although
plants can experience more extremes temperatures during freezing, the responses
triggered seems to overlap with chilling/cold responses (Oquist et al., 1993; Sarhan et
al., 1997; Yoshida et al., 1998; Thomashow, 1999; Pearce, 2009; Tyrka et al., 2015;
Pare et al., 2018).

The transcription factors C-repeat/Dehydration-responsive element-binding
binding factors (CBF/DREB) are critical for Arabidopsis acclimation to cold and their
transcription can be modulated by light, hormones, circadian clock elements,
calmodulins and cold-activated protein kinases (Shi et al., 2015; Shi et al., 2018),
promoting extensive metabolism rearrangement of over 300 metabolites in response
to cold (Cook et al., 2004). A common strategy to acclimate to cold is the accumulation
of water soluble carbohydrates, but their type and location can be species specific
(Ruelland et al., 2009). In response to cold treatment, spinach (Guy et al., 1992), wheat
(Savitch et al., 2000), and rape (Hurry et al., 1995) accumulate more sucrose in their
leaves via increases in SPS activity. In contrast, chickpea seeds germinate better due
to the accumulation of trehalose during seed cold priming (Farooq et al., 2017).
Photosynthesis performance under cold is usually lower, even in tolerant varieties of
wheat, although it is not an effect due to negative feedback caused by increased sugar
content in the cell (Savitch et al., 1997). Conversely, Arabidopsis populations from

cold regions present higher performance on photosynthetic parameters based on
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fluorescence, while populations from warmer areas are more sensitive to low
temperatures (Oakley et al., 2018). Potato tubers accumulate sugars after induction of
a specific cold-inducible form of SPS and amylase under cold, these isoforms
disappearing when plants faced again warm temperatures (Deiting et al., 1998)
Alternatively to sugar accumulation as cold acclimation response, cold tolerance in
sugarcane varieties is likely related to the activity of NADP malate dehydrogenase
(NADP-MDH) which increased or did not change its activity under chilling condition,
resulting in a higher content of malate and oxoglutarate in the tolerant varieties, while
in susceptible ones these organic acids considerably decreased (Du et al., 1999).

Although fructan accumulating plants are supposed to have better performance
under cold due higher accumulation of fructan content, it is not a general rule. Poa
annua shows reduced photosynthesis under cold and no substantial increase in fructan
content, while P. jemtlandica maintain photosynthesis and fructan content increased
(Borland and Farrar, 1987). The cold tolerant box tree (Buxus sempervirens)
accumulates fructans in the spring, while during winter sucrose accumulation peaks
without significant accumulation of fructans (Van den Ende et al., 2016). Therefore,
it is of interest that crops undergoing cooler temperatures are able to maintain growth
rates without limitation of photosynthesis and present sugar accumulation which later,
under warmer condition, can be mobilized to grain filling, vegetative growth or fruit
development.

1.8. The role of the clock and its importance in modulating growth and
environmental interactions.

Plant growth can be impacted by environmental factors (reviewed by Walter
et al. (2009), but it is a process also regulated by the circadian clock. Clock genes are
conserved amongst dicotyledons and monocotyledons; however, they seem not to
have the same importance and role in the control of diurnal growth and transient C
reserves amongst these groups. Arabidopsis C reserves and diurnal growth are highly
controlled by circadian clock genes (Graf et al., 2010) and strong diurnal growth
patterns are largely maintained if plants are shifted to continuous light. However, in
Zea mays and Oriza sativa, growth is stable over the diurnal cycle and was strongly
affected by temperature regimes, in contrast with dicotyledonous species (Poire et al.,

2010). Little information can be found on the role of the clock in the regulation of the
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use of C reserves at night and growth. Most of them have focused on starch, which is
the main supplier of night growth in Arabidopsis (Stitt and Zeeman, 2012; Mdller et
al., 2014; Pilkington et al., 2015; Mengin et al., 2017) and very little information is
available for plants accumulating both sucrose and starch for night use. In Arabidopsis,
the regulation of starch degradation by clock occurs through an interaction between
clock components of the morning and evening loops to control degradation of starch
at night and avoid starvation (Flis et al., 2019). Amongst the circadian clock
components, ELF3 is involved in the regulation of sucrose recycling and starch
accumulation (Flis et al., 2019) and the regulation of growth through regulation of
gibberellin (GA) levels by interaction with phytochrome interaction factors in
Arabidopsis (Hornitschek et al., 2012; Nieto et al., 2015).

For all plants, the sum of NSC might be a key factor to control growth patterns
and photosynthetic rates (Gent, 2018). However, Gent (2018) based on Arabidopsis
data for which starch in wild type represents over 90% of the total C available at the
end of the day. Thus, the relationship between growth and starch might not be strong
for plants in which starch does not represent majority of C pool. Monocots and dicots
seem to have different sensibilities regarding the respective influences of the clock
and the environment on the growth patterns, and thus likely the utilisation of their C
reserves, with dicots showing a growth pattern with circadian rhythm while monocots
have disturbed growth under variations of temperature, resulting in species-specific
responses to environmental changes (Poire et al., 2010; Muller et al., 2014). However,
the large effect of temperature on the growth patterns does not exclude the role of the
circadian clock in regulating the growth and metabolism of monocots, as it is possible
that the circadian clock gates the temperature dependant growth response of barley
(Ford et al., 2016).

Growth responses can vary depending on the organ observed. Comparing root
and shoot growth in spring and winter wheat varieties, the winter ones showed reduced
growth of roots, compared to a spring variety, although all spring and winter varieties
analysed presented increased content of soluble sugars and fructans in both shoots and
roots (Equiza et al., 1997). Ghaffari et al. (2016) reported that the major correlation to
vegetative shoot biomass formation in barley is linked to the fluxes regulating sucrose
(i.e. sucrose levels and sucrose synthase activity), but the correlation changes later in
reproductive stages to starch accumulation and TCA cycle intermediates. Thus, the
changes observed in the metabolism of crops that does not present a circadian timing
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or gating of growth, might be affected by an indirect fine tuning of the circadian clock
on C accumulation and partition (Mugford et al., 2014) since clock is regulating
different steps of development and hormone pathways (Nozue and Maloof, 2006;
Yakir et al., 2007; Hornitschek et al., 2012; Apelt et al., 2017).The complex regulation
of growth, that can be impacted by environmental factors, internal clock and
interactions between environment and clock needs to be addressed in future works to
clarify the molecular mechanisms responsible for growth gating, which is still unclear.
It is crucial to identify the underlying mechanisms of growth regulation in crops to
avoid inhibition by environmental changes of temperature and day length in order to

support higher yield.

1.9. Future perspectives

Large progresses into our understanding of the regulation of the primary
metabolism has been gained from studies performed on Arabidopsis. However, large
variations into the content of primary metabolites are observed between plants facing
stresses, such as cold, freezing or drought (Guy, 1990; Alberdi and Corcuera, 1991;
Bhargava and Sawant, 2013; Berger et al., 2016). Crops are much more sensible to
environmental changes than their wild relatives, which depends on the crop origin of
diversification but primarily due to the domestication process selecting alleles and
reducing the gene pool (Meyer and Purugganan, 2013; Hake and Ross-Ibarra, 2015;
Kantar et al., 2017; Miller and Morandini, 2018; Zhang et al., 2018).

The studies that have been exploring the metabolic changes of crops
undergoing biotic or abiotic stresses often point metabolic markers responsible for
better performance. ldentifying genes responsible for traits of interest and prediction
of yield by metabolites accumulated in early stages might be of interest to shorten the
time of breeding selection. It is already known that an increase in the availability of
photoassimilates can define the tillering of cereals (Bos and Neuteboom, 1998;
Lorenzo et al., 2015). This possibly explains why winter varieties presents higher yield
than spring ones by delaying reproductive phase due to cold in field. They take longer
to establish vegetative phase but accumulate sugars that induce higher tillering and ear
number, thus higher yield. Identifying a priori the correlation between metabolic
changes and better performance is crucial for breeding varieties with higher tolerance

to stresses in order to maintain or increase their yield. With the advent of GWAS with
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higher SNP accuracy, the metabolic markers can finally be associated to the genetic
markers, reducing the time for selection of new varieties. The lowering of costs to
obtain good quality sequencing data, especially in the last 10 years (Wetterstrand,
2018) with the development of high-throughput sequencing techniques, now enable
researchers to sequence large populations and then identify single nucleotide
polymorphisms (SNPs) with higher resolution than previous methods (Mardis, 2017;
Tam et al., 2019). Supporting this hypothesis, Alqudah et al. (2016) performed GWAS
for barley plant stature and identified QTLs associated to HEXOKINASE and
SUCROSE TRANSPORTER to be closely related to tillering in barley.

GWAS has successfully pointed candidate genes related to different traits of
interest, however, the validation of the function of candidate genes remain incomplete
for most of the species, and we would expect this issue to be largely addressed in the
next years. The new genome engineering techniques available, such as zinc-finger
nuclease (ZFN), transcription activator-like effector (TALE) nuclease (TALEN) and
CRISPR—Cas systems (reviewed by Yin et al. (2017)) will permit researchers to create
mutants with higher accuracy and evaluate with more precision the effects of the genes
selected by GWAS and make solid conclusions on their function. Zsogon et al. (2018)
successfully attempted re-domestication of wild tomato (Solanum pimpinellifolium)
using CRISPR—Cas9 on known loci related to yield and productivity from cereal and
non-cereals plants and obtained engineered organisms with better performance than
the wild parent.

The contribution of future studies in crop grown under field conditions might
cover the variability of responses of each crop facing a combination of stresses
pertinent to the place where they will be effectively cultivated. Thus, GWAS reveals
as an appropriate tool to identify genes related to a trait of interest in relevant growth
conditions. Further studies will be necessary to confirm the function of candidate
genes, which are enabled by modern precise genome editing techniques, thus allowing
to accelerate the breeding process of future varieties.

1.10 Aims

Barley is a major crop in Ireland cultivated for animal food and malting.
Although spring varieties are considered less tolerant to low temperatures, the

recommended sowing dates for spring barley in Ireland are February and March.
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Therefore, spring barley experience at very early stage limitation in the light
availability and low temperatures that can affect the growth and development that later
on reflects on the yield of these plants. Thus, our aim was to investigate how (1) light
intensity and (2) low temperature affects the growth and metabolism in barley at early
vegetative stage. More specifically, we aim to identify the changes in the metabolism
of C reserves (3) spatially, i.e. in the sink and source tissues, (4) temporally, i.e. the
diurnal usage of transient reserves, (5) according to developmental stage and (6)
participation of circadian clock on the regulation of growth and sugar metabolism.
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1.10. Introduction

Fructans are polymers of fructose synthesized and accumulated in vacuoles,
occur in about 15% of flowering plants and can represent a main pool of soluble
carbohydrates (Vijn and Smeekens, 1999). The roles of fructans can vary depending
on their structures, degree of polymerization (DP) and the tissues where they are
accumulated. Although the terminology is not consensual, fructans are divided in short
chains (low DP fructans) ranging from 2 to 10 fructosyl residues and long chains (high
DP) when they contain more than 10 fructosyl residues (Livingston, 1990; Ku et al.,
2003; Muir et al., 2007; Liu et al., 2011; Peshev et al., 2013). Fructans with small DP
are usually found in leaves and may stabilise membranes (Hincha et al., 2007), act as
reactive oxygen species scavengers (Van den Ende and Valluru, 2008; Peshev et al.,
2013; Matros et al., 2015), and function as short term reserves (Roth et al., 1997;
Cimini et al., 2015). In contrast, fructans with high DP may have a role as long term
reserves, and are typically stored in specialised roots or stems (reviewed by Versluys
et al. (2018).

Fructan synthesis is stimulated by increases in sucrose content (Cairns, 2003;
Chalmers et al., 2005; Xue et al., 2013; Apolinario et al., 2014; Arkel, 2014; Cimini
et al., 2015) and it occurs particularly at the end of the day, when the rates of sucrose
and starch synthesis are lower (Sicher et al., 1984). Using relatively artificial
experimental set ups such as detached leaves in order to induce fructans accumulation,
it has been proposed that fructan synthesis is induced only after a certain concentration
of sucrose is reached in the tissues (Wagner et al., 1986; Wagner and Wiemken, 1987;
Obenland et al., 1991; Nagaraj et al., 2001; Cairns et al., 2002; Suarez-Gonzalez et al.,
2014). Despite the importance of fructans, little is known about the diurnal regulation
of fructan levels and their potential role as transient storage of C for night usage
(Schnyder, 1993). In addition, the analysis of starch in fructan- accumulating plants is
highly neglected and it is not clear whether and how starch, sucrose and fructans,
compete for trioses phosphates synthesised by the Calvin Benson cycle (Nagaraj et al.,
2001; Nagaraj et al., 2004; Ritsema et al., 2009).

Methods for fructan extraction and purification from plant tissues have been
previously described. These methods consist of mainly two steps: i) boiling plant
tissues in water or ethanol to break membranes and ii) precipitation or filtering to

separate fructans from other cellular components (Livingston, 1990; Liu et al., 2011).
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However, these methods often require high amounts of plant materials, which can be
hard to obtain, from small tissues or specific sections of plants. Quantitative and
qualitative determination of fructans is usually performed by HPLC or MALDI-TOF
(Liu et al., 2011; Longland et al., 2012; Bohacenko and Pinkrova, 2014; Verspreet et
al., 2014). These methods are of relatively low throughput and high costs, and not
suitable for analysing a large number of samples. Alternatively, fructan contents and
average DP can be determined by enzymatic assays (Muir et al., 2007; Rao et al.,
2011), using the fructan assay kit from Megazyme International Ireland Ltd. (Bray,
County Wicklow, Ireland) .

Since numerous samples are required to evaluate the diurnal usage of
metabolites, an efficient method for extraction and determination, with low costs
associated and that is efficient for small sample weight is necessary. Here we describe
a high throughput protocol for extraction and enzymatic determination of soluble
carbohydrates, including glucose, fructose, sucrose and fructans, in 96-well
microplates. This is developed from the protocol for soluble sugars in non fructan-
accumulating plants described by Stitt et al. (1989) and the principle of fructan
determination used for the fructan assay kit, with main modifications being (1) serial
extraction in 100%, 80% and 50% ethanol to separate low and high DP fructans by
their precipitation properties (Ku et al., 2003), (2) use of NAD" instead of more
expensive NADP*, (3) use of maltase instead of less specific invertase for the
hydrolysis of sucrose and (4) additional steps for fructan determination directly

following the determination of glucose, fructose and sucrose.

1.11. Materials

Prepare all solutions and dilutions in deionized water, unless indicated
otherwise. Use analytical grade reagents and follow manufacturers’ instructions for
handling and storage. Diligently follow all waste disposal regulations when disposing

waste materials.

1.11.1. Equipment and consumables

¢ Block heater or heating cabinet

e Vortex mixer with microplate attachment
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e Multi-channel pipettes

e Microcentrifuge

e Centrifuge for microplates (Eppendorf 5810R)

e UV plate reader (BioTek Epoch 2/EIx800)

e Screw cap tubes set in 96-well rack (Micronic MP53101, MPW32042BC3)
e Deep 96-well microplates (Sarstedt 82.1971.002)

e 96-well microplates (Fisher AB-0700/W)

e Adhesive aluminium sealing tapes (Sarstedt 95.1995)

e Heat resistant aluminium tapes (3M™ 425 Conductive Aluminium Tape,

W.102 mm, L.55 m)

1.11.2. Solutions for extraction of soluble compounds
e 100% ethanol

e 80% (v/v) ethanol in 10 mM MES-KOH, pH 5.9
e 50% (v/v) ethanol in 10 mM MES-KOH, pH 5.9

1.11.3. Solutions for determination of soluble carbohydrates

e (.1 M HEPES buffer: 0.1 M HEPES, pH 7, 3 mM MgCl, (Note 1). Store at
-20 °C.

0.5 M HEPES bufter: 0.5 M HEPES, pH 7, 3 mM MgCl,. Store at -20 °C.

0.1 M acetate buffer, pH 4.9 (Note 2). Store at -20 °C.

100 mM (60 mg ml™") ATP. Store in 2-ml aliquots at -20 °C.

45 mM (28 mg mI'") NAD". Store in 2-ml aliquots at -20 °C.

1 M HCI (4.15 ml of 37% HCIl in 50 ml). Store at 4 °C.

1 M NaOH (0.2 g NaOH in 50 ml). Store at 4 °C.

1.11.4. Active enzyme solutions

The enzymes were purchased from Megazyme International Ireland Ltd. (Bray,
County Wicklow, Ireland) and provided as suspension in ammonium sulphate. To
prepare an active enzyme solution, ammonium sulphate should be replaced by HEPES

or acetate buffer as described below. Small volume of enzymes may be added directly
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to a reaction buffer without the replacement (e.g. G6PDH in 0.1 M HEPES buffer; see
section 3.2). Once prepared, keep active enzyme solutions on ice, or, if not

immediately used, flash-freeze in liquid N> and store at -80 °C.

e Glucose-6-phosphate dehydrogenase (G6PDH - EC 1.1.1.49)

e Hexokinase (HK - EC 2.7.1.1)

e Phosphoglucoisomerase (PGI - EC 5.3.1.9)

e Maltase (a-glucosidase - MAL - EC 3.2.1.20)

e Endo-inulinase 1-B-D-fructan fructanohydrolase (FRU - EC 3.2.1.7)

e Exo-inulinase B-D-fructofuranoside fructohydrolase (FRU - EC
3.2.1.80/EC 3.2.1.26)

e HK, 900 U ml™. Transfer 140 pl of 1280 U ml! hexokinase in a 1.5 ml tube.
Spin down at the maximum speed (13,300 rpm) for 2 min and remove the
supernatant. Suspend the pellet in 200 pl of 0.1 M HEPES buffer.

e PGI-1, 60 U ml!. Transfer 12 pl of 1000 U ml™! phosphoglucoisomerase in
a 1.5 ml tube. Spin down and remove the supernatant. Suspend the pellet
in 200 pl 0.1 M HEPES buffer.

e MAL, 500 U ml™". Transfer 100 ul of 1000 U ml"! maltase in a 1.5 ml tube.
Spin down and remove the supernatant. Suspend the pellet in 200 pul1 0.1 M
HEPES buffer.

e FRU, 100 U ml!. Transfer 100 ul of 200 U ml! endo-inulinase and 10 ul of
2000 U ml! exo-inulinase into a 1.5-ml tube. Spin down and remove the
supernatant. Suspend the pellet in 200 ul of 0.1 M acetate buffer.

e G6PDH+HK, 140 U ml"! G6PDH and 900 U ml! HK. Transfer 14 ul of
2000 U mI! G6PDH and 140 pl of 1280 U ml! hexokinase. Spin down and
remove the supernatant. Suspend the pellet in 200 pl of 0.1 M HEPES
buffer.

e PGI-II, 300 U ml™. Transfer 60 ul of 1000 U ml! phosphoglucoisomerase

ina 1.5-ml tube. Spin down and remove the supernatant. Suspend the pellet

in 200 pl of 0.1 M HEPES bulffer.
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1.12. Methods

The principle of the protocol for fructan determination involves enzymatic
reactions of phosphorylation, oxidation and isomerization in order to sequentially
transform glucose, fructose, sucrose and fructans into glucose-6-phosphate in the
presence of ATP, the glucose-6-phosphate being further oxidized into gluconate-6-
phosphate in presence of NAD* (Fig.1). Glucose and fructose are phosphorylated by
HK, then glucose-6-phosphate is oxidized to gluconate-6-phosphate by G6PDH, with
formation of NADH (Figure 2.1 A). Fructose-6-phosphate is isomerized to glucose-6-
phosphate by PGI and oxidized by G6PDH, with formation of NADH (Figure 2.1 B).
Sucrose is hydrolyzed by MAL to glucose and fructose, which in the presence of HK,
PGI, and G6PDH from steps 1A and 1B, will lead to the production of gluconate-6-
phosphate and NADH (Figure 2.1 C). After glucose, fructose and sucrose in the
extracts have been determined, enzymes are denaturated and NADH hydrolysed by
addition of HCI in order to decrease absorbance at 340 nm of the determination
extracts. Then after neutralization of the extracts with NaOH and addition of acetate
buffer to lower the pH to 4.5, fructans are hydrolyzed by FRU to fructose and glucose,
which are phosphorylated, isomerized (for fructose), and oxidized (Figure 2.1 D). By
stoichiometry, each 1umol of NADH produced correspond to 1umol of glucose-6-

phosphate, thus allowing easy quantification of all compounds.
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A Glucose + ATP — % » Glucose-6-phosphate + ADP

G6PDH
Glucose -6-P+ NAD® — > Gluconate-6-phosphate + NADH

B Fructose + ATP — A, Fructose-6-phosphate + ADP

PGI
Fructose-6-phosphate «— Glucose-6-phosphate

G6PDH
Glucose -6-P + NAD" — > Gluconate-6-phosphate + NADH

C MAL

Sucrose —» Glucose + Fructose

Fructose + ATP K, Fructose-6-phosphate + ADP
PGI
Fructose-6-phosphate «— Glucose-6-phosphate
HK
Glucose + ATP  — Glucose-6-phosphate + ADP

G6PDH
Glucose -6-P + NAD" — > Gluconate-6-phosphate + NADH

FRU
Fructan » Glucose + Fructose

Fructose + ATP —~—» Fructose-6-phosphate + ADP
PGI
Fructose-6-phosphate «— Glucose-6-phosphate
HK
Glucose + ATP  — Glucose-6-phosphate + ADP

G6PDH
Glucose -6-P + NAD" — > Gluconate-6-phosphate + NADH

Figure 2.1 - Enzymatic reactions involved in the determination of glucose (A),
fructose (B), sucrose (C) and fructans (D). HK: hexokinase; PGI:
phosphoglucoisomerase; MAL: maltase (a-glucosidase); FRU: a mixture of equal

units of 1-B-D-fructan fructanohydrolase and B-D-fructofuranoside fructohydrolase;
G6PDH: glucose-6-phosphate dehydrogenase.

1.12.1. Extraction of soluble carbohydrates (and other soluble compounds)

Prior to extraction, plant tissues should be finely powdered by grinding. Both

fresh material (grinded in liquid N2) or freeze-dried material can be used. We use
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TissueLyser Il (Qiagen) and glass or metal beads with 3 or 5 mm diameter.
Typically, 20 mg of fresh or 10 mg of dry powder is used as starting material. Serial
extraction in hot 100%, 80% and 50% ethanol are performed (Cross et al., 2006).
The ethanolic phase of each extraction can be pooled if the aim is to obtain total
fructans content and not get information about the content of low and high DP
fructans. The ethanolic extracts contain pigments, soluble carbohydrates, amino

acids and organic acids.

e Weigh fine-powdered plant tissues into screw cap Micronic tubes in 96-well
rack (Note 3).

e Add 500 pl of 100% ethanol, shake and incubate for 30 min at 95 °C.

e Centrifuge at the maximum speed (e.g. 3,220 g) for 10 min.

e Transfer the supernatants to a deep 96-well microplate (e.g. Sarstedt
82.1971.002). Seal the plate with an aluminium sealing tape and keep at 4 °C
(100% ethanol extracts = E1).

e Add 250 pul of 80% ethanol, to the pellets, shake and incubate for 30 min at 95
°C.

e Centrifuge for 10 min.

e Transfer the supernatants to another deep 96-well microplate. Seal the plate
with an aluminium sealing tape and keep at 4 °C (80% ethanol extracts).

e Add 250 pl of 50% ethanol, to the pellets, shake and incubate for 30 min at 95
°C.

e Centrifuge for 10 min.

e Transfer the supernatants to the deep 96-well microplate where 80% ethanol

extracts are. Seal the plate with an aluminium sealing tape and store at 4 °C

(combined 80% and 50% ethanol extracts = E2) (Note 4).

1.12.2. Determination of glucose, fructose, sucrose and fructans

This protocol is divided into two parts and four steps: Part A (1) determination
of glucose, fructose and sucrose and Part B, determination of fructans: (2) denaturation
of the enzymes used and NADH generated in Part A by hydrolysis and neutralization
of HCI by use of NaOH (3) degradation of fructans and (4) determination of fructan-

derived glucose and fructose (Figure 2.2).
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Figure 2.2 - Schematic representation of the protocol for enzymatic

determination of soluble carbohydrates. The protocol is divided into 4 steps: (1)
determination of glucose, fructose and sucrose with HK, PGI and MAL, (2)
denaturation of the enzymes used in Part 1 and of the NADH which has been formed,
(3) degradation of fructans with FRU and (4) determination of fructan-derived glucose
and fructose with HK, PGI and G6PDH. Absorbance at 340 nm of each sample is
recorded after the addition of each enzyme to the reaction mixes. X: optical density at
340nm recorded when stabilized without enzymes (baseline) or after the addition of
each enzyme; dashed line: representation of OD decrease during step 2; HK:
hexokinase; PGI: phosphoglucoisomerase; MAL: maltase (a-glucosidase); FRU:
enzyme mix of 1-B-D-fructan fructanohydrolase and B-D-fructofuranoside
fructohydrolase; G6PDH: glucose-6-phosphate dehydrogenase.

2.1.1.1 Part A —determination of glucose, fructose and sucrose

e Prepare sugar determination mix: 7.5 ml of 0.1 M HEPES buffer, 240 pl of
100 mM ATP, and 240 pl of 45 mM NAD" per microplate. Add 14 pl of
2000 U ml"! G6PDH before use (0.28 U/reaction).
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In a 96-well microplate, pipette in each well 75 pul of the sugar determination
mix and 5-50ul of ethanolic extract (Note 5). Shake the plate for a few
minutes.

Read the absorbance at 340 nm in a plate reader (Note 6). Record the OD
when stabilized as the baseline.

Add 1 pl of HK (0.9 U/reaction) to each well, shake the plate for a few min
and read the absorbance at 340 nm until a plateau is reached (Note 7).
Record the OD.

Add 1 pl of PGI-I (0.06 U/reaction) to each well, shake the plate for a few
min and read the absorbance at 340 nm until a plateau is reached. Record
the OD.

Add 1 pl of MAL (0.5 U/reaction) to each well, shake the plate for a few
min and read the absorbance at 340 nm until a plateau is reached. Record

the OD.

2.1.1.2 Part B — Determination of fructans

21121

21122

21123

Denaturation of the enzymes and NADH, and neutralisation

Add 10 pl of 1M HCI to each well of the Part A reaction, shake briefly and

seal the plate with heat resistant aluminium tape.

Incubate the plate for 10 min at 95 °C. Let it cool. Spin down at 3200 g for

2 min.
Remove the tape carefully and add 10 pl of 1M NaOH to each well to

neutralize the reaction. Shake briefly.

Degradation of fructans

Add 7pl of 0.1M acetate buffer pH 4.9 to each well. Shake briefly.
Pipette 1 ul FRU (0.1 U/reaction, each one) to each well. Seal the plate with

aluminium sealing tape and incubate overnight at 37 °C.

Determination of fructan-derived glucose and fructose
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e Prepare fructan determination mix: 7.5 ml of 0.5 M HEPES buffer, 480 nl
of 100 mM ATP, and 480 pl of 45 mM NAD" per microplate.

e Centrifuge the plate briefly and remove the sealing tape. Add 75 pl of the
fructan determination mix. Shake the plate for 5 min.

e Read the absorbance at 340 nm in a plate reader. Record the OD when
stabilized as the baseline.

e Add 1 pl of GGPDH+HK (0.14 + 0.9 U/reaction) to each well, shake the
plate for a few min and read the absorbance at 340 nm until stabilized.
Record the OD.

e Add 1 pl of PGI-II (0.3 U/reaction) to each well, shake the plate for a few

min and read the absorbance at 340 nm until stabilized. Record the OD.

1.12.3. Calculation

The production of NADH is determined at 340 nm using a spectrophotometer.
The calculation is based on the extinction coefficient of NADH. To each metabolite,
calculate the AOD, which is the difference between the plateau OD after enzyme
addition and the previous OD. Apply to the Beer-Lambert law for units of molarity:

(1) AOD =g * [ * ¢

Where (¢) is the wavelength-dependent molar absorptivity coefficient, here the
coefficient of extinction of NADH is 6.22 (McComb et al., 1976) given as pmol™* mm-
L (1) is the light path length in mm, and (c) is the metabolite concentration in umol plI
1.

To calculate the concentration of NADH in your wells, if you work in
microplates and the volumes in your wells are modified during the determination, you
will need to consider possible changes in path length for your calculation and change
accordingly.

You can also use external standards of the respective sugars you are measuring
for calculations. Results are reliable when the AOD is higher than 0.01 and maximum
OD lower than 1.8. Otherwise, it is recommended to modify the volume of extracts

used.
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The average DP for fructans is calculated based on the concentrations of

glucose and fructose present in fructans:

(2) Average DP of fructan = [fructose]/[glucose] + 1

Low concentrations of total fructans in samples may lead to issues for reliable
determination of fructans average DP, especially if fructans have large DP so they

contain proportionally very low amounts of glucose.

1.13. Notes

1. Prepare 50 ml of 1 M HEPES buffer (MW 238.3), pH 7 with 300 mM
MgCl,. HEPES buffer has lower pH than 7 and it does not increase easily.
Add drops of KOH at least 2M to increase the pH. Make dilutions for 0.1
M and 0.5 M HEPES buffer. For each microplate analysis you will need
7.5 ml of 0.1 M HEPES buffer and 7.5 ml of 0.5 M HEPES buffer to
prepare the reaction mixes. Additional volume of 0.1 M HEPES is needed
for ATP, NAD" and enzymes preparation.

2. Prepare 0.5 M acetate buffer, pH 4.9. Pipette 0.6010 ml of acetic acid
(MW: 60.05, d=1.049) and dilute to 50 ml. Weigh 1.1894 g of sodium
acetate (MW: 82.03) and dilute to 50 ml. Combine both solutions. Make
a dilution to obtain 0.1 M acetate buffer. To each plate you will need 680
ul.

3. Arrange the tubes in a 96-well rack. Do not use all the 96 positions but
keep some free for the standards to be used in determination steps. Also,
we strongly suggest the addition of controls made of a master mix
representative of the samples you are going to analyse. It will allow
normalisation between plates and the identification of potential biases
between plates.

4.  Ifnot used immediately, store the extracts and pellets at -20 °C

5. Itis recommended to determine on a representative subset of samples the
concentration of fructans present in them. It will allow to determine the
optimal volume of extracts to use for being in the right range of OD.

Before pipetting samples to the microplate, vortex sample tubes for few
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minutes and centrifuge at 3200 g for 5 min.

6. Stable readings for the baseline are usually reached after 5-10 min.
Plateaus for glucose and fructose are usually reached after 10-15 min.
Sucrose plateau is usually reached after 30-40 min. Plateaus are reached
faster if plates are shaken between reads.

7. Itis recommended to use a plate reader/program that allows to access the
plate anytime during the time course as plateaus can be reached at

different durations, depending on samples analysed.
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3.1 Plant material and growth conditions

For chapter 4 experiments, Barley seeds (Hordeum vulgare L.) of spring
variety Propino were germinated in dark at 24°C for 3 days on dampened paper and
then transferred to walk-in growth chamber equipped with LED lights (C75-NS1,
C75-AP67, Valoya, Finland) into pots with Bord na Ména potting substrate plus*
(Bord na Mdna Horticulture Ltd., Ireland), one seed per pot. The plants were grown
under three light intensities: 100pmol photons m2 (LL), 300umol photons m (ML)
and 500umol photons m? (HL). Seeds of barley wild type (WT) variety Bowman
(Hordeum vulgare L.) and introgression lines 289 and 290, that carries introgression
of the eam8.k allele in the background of Bowman, were pre-germinated and sown as
described above, one seed per pot. The eam8.k allele is characterized by a base-pair
mutation leading to a premature stop codon in Hordeum vulgare EARLY
FLOWERING 3 (HVELF3), which is orthologous to ELF3 in Arabidopsis (Faure et al.,
2012). Each introgression line was grown with WT at 500umol photons m=2. The
photoperiod for cv. Propino, cv. Bowman and introgression lines growth conditions
was 16h:8h light:dark and the temperature was 22°C:18°C day:night.

For chapter 5 experiments, barley seeds of cv. Propino were germinated in
darkness at 24 °C for 3 days on dampened paper and then transferred to a reach-in
growth chamber equipped with LED (LED-36HVL LT, Percival Scientific, Inc., USA)
into pots with Bord na Ména potting substrate plus™ (Bord na Mdna Horticulture Ltd.,
Ireland), one seed per pot. Plants were submitted to three temperature conditions:
warm day and night at 22°C:18°C as control, cold only at night at 22°C:4°C and cold
day and night at 10°C:4°C; under 500 umol photons and a photoperiod of 12h:12h
light:dark for all conditions. Seeds of the spring barley cv. Bowman and introgression
lines 289 and 290 were pre-germinated and sown as described before. Each
introgression line was grown with WT at 500pumol photons m™, cold only at night at
22°C:4°C; and a photoperiod of 12h:12h light:dark in the Percival chamber equipped
with LED. Crowns of five plants were harvested at end of light and dark periods of all
temperature combinations for Propino, Bowman WT and introgression lines. The
crown was the meristematic region within 0.5 cm at the base of the plant, where root

and shoot are formed.
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3.2 Harvesting of samples

Plants were harvested when they reached 3 leaf stage, where oldest leaf (first
leaf emerged) is referred as first and the third leaf — youngest leaf — between 3 to 5cm
exposed. The middle section of blades and whole sheath of each leaf were harvested
separately. Three replicates were harvested at five time points covering a period of
24h, each replicate consisting of 3 sheaths or blades combined from different plants.
Samples from introgression lines under cold nights were freeze-dried, grinded to fine
powder and then stored in container with silica gel. Samples from all other growth
conditions were frozen in liquid nitrogen, ground to fine powder and then stored at -

80 °C for metabolic analyses.

3.3 Elongation rate measurement

Second and third blades were marked at the base of the blade at end of day (0
h), then at end of night period (8 h or 12 h), and lastly at end of day (24 h). The
elongation rates were calculated by the difference of each period’s measurement
divided by of the duration in hours of the period: 16 h for day and 8 h for night in light
experiments and 12 h for day/night in cold experiments.

3.4 Fluorescence parameters

Chlorophyll fluorescence parameters were determined using a PAM-2500
(Heinz Walz GmbH, Germany) on the second blade. The maximum photochemical
quantum yield of PSII (Fv/Fm) and the effective photochemical quantum yield of PSII
(Y(IT)) were determined at steady state of chlorophyll fluorescence with a saturation
pulse of 8.000 pmol m™s™! (Pollock, 1986; Genty et al., 1989). ETR was calculated
according to PAM-2500 handbook guidelines.

3.5 Gas exchange measurements

The net photosynthesis (An), the stomatal conductance (gs), sub-stomatal CO>
concentrations and transpiration (E) were measured in open system gas exchange (LI-
6400XT, LI-COR, Lincoln, NE, EUA). The temperature of the chamber was kept at
22°C for all measurements; the vapour pressure deficit (VPD) around 1.1kPa, CO:

concentration at 400ppm, light intensity of 500umol photons.m2.s™,
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3.6 Metabolites determination

For metabolic analyses, ca. 20 mg of frozen powder or 10mg of freeze-dried
powdered samples were submitted to ethanolic extraction. Sequential extractions with
ethanol concentrations of 98%, 80% and 50% were performed and to each step, the
samples were incubated at 85°C for 20 min and centrifuged at 3220 g for 10 min (Cross
et al., 2006). The ethanolic phase of each extraction was pooled in one sample and it
was used to determinate glucose, fructose, sucrose, fructans and malate while starch
and proteins were determined in the pellet.

Glucose, fructose, sucrose and fructans were determined using the protocol
described in Chapter 2. We used per reaction 10ul of ethanolic extract from frozen
samples and 1pl from freeze-dried samples.

Malate was determined according to Cross et al. (2006). We used 20ul or 10ul
from the ethanolic extract from frozen samples (sheath and blade, respectively) and
3ul from freeze-dried samples. To each well, we added 80l of buffer mix containing
10pl 1M Tricine-KOH pH 9/ 50mM MgCl, 5ul 60mM NAD*, 5ul 10% w/w Triton
X-100, 5ul 20mM of methylthiazolyldiphenyl-tetrazolium bromide (MTT), 1.4ul
30mM phenazine-ethosulphate (PES). The last two were freshly prepared to add to the
mix and protected from light. The standard curve was prepared with malic acid. The
production of MTT oxidized was determined at 570 nm using a spectrophotometer
model ELx800™ (BioTek Instruments, Inc., USA). After obtaining a baseline we
added 1U.ul? of malate dehydrogenase. Fumarate was not detectable by the method
in any tissue or condition we analysed after application of 0.1U.pl fumarase.

Starch was determined as previously described by Hendriks et al. (2003). To
the pellets from ethanolic extraction, we added 400l of 0.1M NaOH and incubate at
95C for 1h. 50l were taken to analyse proteins. The remainder 350l were neutralized
with 70l 0.5M HCI/0.1M acetate buffer pH4.9. Degradation mix containing acetate
buffer, 0.01U plt amyloglucosidase and 0.001U pl* a-amylase was added to the mix
and incubated overnight at 37°C. Afterwards, the plate was centrifuged at 3220 g for
10 min and 50pl from samples of sheaths and blades frozen or 10pl from freeze-dried
blades were transferred to a 96-well plate and 160ul of determination mix (Hepes
buffer 0.1M pH 7, 3mM ATP, 1.3mM NAD* and 0.6 U.ul" NAD* dependant GGPDH)
was added. The production of NADH after addition of 0.9Upul™? of hexokinase was

determined at 340 nm.
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Proteins were determined by the method described by Lowry et al. (1951),
adapted to 96-well plate. To the aliquot of 50pl stored from starch determination, after
addition of 0.1M NaOH, the samples were neutralized with 12.5ul of 0.4M HCI and
centrifuged at 3220 g for 10 min. Then, 10ul of frozen samples or 1l of freeze-dried
samples was transferred to a 96-well plate and 100ul of solution D (0.1M NaOH/ 3%
Na2COz: 2% CuSO4: 4% potassium sodium tartrate — 100:1:1) was added and shaking
at room temperature for 20min. 20ul of Folin—Ciocalteau’s phenol reagent (prepared
1:1 v/v in water) and shaking in the dark at room temperature for further 40min. The
standard curve was prepared with BSA in 0.1M NaOH. The formation of the blue
product of the Folin—Ciocalteau reaction (heteropolymolybdenum) was determined at
750nm.

3.7 Water content and carbon content estimations

The water content was obtained from 5 discs of the second blade from 6 plants.
The discs were excised and immediately weighed. Then the discs were dried in a
drying cabinet at 70°C for 72h and weighed again to obtain dry weight. Then the
difference was used to calculate the percentage of water and dry matter per gram of
fresh weight.

The calculation of carbon accumulation and consumption used the data
obtained from metabolite determinations in fresh weight, the result was then pondered
by the fresh weight to the correspondent blade or sheath and multiplied by the number
of carbon atoms present in the molecule: glucose, fructose, sucrose (equivalent
glucose), fructans (equivalent glucose), starch (equivalent glucose) by 6 and malate
by 4. Then, C content for each tissue and the shoot part was estimated by the sum of
all metabolites. The carbon consumption was estimated by the difference between
content found at the first and third time point (end of day and end of the night,
respectively), while the turnover was given as percentage of metabolite consumed at
night. The contribution to night consumption was calculated as percentage of each
metabolite consumed at night to the total carbon consumed during the night.

3.8 Statistical analyses
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For growth, photosynthesis and fluorescence variables, ANOVA was applied
followed by a Tukey test with six replicates. To compare levels of metabolites during
the day, between tissues and within light or cold treatments, ANOVA was applied
followed by Tukey test, using 3 replicates. Comparisons between wild-type and
introgression lines were tested by independent t-test with 3 replicates. All tests were
conducted on IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY, IBM
Corp. Means were considered significantly different at P<0.05 in all comparisons. All
graphs were made on SigmaPlot for Windows, Version 11.0, Systat Software Inc., San

Jose, California.
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4 Chapter 4 — Carbon metabolism of barley is responsive to light
intensity but not largely affected by ELF3
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4.1 Introduction

Plants under natural environment experience variation in both light quality and
quantity. In response, plants need to adjust their growth and metabolism to cope with
the changes (Annunziata et al., 2017). They are growing during both day and night
although the assimilation of carbon (C) resources occurs only in the presence of light
and mostly in mature leaf tissues, demanding a spatial and temporal control of the
partitioning and use of C (Walter et al., 2009). It has been described the fate of newly
assimilated C in barley, which is primarily incorporated in sucrose, then starch and
other C forms (Gordon et al., 1979; Gordon et al., 1982). However, the mechanisms
regulating the partitioning and usage of photoassimilates are still not clear. To get a
better understanding of the mechanisms involved, it is necessary to analyse
photoassimilates in sink and source tissues separately, as well as document their
diurnal use. The partitioning and accumulation of photoassimilates can be controlled
by environmental factors, development, and possibly the circadian clock. Hormone
signalling and the circadian clock coordinate growth and metabolism of transient
reserves in Arabidopsis, although not in the same extent for monocots (Covington et
al., 2008; Walter et al., 2009; Poire et al., 2010; Feugier and Satake, 2013, 2014).

Previous studies have shown a role of the clock in the regulation of the use of
C reserves at night have focused on starch, which is the main supplier of night growth
in Arabidopsis (Stitt and Zeeman, 2012; Muller et al., 2014; Mengin et al., 2017).
However, little is known about the role of the clock in the regulation of the use at night
of C reserves in monocots. In addition, if Arabidopsis can largely maintains its growth
as well as its use of starch during a drop in temperature at night (Pyl et al., 2012), the
growth of monocots is very sensitive to changes in night temperature (Poire et al.,
2010; Maller et al., 2014). If Arabidopsis mostly accumulate starch, some other
species use other C resources at night, with barley using sucrose instead (Farrar and
Farrar, 1986). Thus, the knowledge gathered in Arabidopsis regarding the role of the
clock in regulating starch turnover might not be transferrable to barley. ELF3 is a
component of the evening complex of the core circadian clock and participates on the
regulation of starch turnover in Arabidopsis (Flis et al., 2019). In barley, elf3 mutants
display early flowering phenotype and show higher expression of genes involved in
gibberellin (GA) synthesis and of FLOWERING LOCUS T1 (FT1) (Boden et al.,
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2014). However, there is no information on the participation of ELF3 in sugar
metabolism in monocots and diurnal use of transient reserves.

In this chapter, we investigate the effect of light intensity on barley growth and
C metabolism and verify the possibility of a control of growth or transient reserves by
ELF3. We evaluate the light intensity effects on C reserves spatially by separating
sheaths and blades tissues of leaves under three developmental stages, and temporally
by harvesting tissues throughout the day. The following experiments demonstrated
that the accumulation of C reserves is impacted quantitatively and qualitatively by

light intensity and hexoses and starch can be regulated by ELF3.

4.2 Results

4.2.1 Growth, fluorescence and proteins were minor affected by light intensity

Plants grown under HL showed the fastest development, reaching the three-
leaf stage in 14 days after sowing (DAS), while plants grown under ML took 16 DAS
and plants grown under LL 18 DAS. Plants grown under LL were the tallest but did
not differ significantly in size from plants grown under HL, while plants grown under
ML were the smallest, differing significantly from plants grown under LL
(Supplementary figure 4.1 A). The total biomass of plants grown under LL was lower
than plants grown under ML and HL (Supplementary figure 4.1 B). The decrease of
80% in light intensity applied between HL and LL resulted in a delay of only 4 days
to reach the third leaf stage and it was mainly explained by a slow establishment of
the first leaf (not shown).

At the time of harvesting, for the three treatments, the first leaf was mature and
fully expanded while second and third blades were still growing. The elongation rates
of second and third leaves were unaffected by light intensity and were similar during
both daytime and night. The elongation rate of second leaves, which are reaching
maturity, were lower than third leaves (Supplementary figure 4.2). Although plants
showed statistically significant differences for maximum photochemical quantum
yield of photosystem Il (Fv/Fm) and the effective photochemical quenching of
photosystem 11 - Y(II), the changes observed were very low (Table 4.1). Thus, the
electron transport rate (ETR) varied a lot as it is dependent on light intensity. LL plants
showed a higher water content than HL plants, ML plants being intermediate.
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Photosynthesis was reduced in plants under ML and LL compared to HL, while gs, Ci,
E showed higher values only under LL, leading to a much lower WUE in these plants
(Table 4.2). For all light treatments, the protein content varied moderately during the
day in all tissues and was notably higher in blades and in the third sheath compared to
the sheaths of leaves 1 and 2 (Supplementary figure 4.3). Light affected the protein
content of the blades and sheaths of first and second leaves, with higher contents for
the HL treatment, but the protein content of the actively growing third leaf was not
affected by light intensity. At the whole shoot level, the total content of proteins was

decreased by up to 20% for plants grown under LL and ML compared to HL plants.
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Supplementary figure 4.1 - Height and fresh biomass of barley plants grown under
three light intensities at the last harvest timepoint. (A): height at 14 DAS under 500
pmol photons m™2s™ (HL), at 16 DAS under 300 pmol photons m2s™! (ML) and at 18
DAS under 100 umol photons m?s™ (LL); (B): fresh weight biomass. Plants were
grown in a 16h:8h light:dark photoperiod at 22°C:18°C day:night. DAS: days after
sowing; error bar represents SD; n=6; letters represent significant differences (Tukey
test P<0.05).
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Table 4.1 - Water content and fluorescence parameters of barley plants grown
under different light intensities.

Wate(ro};‘;”te”t Fu/Fom Yai) ETR
HL 880+12a 0790+0005b 0743+0.004a  156.00.9 ¢
ML 905+0.8ab 0794+0004b 0767+0.007c  96.7+0.8 b
LL 91.7+35b 0769+0005a 0750+0.004b  31.5+0.2a

Plants were grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night under 500 pmol photons m-
257! for 14 DAS (HL), 300 pmol photons m™s™! for 16 DAS (ML) and 100 umol photons m2s™! for 18
DAS (LL), until third leaf stage. Water content was determined on 5 leaf discs and fluorescence
parameters were determined on leaf 2. Values represent mean and SD. F,/Fm: maximum photochemical
quantum yield of PSII; Ymy: effective photochemical quantum yield of PS II; ETR: electron transport

rate in pmol electron m?s™!. Letters represent significant differences between light intensities for
Tukey’s test P<0.05, n=6.

Table 4.2 — Photosynthesis, stomatal conductance, substomatal concentration of

COg, transpiration and water use efficiency of barley grown under different light
intensities.

PAR A Js Ci E WUE
500 pmol 217341466 b 0.005+0.003a  10+la  0.045+0.013a  55+13b
300 pmol 169642271 a 0.005+0.001a  13+3a  0.058+0.010a  58+10b

100 umol 16223+2230 a 0.009+0.002b  36+5Db 0.130+0.023b  32%4 a

Plants were grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night under 500 umol photons m
gl (HL) for 14 DAS, 300 pumol photons m™s™! (ML) for 16 DAS, and 100 umol photons m~s™! (LL)
for 18 DAS, until third leaf stage. Values represent mean and SD from measurements taken from second
leaf. A: net photosynthesis, pmol g-'day’'; gs: stomatal conductance, mol H.O g*.s%; Ci: substomatal
concentration of CO; umol g!; E: transpiration, mol.g.s’l; WUE: water use efficiency pmol CO, mol-
1 H,0. Letters represent significant differences between light intensities for Tukey’s test P<0.05, n=6
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Supplementary figure 4.2 - Elongation rates of second and third leaves of barley
plants grown under three light intensities. (A): elongation rate of second leaves.
(B): elongation rate of third leaves. Plants were grown in a 16h:8h light:dark
photoperiod for 14 DAS under 500 pmol photons m2s?t (HL), 16 DAS under 300
umol photons m2s* (ML) and 18 DAS under 100 pmol photons m2s™* (LL); error bar
represents SD; n=6. No elongation rates were significantly different in both leaves.
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Supplementary figure 4.3 - Diurnal protein contents of barley plants grown
under three light intensities. Protein levels of plants grown for (A) 14 DAS under
500 umol photons m2s* (HL), (B) 16 DAS under 300 pmol photons m2s™* (ML) and
(C) 18 DAS under 100 umol photons m?s? (LL), until third leaf stage. Plants were
grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath;
1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3"
leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle of
day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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4.2.2 Metabolite levels change qualitatively and quantitatively in response to
light intensity, as well as their distribution between shoot tissues

The accumulation of most metabolites was affected by light intensity. Glucose
levels did not vary in response to light intensity and highest levels were found in
younger sheaths, with very low levels in blades (Supplementary figure 4.4). The
sheaths showed a decrease in glucose levels at night, but without complete degradation
of the glucose pool. Fructose followed a similar pattern to glucose, accumulating
mainly in sheaths and presenting an incomplete consumption at end of night, but it
was accumulated in smaller quantities than glucose (Supplementary figure 4.5).
Sucrose content was strongly affected by light intensity and mostly accumulated in
blades. Sucrose represented ca 30% of reserves at end of day in plants grown under
HL and ML, but only 11% in plants under LL (Table 4.3). Plants grown under HL
showed the highest content of sucrose, especially in the first blade (Figure 4.1 A),
whilst the plants grown under LL showed very little accumulation of sucrose, less than
15% of the levels observed under HL at the end of the day (ED), the highest levels
being observed in the youngest blade (Figure 4.1). For all light treatments, the sucrose
accumulated at ED was largely consumed by the end of the night, with 70, 76 and 82%
of sucrose consumed for plants grown under HL, ML and LL, at the exception of the
oldest blade in plants grown under HL (Figure 4.1 and Table 4.3).

Starch accumulation increased moderately in response to increased light
intensities but represented only ca 14% of the metabolites accumulated at ED and was
largely consumed at night, turnover over 70% (Table 4.3). Its accumulation during the
daytime and consumption at night resembled the patterns observed for sucrose, at the
exception of the third blade where starch levels and turnover were identical for the
three light treatments (Figure 4.2).

Fructans accumulation was mostly observed in plants grown under HL. The
plants grown under ML and LL accumulated very low amounts of fructans (Figure
4.3). Fructans accumulated in both blades and sheaths, with the first blade (older
blade) and the third sheath (younger and developing tissue) of plants grown under HL
showing the highest accumulation of fructans at ED. In contrast to sucrose and starch,
the fructans were not fully consumed by EN (Figure 4.3 A). Plants grown under ML
and LL showed reduced levels of fructans, with ca. 25% of the content found in plants
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grown under HL, the highest levels being observed in the sheaths of the third leaf
(Figure 4.3 B-C).

Table 4.3— Accumulation and mobilization of C reserves in barley shoots.

Total accumulation at end of day (C pmol g-1 FW)

HL ML LL
Glucose 28 + 5a 27 = la 21 + 2a
Fructose 6 £+ 1la 7 + la 5 + 0a
Sucrose 225 = 10c 184 + 3b 29 + 3a
Starch 111 £+ 5¢ 69 = 1b 37 + 3a
Fructans 113 £ 9b 32 + 3a 31 + 4a
Malate 258 = 10c 230 £ 6b 128 + 5a
Total* 741 + 21c 548 + 4b 251 + 4a
Turnover of metabolites (% metabolised at night)
HL ML LL
Glucose 59 71 53
Fructose 53 65 42
Sucrose 70 76 82
Starch 73 83 76
Fructans 63 51 55
Malate 47 42 43
Total® 61 61 55
Contribution of individual metabolites to the total C consumed at night [%6]
HL ML LL
Glucose 4 6 8
Fructose 1 1 2
Sucrose 35 42 18
Starch 18 17 20
Fructans 16 5 12
Malate 27 29 40

Plants were grown in a 16h:8h light:dark photoperiod.at 22°C:18°C day:night with 500 pmol photons
m2s, (HL) 300 umol photons m2s* (ML), 100 umol photons m2s (LL). FW: fresh weight. Letters
represent differences between treatments by Tukey P<0.05; n= 3. 1Total of reserves accumulated at end
of day in the shoot; ?Percentage of the total reserves consumed at night from total reserves accumulated
at end of day
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Supplementary figure 4.4 - Diurnal glucose levels of barley plants grown under
three light intensities. Glucose levels of plants grown for (A) 14 DAS under 500
umol photons m2s* (HL), (B) 16 DAS under 300 pmol photons m?s™* (ML) and (C)
18 DAS under 100 pmol photons m2s* (LL), until third leaf stage. Plants were grown
in a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1%
leaf blade; 2S: 2" leaf sheath; 2B: 2" |eaf blade; 3S: 3" leaf sheath; 3B: 3" leaf blade;
ED: end of day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end
of subsequent day; FW: fresh weight; grey panels: night period; error bar represents
SD; n=3.
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Supplementary figure 4.5 - Diurnal fructose levels of barley plants grown under
three light intensities. Fructose levels of plants grown for (A) 14 DAS under 500
umol photons m2s* (HL), (B) 16 DAS under 300 pmol photons m2s™* (ML) and (C)
18 DAS under 100 pmol photons m2s (LL), until third leaf stage. Plants were grown
in a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1%
leaf blade; 2S: 2" leaf sheath; 2B: 2" |eaf blade; 3S: 3" leaf sheath; 3B: 3" leaf blade;
ED: end of day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end
of subsequent day; FW: fresh weight; grey panels: night period; error bar represents
SD; n=3.
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Figure 4.1 Diurnal sucrose levels of barley plants grown under three light
intensities. Sucrose levels of plants grown for (A) 14 DAS under 500 pmol photons
m2st (HL), (B) 16 DAS under 300 umol photons m2s* (ML) and (C) 18 DAS under
100 pmol photons m2s (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S:
20 |eaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
n=3.

52



Chapter 4 — Carbon metabolism of barley is responsive to light intensity but not
largely affected by ELF3

50

A -@- 15
s O~ 1B
Y- 40 4 ¥ 25
o | —— 28
°© —- 3S
€ a0 -1 38
[}

(7]
(o]
Q
3 20
(o)}
o
(]
=
S 10
<
w

40

30 -

20

10 4

Starch eq. glucose (umol g'1 FW)

40 -

30 A

20 -

10 4

Starch eq. glucose (umol g‘1 FW)

ED MN EN MD ED2

Figure 4.2 Diurnal starch levels of barley plants grown under three light
intensities. Starch levels of plants grown for (A) 14 DAS under 500 pmol photons m-
251 (HL), (B) 16 DAS under 300 pumol photons m?s™* (ML) and (C) 18 DAS under
100 pmol photons m2s (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S:
20 |eaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
n=3.
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Figure 4.3 Diurnal fructans levels of barley plants grown under three light
intensities. Fructans levels of plants grown for (A) 14 DAS under 500 pmol photons
m2st (HL), (B) 16 DAS under 300 umol photons m2s* (ML) and (C) 18 DAS under
100 pmol photons m2s™t (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S:
20 |eaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
n=3.
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Unexpectedly, the malate levels in barley leaf tissues were very high, with
malate being quantitatively the main soluble C compound accumulated by barley
leaves in all three light treatments. Malate content was reduced with decrease of light
intensity (Figure 4.4, Table 4.3). However, malate content represented 34%, 41% and
50% of the reserves accumulated at the end of the day, in plants grown under HL, ML
and LL, respectively (Table 4.3). In all light conditions, malate levels were higher in
blades than sheaths, and was only partially consumed at night, leading to high levels
of malate remaining at EN. Only 42-47% of the amounts accumulated were consumed
at night, in contrast to 70-83% for starch and sucrose, or 51-63% for fructans (Table
4.3). Under LL, malate contributes to 40% of the C pool consumed at night, being the
major C contributor to night consumption (Table 4.3).

For all light treatments, malate levels were higher in the third sheath compared
to the sheaths of first and second leaves. Malate levels in third sheaths did not varied
amongst the treatments while in the first and second blade it showed a reduction in its
levels when light intensity decreased (Figure 4.4). The youngest blade - third blade -
showed no difference in malate levels between HL and ML but increased in the third
blade of plants grown under LL, in stark contrast with other metabolites where their

levels increased with increased light intensities.

4.2.3 Diurnal accumulation and consumption of the transient C pool varies
quantitatively and qualitatively in response to light intensity

In order to get an overview of the C status of the barley plants, we calculated
the total amount of carbon present in the metabolites analysed at ED in shoots, as well
as the amount of C consumed during the night (Figure 4.5). We also investigated in
which tissues metabolites accumulated and which tissues contributed to growth and

metabolism at night (Supplementary figure 4.6, Supplementary figure 4.7).
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Figure 4.4 Diurnal malate levels of barley plants grown under three light
intensities. Malate levels of plants grown for (A) 14 DAS under 500 pumol photons m-
251 (HL), (B) 16 DAS under 300 pmol photons m?s™* (ML) and (C) 18 DAS under
100 pmol photons m2st (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S:
20 |eaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
n=3.
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Figure 4.5 - Estimation of non-structural carbon reserves in barley shoots at end
of the day of plants grown under three light intensities. (A) Total C amount at end
of the day in whole shoots; (B) Carbon pools (%) accumulated at end of day in whole
shots. (C) Total C amount consumed during the night; (D) Carbon pools (%) consumed
at night. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C day:night
for 14 DAS under 500 pmol photons m?s™? (HL), 16 DAS under 300 pumol photons

m2st (ML) and 18 DAS under 100 umol photons m2s* (LL), until third leaf stage.
FW: fresh weight; n= 3.
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Supplementary figure 4.6 - Carbon accumulation calculation per organ under
three light intensities. Composition of carbon accumulated at end of the day for
whole shoot of plants grown for (A) 14 DAS under 500 pmol photons m2s? (HL), (B)
16 DAS under 300 umol photons m2s® (ML) and (C) 18 DAS under 100 pmol
photons m2s™ (LL), until third leaf stage. Plants were grown in a 12h:12h light:dark
photoperiod with 500 umol photons m2s™. 1S: 1% leaf sheath; 1B: 1 leaf blade; 2S:
2"d |eaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3" leaf blade; FW: fresh
weight; n= 3.
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Supplementary figure 4.7 - Carbon consumption calculation per organ under
three light intensities. Composition of carbon pools consumed during night time for
whole shoot of plants grown for (A) 14 DAS under 500 pmol photons m2s? (HL), (B)
16 DAS under 300 umol photons m2s® (ML) and (C) 18 DAS under 100 pmol
photons m2s™ (LL), until third leaf stage. Plants were grown in a 12h:12h light:dark
photoperiod with 500 umol photons m2s™. 1S: 1% leaf sheath; 1B: 1 leaf blade; 2S:
2"d |eaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3' leaf blade; FW: fresh
weight; n= 3.
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The carbon status at ED was significantly reduced according to decrease in
light intensity, about 25% reduction for plants under ML and 65% less in plans under
LL compared to HL (Figure 4.5, Table 4.3). When investigating the location of the
reserves (Supplementary figure 4.6), it appeared that under HL the mature blade of
leaf 1 accumulated large amounts of metabolites compared plants grown under ML.
The first blade - older blade — of plants grown under HL contained mainly sucrose and
malate, while the leaf 1 sheath contained the least amounts of metabolites
(Supplementary figure 4.6 A). Second and third leaves accumulated similar total C
content in both sheaths and blades, but sheaths contained mainly malate and fructans,
while blades accumulated more sucrose, malate and starch (Supplementary figure 4.6
A). Plants grown under ML presented similar amounts of metabolites in their blades,
and sheaths slightly less at the exception of the youngest sheath (Supplementary figure
4.6 B). Under low light, leaves 1 and 2 contained low amounts of metabolites, mostly
malate, while the actively growing third leaf contained similar levels of C to those
observed under ML and HL, the main metabolite being malate. (Supplementary figure
4.6 C).

The patterns of C consumption at night per each individual tissue resembled
the patterns observed for accumulation (Supplementary figure 4.7). The total
consumption of carbon at night time was reduced according to decreases in light
intensity (Figure 4.5 C), accompanying the pattern for accumulation of reserves.
However, the turnover of metabolites was similar between light conditions, being 61%
for both HL and ML and 55% of the total carbon accumulated at ED consumed at
night (Table 4.3). Although plants grown under HL and ML showed similar turnover,
the contribution of each metabolite was different. Plants under HL consumed mostly
sucrose and malate, but plants grown under ML consumed more sucrose, while plants
grown under LL consumed mostly malate and then starch and sucrose (Figure 4.5 D,
Table 4.3).

4.2.4 Growth and metabolism of young barley plants are not affected by
impairment of ELF3

Plants of wild type Bowman (WT) and introgression lines (289 and 290) with
impaired function of HVELF3 were grown under HL, 16h:8h and 22°C:18°C day:night.

Each introgression line was grown in a separate experiment alongside the wild type.
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Wild type and mutants did not differ in height or biomass at 14 DAS when they
reached third leaf stage (Supplementary figure 4.8). Elongation rates of second leaves
were also very similar between genotypes, with little to no variation between day and
night elongation rates (Supplementary figure 4.9). The elongation rates of third leaf —
youngest leaf — was higher during daytime than night-time for WT and introgression
line 289, but the line 290 had same day and night elongation rates. Daytime elongation
rates of third leaves of line 289 was higher than WT (Supplementary figure 4.9 B).
There were no differences observed between WT and elf3 mutants for fluorescence

parameters or water content % (Supplementary table 4.1).
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Supplementary figure 4.8 - Height and fresh biomass of wild-type Bowman and
two introgression lines for eam8. (A): height at 14 DAS (third leaf stage). (B):
Biomass fresh weight. Plants were grown in a 16h:8h light:dark photoperiod with
22°C:18°C day:night under 500 umol photons ms. WT and WT2: first and second
growth rounds of wild-type; WT was grown together with line 289 and WT2 with line
290. 289 and 290 are introgression lines with impaired elf3 function. DAS: days after
sowing; error bar represents SD; n=6.
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Supplementary figure 4.9 - Elongation rates of second and third leaves of barley
plants. (A): elongation rate of second leaves. (B): elongation rate of third leaves.
Plants were grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night under 500
umol photons m2s™. WT and WT2: first and second growth rounds of wild-type; WT
was grown together with line 289 and WT2 with line 290. 289 and 290 are
introgression lines with impaired elf3 function. DAS: days after sowing; error bar
represents SD; n=6.
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Supplementary table 4.1- Water content and fluorescence parameters of barley
wild-type and introgression lines with impaired elf3 function.

Water content

(%) Fv/Fm Y ETR
WT 8755+0.9a 0.778+0.012a 0.745+0.013a 156.380+2.7 a
289 88.28+0.4a 0.775+0.008a 0.748+0.005a 157.045t1.0a
WT2 87.21+1.0a 0.794+0.005b 0.747+0.004 a 156.905+0.8 a
290 8793 09a 0.794 0.007b 0.746 0.005a 156.660 1.0a

Plants were grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night under 500 pmol photons m"
25"l WT and WT2: first and second growth rounds of wild-type; WT was grown together with line 289
and WT2 with line 290. 289 and 290 are introgression lines with impaired elf3 function. Water content
was determined on 5 leaf discs from leaf 2, and fluorescence parameters were determined on leaf 2.
Values represent mean and SD. F,/Fm: maximum photochemical quantum yield of PS II; Y u): effective
photochemical quantum yield of PS II; ETR: electron transport rate in umol electron ms™ Letters
represent significant differences (Tukey’s test P<0.05).

The total amount of C present in metabolites accumulated during daytime, as
well as its repartition between the different metabolites, were very similar between the
genotypes (Table 4.4). Although the content of hexoses at ED was very small (less
than 5%), elf3 plants presented more glucose and fructose at end of day than WT
(Table 4.4). Starch content in elf3 plants was slightly reduced compared to WT,
significantly only for the line 290, resulting in lower contribution to night
consumption, 2-5% less than WT (Table 4.4). The main metabolites accumulated
during daytime were sucrose and malate and they were also the main metabolites
consumed at night. However, the metabolites which had the highest turnover during
the night were sucrose (65-79%), fructans (67-85%) and starch (65-79%), malate
being only partially metabolised at night (23-33%). No clear differences were
observed between genotypes regarding the total amount of C consumed at night,
neither about which metabolites were preferentially used (Table 4.4, Supplementary
figure 4.10 to Supplementary figure 4.16).

When cv. Bowman was compared to cv. Propino grown under HL, the diurnal
patterns and the tissues where the metabolites accumulated were similar, at the
noticeable exception of fructans and malate (Supplementary figure 4.17,
Supplementary figure 4.18). In Propino, fructans mostly accumulated in the oldest
blade and the youngest sheath, and ca. 60% were consumed at night in these two
tissues. In contrast, Bowman accumulated very low levels of fructans in its youngest

sheath and instead all blades contained fructans, which were largely consumed at night
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(Supplementary figure 4.14). Malate in Bowman accumulated mostly in blades, and
all blades contained similar amounts, its turnover in shoots being 31% for WT and
WT2 (Supplementary figure 4.15, Table 4.4). It is in contrast to Propino which
accumulated also malate in its youngest sheath.

Table 4.4 — Mobilization of reserves in shoots of cv. Bowman and elf3 mutants.

Total accumulation at end of day (C pumol g-1 FW)

WT 289 WT2 290
Glucose 231 33+ 2* 302 39 + 2*
Fructose 8x1 19+1* 2+0 11 + 0*
Sucrose 247 %9 2333 243+11 250 £ 3
Starch 1155 101+8 132 +4* 106 £ 5
Fructans 672 62+ 2 61+2 68 £ 4
Malate 235+9 244 + 20 298+ 20 297 £ 9
Total'! 696+ 10 692 + 20 766+ 30 769 + 6
Turnover of metabolites (% metabolised at night)
WT 289 WT2 290
Glucose 55 56 64 55
Fructose 53 61 -138 60
Sucrose 73 71 78 82
Starch 68 65 72 79
Fructans 72 67 76 85
Malate 31 23 31 33
Total® 57 52 57 61
Contribution of individual metabolites to the total C consumed at night [%6]
WT 289 WT2 290
Glucose 3 5 4 4
Fructose 1 3 -1 1
Sucrose 45 46 43 44
Starch 20 18 22 18
Fructans 12 12 10 12
Malate 18 16 21 21

Plants were grown in a 16h:8h light:dark photoperiod with 500 pmol photons m=s? at 22°C:18°C
day:night. WT and WT2: cv. Bowman cultivated FW: fresh weight. * represents differences between
pairs of WTs and introgression line 289, WT2 and 290, by t-test P<0.05; n= 3. Total of reserves
accumulated at end of day in the shoot;?Percentage of the total reserves consumed at night from total
reserves accumulated at end of day
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Supplementary figure 4.10 - Diurnal glucose levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s until third leaf stage. 1S: 1° leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" |eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.11 - Diurnal fructose levels of blades and sheaths of
barley plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290.
WT and WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines
with impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s until third leaf stage. 1S: 1° leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.12 - Diurnal sucrose levels of blades and sheaths of
barley plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290.
WT and WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines
with impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons ms until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" |eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.13 - Diurnal starch levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons ms until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.14 - Diurnal fructans levels of blades and sheaths of
barley plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290.
WT and WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines
with impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s until third leaf stage. 1S: 1° leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" |eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.15 - Diurnal malate levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.
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Supplementary figure 4.16 - Diurnal protein levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light.dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s until third leaf stage. 1S: 1° leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" |eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; n= 3.

71



Chapter 4 — Carbon metabolism of barley is responsive to light intensity but not
largely affected by ELF3

1200 1 EE Glucose
3 Fructose
[ Sucrose
1000 I Starch

I Fructans

800 4 N Malate
600
400 A
200
S B =

1200

Carbon accumulation (C umol g™ FW)

1000 -

800

600 -

400 +

200

Carbon accumulation (C pmol g FW)

1200 A

1000

800

600 -

400 +

200 A
i

1200

1000 A
800 1
600 -
400
200 4 g
0 ;
1S 1B 2S 2B 3S 3B

Supplementary figure 4.17 - Carbon accumulation calculation per organ in
barley shoots. Composition of carbon pools accumulated at end of day in shoot parts
of (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and WT2
are Bowman wild type and 289 and 290 are Bowman introgression lines with impaired
elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C
day:night under 500 pmol photons ms until third leaf stage. 1S: 1% leaf sheath; 1B:
1%t leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3" leaf
blade; FW: fresh weight; grey panels: night period; n= 3.
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Supplementary figure 4.18 - Carbon consumption calculation per organ in barley
shoots. Composition of carbon pools consumed during night time in shoot parts of (A)
WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and WT2 are
Bowman wild type and 289 and 290 are Bowman introgression lines with impaired
elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C
day:night under 500 pmol photons ms until third leaf stage. 1S: 1% leaf sheath; 1B:
1%t leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath; 3B: 3" leaf
blade; FW: fresh weight; grey panels: night period; n= 3.
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4.3 Discussion

4.3.1 Light intensity slows barley plant development and the spatial
distribution, the total amount, and composition of metabolite leaf pools

Plant development was very dependent on light intensity, the plants grown
under HL growing the fastest. The plants growing under LL received 80% less light
than HL plants and took four days more, so 20% more time, to reach third leaf stage
than HL plants, ML plants being intermediate. The establishment of the first leaf was
slowed by the low light intensity (not shown), but when second leaf appears and later
at third leaf stage, the elongation rates of second and third leaves were similar for the
three light intensities (Supplementary figure 4.2). Plants grown under LL presented
lower dry weight content, with 8% compared to 12% and 10% in HL and ML,
respectively (Table 4.1). Such decrease in DW content is likely explaining why leaves
are elongating at same rate independently of light intensity. Indeed, CO> assimilation
in plants grown under ML and LL was reduced by about 21% compared to HL plants
(Table 4.2). Interestingly, plants grown under LL showed a decrease of 20% in their
total amount of proteins, this being mostly explained by a decrease in the blades of
leaves 1 and 2, although the actively growing leaf 3 was largely unaffected
(Supplementary figure 4.3). Blenkinsop and Dale (1974), reported a reduction in
chlorophyll content, photosynthesis and a reduction of 70% of the protein content in a
shaded leaf (wrapped in paper) compared to unshaded leaves. Thus, if the reduced
light intensity we used in our experiment was not enough to cause such extreme
responses as reported by Blenkinsop and Dale (1974), it was still enough to reduce by
20% the protein content of leaves, their DW content and photosynthesis.

Changes in light intensity not solely impacted the total amount of
photoassimilates accumulated during daytime, but also their composition and location.
Under all light intensities, malate was the main metabolite present in barley leaves,
which was unexpected as to our knowledge, this organic acid had never been identified
as a major metabolite in plants with Cz metabolism. The fate of newly assimilated
carbon in barley has been described to be primarily sucrose, with later incorporation
to starch, hexoses and fructans (Gordon et al., 1977, 1979; Gordon et al., 1980; Farrar
and Farrar, 1985), although it was not mentioned accumulation of malate or other

organic acid as well as accumulation in a particular leaf part. Our results showed that
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malate represented 34% of the total C accumulated under HL and 50% under LL, while
sucrose showed the opposite trend with 30% and 11% under HL and LL, respectively.
Hexoses content did not show significant changes in response to light intensities, while
fructans showed reduced content according to light intensity (Table 4.3). Malate
accumulation was affected by light intensity but remained the main C accumulated,
representing 34-50% of total C accumulated at ED, while starch and especially sucrose
accumulation decreased at lower light intensities. As a result, the contribution of
malate to the consumption of C at night was highest under LL, 40% (Table
4.3).Although accumulation of malate, sucrose and starch was affected by light
intensity, their turnover was very similar in all conditions. Malate has many roles in
plant metabolism as precursor of other metabolites, regulation of redox potential, root
exudation and stomata movement (Fernie and Martinoia, 2009). However, here we
propose that in barley it plays a role as an important alternative source of carbon to
night growth, in particular when plants are grown under light limitation. Also, it has
likely other functions in barley, because it is only partially mobilised at night and its
levels remain very high at end of night.

Interestingly, light intensity had a very strong impact on the location of C
reserves, with the highest levels observed in old blades when plants were grown under
HL whilst plants grown under LL accumulated C metabolites in younger leaves
(Supplementary figure 4.6). Metabolite levels in leaf 3, the youngest, were very similar
for all three light intensities. We propose that barley plants are preferentially storing
their resources in the youngest actively growing tissue where they are required for
growth, and then store the excess in other tissues when grown under LL. Similarly,
under a situation of acute carbon starvation, Arabidopsis maintain the viability of its
meristems by abortion of flowers and buds (Lauxmann et al., 2016). As well, under
shade by neighbouring plants, Arabidopsis actively reallocate starch to the hypocotyls,
likely to provide the C required for elongation (de Wit et al., 2018). Here we show that
plants under LL will not only reallocate starch or sucrose, but also malate. In fact, the
whole C pool we measured was preferentially allocated to actively growing tissues
when plants received low light (Supplementary figure 4.6). This differential
accumulation of C in barley also occurs under continuous light, in which reducing
sugars and sucrose accumulate in the terminal meristem and roots, while starch is
retained in the leaf (Gordon et al., 1979). Besides retention of newly formed starch in
leaves, the consumption of starch is not immediately after onset of darkness, but
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apparently after a threshold of sucrose levels (Gordon et al., 1980). The translocation
of C resources has been described to also vary during the diurnal cycle (Kolling et al.,
2015), the export of photoassimilates towards the sink tissues being particularly active
in the morning. However, we did not find any evidence for a more active transport of
photoassimilates at certain times of the day. It might be explained by the differential
diurnal growth pattern of Arabidopsis compared to monocots. Arabidopsis grows
mostly in the morning while barley shows very stable growth rates during the day
(Poire et al., 2010). Thus, our results suggest a highly regulated rewiring of the whole
primary metabolism under limitation of light, implying the preferential transport of
the photoassimilates towards tissues which require C for their growth with little
accumulation in older leaves.

For the three growth conditions, around 55-61% of the C accumulated at ED
was consumed during the night and interestingly, each metabolite was similarly
consumed for the three light intensities, with malate showing the lowest turnover (42-
47%) and starch the highest (73-83%) (Table 4.3). However, the contribution of each
leaf to the overall C consumed during the night varied a lot between the three growth
conditions, in line with the variation observed in the accumulation of metabolites at
ED (Supplementary figure 4.7). Thus, light intensity does affect the spatial allocation
of resources, the type of metabolites accumulated, but the turnover of these
metabolites was very similar for all light intensities.

4.3.2 Lack of ELF3 changes C metabolism without affecting growth in barley

We observed a total accumulation of C reserves dependant of light intensity.
Barley grown under LL took more time to reach 3 leaf stage and accumulated reduced
levels of starch and sucrose at end of day compared to plants grown under ML and HL
(Figure 4.5). However, the percentage of sucrose and starch being degraded at night
was very similar for all light intensities (Table 4.3). This decrease in sucrose and starch
is likely explained by a decrease in photosynthetic rates (Table 4.2), but also we
observed a maintenance of malate accumulation despite lower photosynthetic rates
(Table 4.3). Since the percentage of metabolites consumed at night was conserved for
all three light conditions (Table 4.3), we decided to investigate the possible
participation of the clock in this regulation by growing under HL barley plants with a

mutation in the elf3 clock gene. ELF3 is a component of the evening complex and has
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been characterized to be involved in the regulation of sugar metabolism in Arabidopsis
(Flis et al., 2019), growth and transition to flowering in plants (Zagotta et al., 1996;
Luetal., 2012; Boden et al., 2014; Box et al., 2015; Nieto et al., 2015).

Night growth in Arabidopsis depends on starch turnover, and the growth machinery is
also under circadian clock control, e.g. hypocotyl elongation (Kim et al., 2005; Farre,
2012). The evening complex (ELF3, ELF4 and LUX ARRHYTHMO) gates the
growth in Arabidopsis, repressing PHYTOCHROME INTERACTING FACTOR 4
(PIF4) and PIF5 transcription factors that promotes growth through regulation of cell
wall expansion and phytohormones (Nusinow et al., 2011). CIRCADIAN CLOCK
ASSOCIATED 1 (CCA1) also control hypocotyl elongation by repressing ELF3,
which represses PSEUDO-RESPONSIVE REGULATOR 9 (PRR9), creating a
feedback loop in the oscillator, controlling the growth and flowering responses (Lu et
al.,, 2012). ELF3 has also been described to be involved in modulation of
photoreceptors, growth mediated by gibberellin, early flowering, shade avoidance, and
temperature sensing response (Liu et al., 2001; Carre, 2002; Jimenez-Gomez et al.,
2010; Lu et al., 2012; Boden et al., 2014; Box et al., 2015; Filo et al., 2015). elf3
growth phenotype, characterised by higher hypocotyl elongation, has been observed
both in Arabidopsis and barley in previous studies (Boden et al., 2014; Filo et al.,
2015). It has been linked to enhanced GA synthesis in the mutants, and in Arabidopsis
this response is mediated by PIF4 and PIF5 (Nusinow et al., 2011; Filo et al., 2015).
Also, Arabidopsis elf3 mutants presented reduced biomass per plant, with reduced
number of leaves compared to WT (Zagotta et al., 1996; Lu et al., 2012; Flis et al.,
2019). However, in our study, elf3 barley introgression lines did not show strong
differences from wild type in elongation rates, biomass, but a weak accumulation of
hexoses and inhibition on starch accumulation at end of day (Supplementary figure
4.17, Supplementary figure 4.18, Table 4.4). Although the metabolic changes are in
agreement to the observed in Arabidopsis, suggesting the same role of ELF3 on the
regulation on C metabolism (Flis et al., 2019), the absence of growth phenotype is
possibly explained by the small impact in starch metabolism, which is not the main
supplier to growth in barley as it is in Arabidopsis. Graf et al. (2010) showed that
Arabidopsis mutants lacking other components of the circadian clock, such as LATE
ELONGATED HYPOCOTYL (LHY) and CCAL, presented disturbed nocturnal starch
degradation, exhausting the reserves before the end of night and compromising
growth. Consequently, the loss of function of ELF3 in barley is not sufficing to disturb
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starch metabolism in great extent in young plants, but other components of the internal
clock are not excluded to have higher control over growth and transient reserves in
barley. Previous studies pointed that circadian clock may have a weak influence on
the regulation of partitioning of reserves and growth in monocots compared dicots
(Poire et al., 2010; Mdller et al., 2014), indicating a higher susceptibility to
environmental changes than to disturbances in the internal clock regulation. Moreover,
changes in photosynthesis or sucrose content could lead to reduction of growth and
slower the development, as we observed in plants grown under ML and LL. Although
elf3 mutants did not present growth inhibition, we cannot discard the possibility that
ELF3 might regulate C metabolism under other conditions and developmental stages,
since ELF3 mediates temperature response and growth (Strasser et al., 2009; Box et
al., 2015) and flowering time (Zagotta et al., 1996; Boden et al., 2014). Ghaffari et al.
(2016) reported that the major correlation to vegetative shoot biomass formation in
barley is linked to the fluxes regulating sucrose (i.e. sucrose levels and sucrose
synthase activity) but the correlation changes later in reproductive stages to starch
accumulation and TCA cycle intermediates. Plant growth and development is under
effect of clock and hormones (Nozue and Maloof, 2006; Hornitschek et al., 2012;
Apelt et al., 2017), thus, the lack of strong phenotype in barley does not exclude the
fine tuning of regulation of C accumulation and partitioning by circadian clock
(Mugford et al., 2014).

4.4 Conclusion

The development of barley is dependent on light intensity. In response to
decreases in light intensities, we observed an adjustment in the metabolism of transient
reserves with a decrease in sucrose, starch and malate accumulation. Thus, the pools
of metabolites are differentially affected by variation in CO; assimilation, suggesting
a rewiring of the metabolic pathways. Moreover, changes in light intensities also
affected the spatial distribution of the C pools, low light grown plants showing the
highest amounts of metabolites in their youngest tissues. Even though circadian clock
is described to be associated to regulation of carbohydrates metabolism in
Arabidopsis, here we found an effect on starch metabolism with lower levels at end of
day in elf3 mutants. However, the mutation did not affect growth of the plants, likely

because starch is not a major metabolite for C requirement at night in barley. Further
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studies on barley grown under C limiting conditions may clarify the control of
circadian clock and environmental cues on reserves, which can be useful tools for

improving crop performance under stress.
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5 Chapter 5 - Diurnal patterns of growth and transient reserves of
sink and source tissues are affected by cold nights in barley
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5.1 Introduction

Changes in carbohydrate metabolism are vital to overcome abiotic stresses
(Pommerrenig et al., 2018) and as such, the partitioning of photoassimilates is affected
by environmental factors but also developmental processes. Arabidopsis C reserves
and diurnal growth are highly controlled by circadian clock genes (Graf et al., 2010).
However, in Zea mays and Oriza sativa, growth is stable over the diurnal cycle and
strongly affected by temperature regimes, in contrast with dicotyledonous species
(Poire et al., 2010). Thus, monocots and dicots might have different sensibilities
regarding the respective influences of the clock and the environment on the growth
patterns, and thus likely C reserves utilisation. Previous studies on fate of
photoassimilates in barley showed that the main one is sucrose, with low amounts of
starch and fructans (Gordon et al., 1977, 1979; Gordon et al., 1980; Gordon et al.,
1982). However, no large quantitative metabolite studies over a diurnal time course
have been performed, so some other important metabolites cannot be excluded.

The recommended sowing dates for spring barley in Ireland are late February
and early March. Thus, spring barley faces at a very early stage low temperature during
the day and night in early spring that later changes to warmer temperatures and longer
daylength through late spring and summer. Adequate sowing date can be determinant
to the final yield of cereal crops (Conry, 1995, 1998; Potterton and McCabe, 2018). If
they undergo higher temperature at tillering stage, they transition faster between
developmental stages (Kirby et al., 1982) and may produce smaller leaves and less
tillers which could impact the number of ears and consequently lower yield. Studies
on sowing date for spring barley show that the earlier the sowing, the higher the yield
(Kirby et al., 1982; Photiades and Hadjichristodoulou, 1984; Conry, 1995, 1998;
Kumar et al., 2017; Potterton and McCabe, 2018). Thus, if spring varieties are less
tolerant than winter barley varieties to cold, they still experience cold at early stage,
which seems to be crucial in regulating their development (Kirby et al., 1985) and thus
a full understanding of the response of spring barley to cold could help increasing the
yields. Cold and freezing tolerance in plants are achieved by a combination of
increased protein content, sugars and other soluble metabolites (Hurry and Huner,
1992; Oquist et al., 1993; Savitch et al., 2000; Al-Hamdani and Thomas, 2001;
Bourion et al., 2003; Visioni et al., 2013; Janmohammadi et al., 2014; Trischuk et al.,
2014; Lorenzo et al., 2015; Tyrka et al., 2015), mainly orchestrated by C-REPEAT-
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BINDING FACTOR (CBF) genes (Thomashow, 1999; Cook et al., 2004; Thomashow,
2010; Pare et al., 2018; Shi et al., 2018).The circadian clock also seems to be part of
the pathway regulating cold acclimation in Arabidopsis, with a number of metabolites
involved in cold acclimation showing circadian oscillations under free running cycles
in the cold, and clock mutants exhibiting impaired freezing tolerance (Espinoza et al.,
2010). Among circadian clock components, ELF3 has been involved in growth, cold
responses and tolerance, and regulation of starch metabolism (Zakhrabekova et al.,
2012; Box et al., 2015; Ford et al., 2016; Flis et al., 2019).

To obtain a better understanding of the effects of cold treatments on the growth
and partitioning of C compounds, temporally and spatially mobilization of transient C
stores to supply growth at night, taking in consideration the developmental stage of
the leaf, we grew barley under three thermo regimes: warm days and nights
(22°C:18°C), warm day and cold nights (22°C:4°C) and cold days and nights
(10°C:4°C). Sink and source tissues (blades and sheaths) of plants with three leaves
(with different developmental stages) were harvested separately and throughout the
day covering 24 h. Because the involvement in cold tolerance of the clock has been
suggested, we also included in our study elf3 spring barley mutants. The following
experiments demonstrate the accumulation of sugars in older leaves when grown
under low temperatures, the impaired accumulation of starch under cold nights in elf3

and little participation of ELF3 on the regulation of growth of barley.

5.2 Results

5.2.1 Growth is reduced by cold; proteins are only affected by daytime cold,
and chlorophyll fluorescence parameters are only marginally affected

Plants grown under 10°C:4°C temperature regime presented a different
phenotype to plants grown under the two other temperature regimes, with a decrease
in their height (Supplementary figure 5.1 A) despite a similar biomass (Supplementary
figure 5.1 B). Moreover, plants grown under 10°C:4°C showed a lower water content
(Table 5.1) compared to other conditions. For all conditions the fluorescence
parameters were alike (Table 5.1), at the exception of a significant small decrease in
Fy/Fm, Y(II) and ETR observed in plants grown under cold day and night. Highest

protein contents were observed in blades of all leaves and the sheath of the third leaf
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for all treatments (Figure 5.1). Protein levels did not show any diurnal turnover. In
warm daytime and cold night, the protein levels were similar to those observed under
warm daytime and night. (Figure 5.1 A-B). However, when plants were grown in cold

daytime and night, protein levels increased in all tissues ( Figure 5.1 C)

Table 5.1- Water content and fluorescence parameters of Propino barley plants
grown under different temperature regimes.

Water content

(%)
22°C:18°C 91.15+1.11a 0.796 + 0.003 a 0.745%0.016 a 156.429+3.355 a
22°C:4°C 88.97+092b 0.788+0.006 a 0.743+0.009 a 156.1+1.986 a

10°C:4°C 84,59+ 0.96 ¢ 0.77+0.016 b  0.722+0.009b  151.515+1.905b

Propino plants were grown until third leaf stage in a 12h:12h light:dark photoperiod with 500 pmol
photons ms™'. The plants reached third leaf stage under 22°C:18°C day:night at 15 DAS, 22°C:4°C
day:night at 20 DAS and 10°C:4°C day:night at 42 DAS. Values represent mean and SD. F./Fm:
maximum photochemical quantum yield of PS II; Y(): effective photochemical quantum yield of PS II;
ETR: electron transport rate in pmol electron m2s™!. Letters represent significant differences between
treatments for Tukey’s test P<0.05, n=6.

Fv/Fm Y ETR

All plants were harvested at the same stage of development, with the third leaf
being exposed by 3cm at least. Plants grown in 22°C:18°C reached this stage 14 days
after sowing (DAS), while plants under 10°C:4°C took 41 DAS, and 22°C:4°C plants
19 DAS. Elongation rates at night were lower than during daytime for all treatments.
Second leaves presented lower elongation rate (Figure 5.2 A) than third leaves (Figure
5.2 B) in all conditions, suggesting that second leaves were reaching maturity. Plants
grown under 10°C:4°C showed in average a 75% reduction in the elongation rates of
their second and third leaves compared to control condition (Figure 5.2). Plants
submitted to cold only at night showed similar elongation rates to the control during
the daytime, but at night elongation rates were comparable to plants grown under

10°C:4°C.

5.2.2 Diurnal patterns of soluble sugars, fructans, starch and malate are
affected by temperature

Blades contained very low concentrations of both glucose and fructose, but
sheaths contained higher levels. Glucose and fructose predominantly accumulated in
youngest sheath (leaf 3) for the three temperature regimes. However, glucose and

fructose were only almost fully consumed under the 22°C:18°C treatment
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(Supplementary figure 5.2 A and Supplementary figure 5.3 A) and their turnover was
strongly inhibited by the cold night plants faced in the 10°C:4°C and 22°C:4°C
temperature regimes (Supplementary figure 5.2 B-C and Supplementary figure 5.3 B-
C). When cold was present during day and night glucose and fructose turnover was
totally abolished in leaves while a small turnover of glucose in the third sheath but
none for fructose, was observed when plants were grown under the 22°C:4°C

temperature regime.
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Supplementary figure 5.1 - Height and biomass of barley plants grown under
three temperature regimes. (A): height at the last timepoint harvested: 22°C:18°C
day:night at 15 DAS, 22°C:4°C day:night at 20 DAS and 10°C:4°C day:night at 42
DAS; (B): fresh weight of shoot biomass. Plants were grown in a 12h:12h light:dark
photoperiod with 500 pmol photons m?s!. DAS: days after sowing; error bar
represents SD; n=6; ED: end of day; EN: end of night; ED2: end of subsequent day *
represents significant difference for Tukey test at P<0.05
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Figure 5.1 - Diurnal protein levels of barley plants grown under three
temperature regimes. Protein levels of plants grown under (A) 22°C:18°C day:night
for 15 DAS, (B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42
DAS, until third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod
with 500 pmol photons m2s™!. 1S: 1% leaf sheath; 1B: 1! leaf blade; 2S: 2" leaf sheath;
2B: 2" Jeaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle

of night; ED: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh
weight; grey panels: night period; error bar represents SD; n= 3.
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Figure 5.2 - Elongation rates of barley plants grown under three temperature
regimes. (A): elongation rate of second leaves. (B): elongation rate of third leaves.
Plants were grown in a 12h:12h light:dark photoperiod with 500 umol photons m™s’!
under 22°C:18°C day:night harvested at 15 DAS, 22°C:4°C day:night at 20 DAS and
10°C:4°C day:night at 42 DAS; *: difference between day and night by t-test at
P<0.05; lowercase letter: differences between daytime measurements; uppercase
letters: differences between night-time measurements; significantly different by Tukey
test at P<0.05, error bar represents SD; n=6

86



Chapter 5 — Diurnal patterns of growth and transient reserves of sink and source
tissues are affected by cold nights in barley

301 —@— 1S
-O— 1B 189C | 229C
o5 —w¥— 2S

—A— 2B
|- 3S

>

15 A

10 A

Glucose (umol.g") FW

vy)
w
=]
(]

40C | 220C
25

20 4

15 A

10 A

Glucose umol.g") FW

@)
w
S

{

49c | 100C
25

20 A

15 A

10 A

Glucose umol.g") FW

ED MN EN MD ED2

Supplementary figure 5.2- Diurnal glucose levels of plants grown under three
temperature regimes. Glucose levels of plants grown under (A) 22°C:18°C day:night
for 15 DAS, (B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42
DAS, until third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod
with 500 pmol photons m2s™!. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath;
2B: 2" Jeaf blade; 3S: 3" leaf sheath; 3B: 3 leaf blade; ED: end of day; MN: middle
of night; EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh
weight; grey panels: night period; error bar represents SD; n= 3.
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Supplementary figure 5.3- Diurnal fructose levels of plants grown under three
temperature regimes. Fructose levels of plants grown under (A) 22°C:18°C day:night
for 15 DAS, (B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42
DAS, until third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod
with 500 pmol photons m2s™!. 1S: 1% leaf sheath; 1B: 1! leaf blade; 2S: 2" leaf sheath;
2B: 2" Jeaf blade; 3S: 3 leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle
of night; EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh
weight; grey panels: night period; error bar represents SD; n= 3.
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Sucrose content in sheaths of plants grown in the three conditions was low and
almost no turnover was observed (Figure 5.3). In contrast, sucrose predominantly
accumulated in old blades, and a high turnover was observed for all three temperature
regimes. Temperature had an effect on sucrose accumulation, with the blades of plants
grown under the 10°C:4°C temperature regime exhibiting almost twice the
concentration of sucrose observed in the blades of the plants grown under 22°C:18°C
(Figure 5.3 A and C). Interestingly, when the cold was applied only at night
(22°C:4°C), the accumulation and turnover of sucrose in the blades was very similar
to those of plants grown under the 22°C:18°C temperature regime (Figure 5.3 B).

Unexpectedly, fructan levels were not affected in the same manner as sucrose
(Supplementary figure 5.4, ). Plants grown under warm day and night and facing solely
cold nights accumulated very low amounts of fructans in both blades and sheaths, and
no turnover was observed (Supplementary figure 5.4 A-B). A small accumulation of
fructans was observed in the oldest blade and youngest sheath of plants grown under
the 10°C:4°C treatment (Supplementary figure 5.4 C). It is different from sucrose
which accumulated predominantly in older blades, but not in sheaths. Despite the low
levels of fructans accumulated in first blade and third sheath, the turnover of fructans
observed was about 54%.

Plants grown under warm days and nights showed the highest starch
accumulation, mainly in the second and third blades (Figure 5.4 A) and starch was
nearly exhausted by the end of the night. In the presence of cold treatment, either
22°C:4°C or 10°C:4°C , starch accumulation was reduced in 25% and 57%,
respectively, compared to the content in plants under 22°C:18°C (Table 5.4). However,
starch was still almost fully consumed at night (76-91%) for both cold treatments
(Table 5.4).

Malate presented different patterns according to the temperature in which
plants were grown. Plants under 22°C:18°C showed increased malate concentration in
the third sheath and blade as well as a small turnover (Figure 5.5 A), but a very small
accumulation was observed in other tissues. Under warm daytime and cold nights,
plants showed an intermediary accumulation of malate in the first and second leaves
compared to 22°C:18°C and 22°C:4°C, but high levels were observed in both blades
and sheaths of the third leaves, so in the youngest tissues (Figure 5.5 B). However,
when plants were submitted to 10°C:4°C, first and second blades presented an

increased concentration of malate compared to 22°C:18°C, with a partial turnover in
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blades and almost none in sheaths (Figure 5.5 C). At plant level, the content of malate
at end of day was strongly increased under 22°C:4°C and 10°C:4°C compared to the
content under 22°C:18°C (Table 5.4)
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Figure 5.3 - Diurnal sucrose levels of plants grown under three temperature
regimes. Sucrose levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m™s™!. 1S: 1% leaf sheath; 1B: 1°! leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle of night;

EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n= 3.
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Supplementary figure 5.4- Diurnal fructan levels of plants grown under three
temperature regimes. Fructan levels of plants grown under (A) 22°C:18°C day:night
for 15 DAS, (B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42
DAS, until third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod
with 500 pmol photons m2s™!. 1S: 1% leaf sheath; 1B: 1! leaf blade; 2S: 2" leaf sheath;
2B: 2" Jeaf blade; 3S: 3 leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle

of night; EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh
weight; grey panels: night period; error bar represents SD; n= 3.
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Figure 5.4 - Diurnal starch levels of plants grown under three temperature
regimes. Starch levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m2s™!. 1S: 1% leaf sheath; 1B: 1° leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle of night;
EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n= 3.
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Figure 5.5 - Diurnal malate levels of plants grown under three temperature
regimes. Malate levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m™s™!. 1S: 1% leaf sheath; 1B: 1°! leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3 leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle of night;
EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n= 3.
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5.2.3 Metabolite accumulation in the daytime and their consumption at night
are modified in source tissues to supply growth in cold nights

Plants grown in the presence of cold, 22°C:4°C and 10°C:4°C, accumulated
more C at end of the day than plants grown under 22°C:18°C (Table 5.4). Sucrose
followed by malate and starch were the main metabolites accumulated during the light
period for all conditions. Starch accumulation was reduced in plants grown under the
22°C:4°C (reduced 25%) and 10°C:4°C temperature regimes (decrease of 57%)
compared to the starch content in plants under 22°C:18°C (Table 5.4). However, the
content of sucrose in the shoot increased 30% under 22°C:4°C and 57% under
10°C:4°C compared to the content in plants grown under 22°C:18°C (Table 5.4).

The consumption of C at night by 22°C:18°C control plants was around 91%
of the total accumulated during the day, while for plants grown under 10°C:4°C the
consumption was 73% (Table 5.4). The turnover was drastically decreased for plants
grown under 22°C:4°C with only 61% of the C accumulated being consumed at night
(Table 5.4). When plants were grown under cold days and nights, the contribution of
starch to night consumption dramatically decreased (from 25% under 22°C:18°C to
8% under 10°C:4°C) while sucrose was the main provider of C at night, composing
67% of the C pool consumed under 10°C:4°C (Table 5.4).

In general, sheaths had a low contribution to the supply of carbon for night use,
at the exception of the sheaths of third leaf where malate and glucose were the main
providers of carbon (Figure 5.6). Under 22°C:18°C , the oldest blade provided
predominantly sucrose, while the second blade provided almost equally sucrose and
starch and the third blade sucrose, starch and malate (Figure 5.6 A). However, when
plants are submitted to cold days and nights, all blades primarily provided sucrose,
followed by malate (Figure 5.6 E). Interestingly, under 10°C:4°C, the old blades
contributed more than the youngest blade to the provision of C at night, in stark
contrast to 22°C:4°C where it is the opposite (Figure 5.6 A and C). Sheaths showed a
slight sucrose accumulation during the night, and the third sheath provided malate.
Unexpectedly, plants under 22°C:4°C presented a very irregular pattern of carbon
consumption (Figure 5.6 B, D and F). Blades still consumed more carbon than sheaths
and relied mostly on sucrose and malate from the first and second blades, while the

youngest blade consumed mainly starch (Figure 5.6 F).
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Figure 5.6- Carbon accumulation and consumption calculation per organ under
three temperature regimes. Composition of carbon accumulation (left, A) and
consumption (right, B) at end of the day of sheaths and blades of barley grown under
22°C:18°C day:night at 15 DAS; (C) and (D) under 22°C:4°C day:night at 20 DAS,
and (E) and (F) under 10°C:4°C day:night at 42 DAS, until third leaf stage. Plants
were grown in a 12h:12h light:dark photoperiod with 500 pmol photons m2s!, 1S: 1%
leaf sheath; 1B: 1t leaf blade; 2S: 2"¢ leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" Jeaf blade; FW: fresh weight; n= 3.
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5.2.4 Cold nights affect mobilization of carbohydrates in elf3 introgression
lines without affecting photosynthesis and leaf elongation rates

To evaluate the effect of ELF3 in the partitioning of C compounds under cold,
cv. Bowman (WT) and elf3 mutants (introgression lines 289 and 290) were grown
under warm day and cold nights (22°C:4°C). All genotypes took 16 days to reach same
stage of development with third leaf developing and did not present differences in leaf
elongation rates (Table 5.2). We measured net photosynthesis, stomatal conductance,
internal concentration of CO», transpiration and water use efficiency (Table 5.3). No
significant differences were observed between Bowman WT and elf3 mutants.
However, photosynthesis was decreased when cold days and nights were applied for
all genotypes. Under 22°C:4°C, cv. Propino showed a significantly decreased rate of
photosynthesis compared to 22°C:18°C, other lines showing a tendency (Table 5.3).
The stomatal conductance and transpiration were increased under 10°C:4°C for all

genotypes. This resulted in a lower WUE to all genotypes under 10°C:4°C (Table 5.3).

Table 5.2 — Elongation rate and height of Bowman WT and elf3 introgression lines
under cold nights.

Elongation rate (mm h™) Height (cm)
Second leaf Third leaf
WT 289 290 WT 289 290 WT 202 a
Day 19+0 a* 21+02 a* 2+02a*[19+01a* 19+01a* 2+02a*[289 207 +13 a
Night 04 +0 a 03+0l1a 03+01a]|04+£0la 04+£0 a 02+01a |29 187+13 a

Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol photons m2s™! under 22°C:18°C
day:night for 15 DAS, 22°C:4°C day:night for 20 DAS and 10°C:4°C day:night for 42 DAS, until third
leaf stage Values represent mean and SD. Letters represent differences between genotypes by Tukey
P<0.05; * represents differences between day and night by t-test P<0.05, n=6.
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Table 5.3 Photosynthesis, stomatal conductance, internal CO2 concentration, transpiration and water use efficiency of cv. Bowman (WT),
elf3 mutants and cv. Propino grown under different temperature regimes

A gs Ci E WUE
WT 17035 + 1817 B 0.004 £ 0.001 A 22 £ 5 A 0.043 £ 0.011 A 112 + 30 B
990C:189C 289 17354 + 2869 B 0.005 = 0.001 A 22 £+ 6 A 0.056 £ 0.007 A 91 £+ 18 B
290 16516 + 1373 B 0.004 £ 0.001 A 21 £ 6 A 0.043 £ 0.012 A 111 + 31 B
PRO 17567 + 3149 B 0.004 £ 0.000 A 20t 5 A 0.050 + 0.011 A 110 £ 15 C
WT 15674 + 2168 B 0.004 £ 0.001 A 20 2 A 0.053 + 0.011 A 88 £+ 16 B
990C-40C 289 15266 + 1213 B 0.005 =+ 0.001 A 19+2 A 0.055 + 0.009 A 80 £+ 14 B
290 14781 + 1514 B 0.004 £ 0.001 A 22 £+ 5 A 0.048 + 0.011 A 92 £+ 15 B
PRO 13150 £ 1290 A 0.004 £ 0.001 A 18 +£3 A 0.045 £ 0.006 A 87 £ 17 B
WT 11498 + 1175 A 0.016 + 0.006 B 22 £+ 3 Ab 0.080 = 0.019 B 18+6 A
100C-49C 289 10920 + 1764 A 0.018 =+ 0.006 B 21 £ 2 Aab | 0.081 £ 0.022 B 16 £6 A
290 11012 + 1334 A 0.014 = 0.003 B 23 £+ 4 Ab 0.073 £ 0.010 B 18+4 A
PRO 10601 + 983 A 0.013 =+ 0.004 B 16 + 3 Aa 0.060 + 0.015 A 20 4 A

Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol photons m~s™! under 22°C:18°C day:night for 15 DAS, 22°C:4°C day:night for 20 DAS and 10°C:4°C
day:night for 45 DAS, until third leaf stage Values represent mean and SD. WT: Bowman WT; 289 and 290: introgression lines for e/f3 in Bowman background; PRO: cv.
Propino; A: net photosynthesis, pmol g-'day!; gi: stomatal conductance, mol H>O g''s!; Ci: substomatal concentration of CO, umol g''; E: transpiration, mol.g"!; WUE: water
use efficiency umol CO; mol' H,O. Capital letters represent differences between temperature regime within a genotype; small case letters represent differences between
genotypes within temperature regimes by Tukey P<0.05, n=6.
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Primary metabolites were determined in blades and sheaths of WT and elf3
introgression lines grown under 22°C:4°C at end of day and end of night period. As
expected, cv. Bowman showed very similar metabolite patterns as those observed for
cv. Propino.

Sheaths of third leaves contained more glucose than other tissues at end of day,
and its content was lower in introgression lines than WT. Also introgression lines
accumulated less glucose at end of day in the second sheath and blade (Supplementary
table 5.1), which resulted in less C available for use at night. Second and third leaves
accumulated more fructose at end of day, while the respective sheaths accumulated
fructose during the night; and no significant differences were observed amongst
genotypes (Supplementary table 5.1). Sucrose was the second most accumulated C
reserve in all genotypes, and the highest levels were found at end of day in the first
and second blades. Most tissues presented partial consumption of sucrose at night in
all genotypes (Supplementary table 5.1). Both introgression lines presented slightly
higher content of sucrose in first and second blades at end of night compared to WT
(Supplementary table 5.1), an indication of less carbon consumed at night due to
impaired function of ELF3.

Starch was not highly accumulated in blades or sheaths but was consumed at
night in all tissues of all genotypes. Second and third blade accumulated more starch
at end of day than other tissues in all genotypes under 22°C:4°C (Figure 5.7). However,
introgression lines accumulated less starch at the end of day and also presented slightly
higher level of starch than WT at end of night (Figure 5.7, Supplementary table 5.1).
Blades of the first leaf accumulated more fructans than other tissues, with no
significant difference between genotypes (Supplementary table 5.1). Despite low
levels accumulated at end of day, mobilization of fructans was observed in the blade
of first leaf and sheath of second leaf for all genotypes. Malate was the most
accumulated C compound in both blades and sheaths of all tissues and genotypes
grown under 22°C:4°C. Malate was slightly mobilized in all blades at night in WT, but
it was not observed in introgression lines (Supplementary table 5.1). The proteins
content was similar to all genotypes, although higher content was observed in blades
of first and second leaves and third leaf parts with no significant mobilization at night

(Supplementary table 5.1).
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Figure 5.7 - Diurnal starch levels of plants grown under three temperature
regimes. Starch levels of plants grown under 22°C:4°C day:night for 16 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m™2s™!. 1S: 1% leaf sheath; 1B: 1* leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of day; EN: end of night; FW:
fresh weight; grey panel: night period; error bar represents SD; n=3
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Supplementary table 5.1 - Levels of transient C reserves in shoots of cv. Bowman
and elf3 mutants.

GLUCOSE (umol g-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 21.25+4.2 Aab* 208+1.0 Aa 86.91+84 Bc 2276+38 Bab  14357+16.4 Bd 39.26+6.6 Ab
289 ED 16.94+ 17 Ab 505+0.6 Ba 31.66+6.8 Ac 12.08+2.6 Aab 92.33+56 Ad 30.93+0.7 ABc
290 ED 29.61+9.0 Ab 6.08+15 Ba 30.72+85 Ab 1350+ 1.8 Aa 101.99+0.2 Ac 28.22+31 Bb
WT EN 11.42+35 Aa 560+27 Aa 80.98+11.0 ABc  16.01+4.6 Aa 141.22 +83 Bd 47.27+32 Bb
289 EN 1485+1.1 Aab 3.79+28 Aa 5891+ 13.2 Ac* 899+11 ABa 106.93+7.8 Ad 29.96+58 Ab
290 EN 26.12+6.4 Bb 6.86 0.7 Aa 105.32+9.3 Bc* 16.22+14 Bab 13447+7.2 Bd* 29.65+50 Ab

FRUCTOSE (umol g-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 1512+23 Babc* 338+16 Aa 2168+ 1.7 Bbc 1150+ 15 ABab 47.13+14 Bd 28.14+11.9 Ac
289 ED 9.27+25 Ab 207+18 Aa 11.65+23 Ab 8.46+20 Ab 39.86+25 Ad 1831+15 Ac
290 ED 11.99+2.1 ABb 167+25 Aa 12.62+37 Ab 1342+0.6 Bb 41.20+18 Ac 18.41+32 Ab
WT EN 5.64+28 Aa 548+10 ABa  46.26+57 ABb* 1021+42 Ab 91.97+89 Bc* 3835+50 Bb
289 EN 11.09+ 0.4 ABa 393+12 Aa 30.61+21 Ab* 1058+ 0.3 Aa 66.80 + 12.9 Ac* 30.80+7.9 ABb
290 EN 17.72+53 Ba 7.87+10 Ba* 59.35+9.5 Bb* 1650+ 1.8 Aa* 8525+4.0 ABc* 21.00+19 Aa

SUCROSE (eg. glucose pmol g-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 39.94+58 Ab* 26224 +26.9 Ad* 22.01+63 Aab 160.93+3.0 Ac* 0.00+0.0 Aa 56.53 + 17.8 Ab*
289 ED 4953+7.2 Ab 229.43+8.2 Ad* 34.97+49 Ab 166.61 + 13.8 Ac* 11.07+81 Aa* 42.68+4.2 Ab*
290 ED 52.07+14 Ab* 237.43+76 Ad* 31.04+ 115 Aa 171.38+4.5 Ac* 12.68 £ 10.9 Aa* 69.40 £35 Ab*
WT EN 21.57+13 Ab 33.49+05 Ac 61.43+55 Bd* 7.32+38 Aa 0.00+0.0 Aa 319+48 Aa
289 EN 41.66+7.3 Bb 52.86 +7.8 Bhc 66.21+6.0 Bc* 41.27+5.8 Bb 0.00+0.0 Aa 9.80+6.1 Aa
290 EN 3193+78 ABb  87.15+54 Cd 4494 +58 Abc 55.30+31 Cc 0.00£0.0 Aa 118+20 Aa

STARCH (eq. glucose pmol g-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 31.86+25 Ac* 24.32+08 Bc* 14.67+15 Bb* 58.96 + 3.8 Cd* 535+0.3 Ba* 63.02+50 Bd*
289 ED 2856+6.1 Ac* 16.28+1.9 Ab* 8.99+05 Aab* 4565+14 Bd* 332+02 Aa* 4580+25 Ad*
290 ED 23.99+16 Ad* 18.48+1.0 Ac* 8.99+0.6 Ab* 37.98+15 Ae* 315+03 Aa 46.48+0.6 Af*
WT EN 10.92+1.0 Ad 146+0.2 Aa 3.93+03 Ac 3.05+0.3 Abc 256+0.1 Aab 2.67+0.1 Aabc
289 EN 10.86 £0.8 Ad 358+0.3 Bab 553+0.3 Bc 371+03 Bab 278+0.2 Aa 478 +05 Bbc
290 EN 10.85+1.3 Ad 572+05 Cb 6.32+0.1 Cb 8.68+0.1 Cc 3.78+0.3 Ba 6.62+0.8 Cb

FRUCTANS (eq. glucose pmol g-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 529+23 Ba 37.17+4.0 Bb* 10.78+4.3 Ba 1522+7.6 Aa* 15.82+36 Aa 9.80+85 Aa
289 ED 0.00£0.0 Aa 2506+ 1.8 Ae* 045+0.8 Aab 19.22+1.6 Ade* 1464+6.0 Acd 7.67+18 Abc
290 ED 413+30 Ba 3438+6.1 ABc* 664+17 ABa 15.16 £ 6.6 Aab 19.94+27 Ab 512+21 Aa
WT EN 371+£06 Aa 6.35+1.1 Aab 12.09+0.8 Bb 0.88+15 Aa 26.77+49 Ac* 335+£06 Aa
289 EN 058+ 1.0 Aa 13.01+27 Aab 844+24 ABa* 210+3.6 ABa 21.94+35 Ab 184+32 Aa
290 EN 246+26 Aa 991+7.6 Aa 298+39 Aa 7.62+18 Ba 16.93 + 17.0 Aa 6.85+4.4 Aa

MALATE (umol g-1 DW)

1S 1B 2S 2B 3S 3B
WTED  413.37+10.0 Aa* 637.64+32.8 Bb*  456.56 + 12.1 Aa 588.94 + 239 Bb*  712.39+29.8 Bc 606.36 + 17.5 Bb*
289 ED  449.85+26.4 Aa* 531.53+16.2 Abc  476.68+31.6 Aab  499.60+95 Aab 733.27+44.1 Bd 601.21 + 31.6 Bc
290 ED  526.84+78.7 Aa 550.36 + 25.4 Aa 459.51 + 48.4 Aa 530.26 + 17.0 Aa 573.56 + 43.4 Aa 47550+83 Aa
WT EN  331.70 + 14.6 Aa 510.73 + 13.7 Ac 440.74 £ 29.3 Ab 452.02 + 27.2 Ab 808.02 +22.6 Ad* 523.11+38 Bc
289 EN  379.83+23.8 Ba 551.82 + 44.4 Ab 439.83 £57.0 Aa 564.18+4.1 Bb*  729.28+63.6 Ac 566.80 + 4.7 Bb
290 EN  440.15+ 116 Ca 47167 £56.2 Aab  482.47+15.0 Aab  546.72 + 26.4 Bb 766.25 + 20.4 Ac*  404.00 £ 52.3 Aa

PROTEINS (mg-1 DW)

1S 1B 2S 2B 3S 3B
WT ED 76.48 +10.6 Aa 233.28+1.7 Ac 97.81+21.7 Aa 230.59 + 239 Ac 171.12 +20.5 Ab 258.17+9.0 Ac
289 ED 66.41+15.7 Aa 24364 £10.7 Acd  129.68+56 Ab 269.54+86 Ad* 213.30+20.7 ABc 240.68 + 25.8 Acd
290 ED  105.06 + 26.6 Aa 23857+84 Abc 12454+14.3 Aa 259.39+14.0 Abc  222.97+7.2 Bb* 27299+ 13.1 Ac
WT EN 101.28 + 16.6 Aa 254.37+52 Ad* 154.88+16.0 Ab* 270.75+14.4 Ad 214.09+11.3 Ac* 256.76 +4.6 Ad
289 EN 98.89+9.2 Aa* 236.75+14.2 Abc  123.77+23.0 Aa 23519+ 139 Abc  191.36 +26.9 Ab 264.11+21.5 Ac
290 EN 59.19+57.8 Aa 23353+6.7 Abc  140.69+425 Aab 25330+ 14.9 Ac 169.16 + 20.9 Abc  208.57 + 42.4 Abc

Plants were grown under 12h:12h light:dark photoperiod with 500 pmol photons m2s™! under 22°C:4°C
day:night for 16 DAS, until third leaf stage. Values represent mean and SD. DW: dry weight; 1S: 1%
leaf sheath; 1B: 1% leaf blade; 2S: 2™ leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3" leaf
blade; WT: Bowman background; 289 and 290: introgression lines of elf3; ED: end of day; EN: end of
night. Capital letters represent differences between genotypes within a timepoint; small case letters
represent differences between tissues within a genotype by Tukey P<0.05; * represents differences
between timepoints within a genotype by t-test P<0.05, n=6.
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5.2.5 Crown has little participation in C supply for shoot growth under cold
with incomplete C consumption in elf3 introgression lines

To evaluate the contribution of crown in the partition of carbohydrates and
supply of growth under cold, we harvested crown tissue at end of day and end of night
of all the genotypes grown under 22°C:18°C, 22°C:4°C and 10°C:4°C. The content of
C compounds in crowns was much lower than in the shoot for all temperature
conditions and genotypes, below 6 pmol g FW for glucose, fructose and starch in all
growth conditions, and up to 26 umol g! FW for sucrose, fructans and malate when
cold was present (Supplementary table 5.2) Protein content was very similar for all
genotypes, with little variation between temperature conditions. However, small
differences between the genotypes regarding mobilization of C reserves were

observed.

Supplementary table 5.2 - Levels of transient C reserves in crown of cv. Propino,
cv. Bowman and elf3 mutants.

229C:18°C
GLUCOSE FRUCTOSE SUCROSE STARCH FRUCTANS MALATE PROTEINS
WTED 070£02 B*  042+01 A 031+01 A 249+04 AB* 735%14 A*  1974%38 C*  1834%23 A
289ED 052+0.2 AB* 029+0.1 A 034+01 AB* 18911 A 10.00+£2.7 AB* 11.30£35 AB 194409 A
290ED 02501 A 032402 A 026+0.1 A 140 £05 A* 9.95+21 AB*  9.05%35 A 18.49+18 A
PROED 069+02 B 055+02 A 049+0.1 B* 33706 B 1320+1.1 B*  17.18+2.7 BC* 20.68+05 A*
WTEN 020%00 A 02400 A 025+01 AB  1.05+04 A 408+14 A 108422 AB  17.00£19 AB
289EN 02001 A 0.13+0.0 A 01300 A 087+0.3 A 420+10 A 843+15 A 18.67+1.3 AB
290EN 03202 AB 03001 AB 019+00 AB  037+02 A 223+08 A 9.13+30 A 152736 A
PROEN 048:02 B 046+02 B 027+01 B 278+05 B 880+21 B 1371+18 B 19.60+0.9 B
22°C:4°C
GLUCOSE FRUCTOSE SUCROSE STARCH FRUCTANS MALATE PROTEINS
WTED 1.31%03 A 067+02 A 236+03 A 1.09+04 A 10.86+2.2 C 19.96+1.6 A 180742 A
289ED 0.99+0.6 A 055+03 A 207+05 A 07703 A 509+18 A 17.83+51 A 2120430 A
290ED 1.00£0.1 A 055+02 A 1.92+04 A 089+02 A 785+11 B 16.61+3.7 A 2263+17 A*
PROED 154%03 A 073+02 A 232407 A 195+01 A*  10.89+0.7 C 1891+52 A 2145+29 A
WTEN 225+04 B*  109+03 A* 466+09 B*  077+02 A 2238429 A*  19.99+29 A 19.72+2.4 AB
289EN 161+01 A 1.07+02 A* 487+16 B*  061+01 A 2266+29 A*  2165+17 A 2059+21 B
290EN 1.73+03 A 070+01 A 245+03 A 068+02 A 2073+16 A*  21.75+32 A 165114 A
PROEN 20902 AB  1.03+02 A* 317+15 AB 11701 A 19.67+£0.9 A*  2402+49 A 2071+10 B
10°C:4°C
GLUCOSE FRUCTOSE SUCROSE STARCH FRUCTANS MALATE PROTEINS

WTED 148%0.2
289ED 1.11%0.1
290ED 1.39%0.3
PROED 200+0.4

123+01 A 16.38+1.2 A 3.48+08 16.88 £3.1
1.09+01 A 1682+21 A 4.04+0.6 29.22+25

A 17.70+1.6 AB 2408+1.8
A
1.29+02 A 16.99+16 A 357+06 A 18.85+4.6
A
A

* 16.81+£0.7 A 237920
122317 A 229413
2345+16 B* 25.83+29
1859+0.6 A 21.61+19
1824+05 A* 21.05+22

*

157+01 B 19.09+11 A 6.40+0.7 2487+19
WTEN 1.38%0.2 117+01 A 2440+0.7 A* 2.88+0.6 17.79+£3.0
289EN 138+0.2 A* 140+0.1 AB* 2455+23 A* 4.02+0.5 AB 18.00+2.5
290EN 216+04 B* 1.71+0.1 B* 26.85+34 A* 3.32+0.6 AB 273379 15.02+19 B* 21.36+1.7
PROEN 24003 B 1.74+02 AB 2477+18 A* 6.27+05 B 23.69+5.1 21.04+08 B 23.98+25

Plants were grown under 12h:12h light:dark photoperiod with 500 pmol photons m2s! under
22°C:18°C, 22°C:4°C and 10°C:4°C day:night until third leaf stage. Values represent mean and SD.
Glucose, fructose and malate are given in umol g! FW, sucrose, starch and fructans are given in
equivalent glucose umol g! FW, proteins are given in mg g”! FW. ED: end of day; EN: end of night;
WT: Bowman background; 289 and 290: introgression lines of elf3; PRO: cv. Propino; FW: fresh
weight. Capital letters represent differences between genotypes within a timepoint by Tukey P<0.05; *
represents differences between timepoints within a genotype by t-test P<0.05, n=6.
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In plants grown under 22°C:18°C, the accumulation of carbohydrates in crowns
was very low and similar to the levels found in sheaths. Propino contained slightly
more C compounds in crowns than Bowman WT. The elf3 mutants presented similar
levels of carbohydrates compared to WT and only malate content was significantly
lower. Even though the levels observed at end of day were very low, a tendency for
partial consumption of these reserves during the night was still noticeable
(Supplementary table 5.2). Under 22°C:4°C, the soluble C content was higher than in
crowns of plants grown under 22°C:18°C, particularly for sucrose and fructans.
Crowns of WT plants increased the content of glucose, fructose, sucrose and fructans
at the end of night under 22°C:4°C, a tendency followed by the 289 introgression line
but not entirely by for the 290 line (Supplementary table 5.2). Fructans and malate
were the most accumulated C compounds in crowns of all genotypes under 22°C:4°C.
Fructans in both introgression lines was lower at end of the day compared to WT.
Malate was the C compound the most accumulated in all genotypes at end of day, but
it was not mobilized at night (Supplementary table 5.2). No difference between WT
and introgression lines was observed for all metabolites in crowns at the end of the
day under 10°C:4°C. (Supplementary table 5.2). The levels of glucose, fructose and
malate at end of night in the introgression line 290 was slightly higher than WT, but
not in the introgression line 289. Sucrose content showed a significant increase in
content under 10°C:4°C for all genotypes. Also, sucrose content in crowns of all
genotypes at the end of the night was slightly higher than at end of day. In both
introgression lines malate levels were slightly increased at end on night compared to
end of day, which was not observed for Bowman WT and Propino (Supplementary

table 5.2).

5.3 Discussion

5.3.1 Growth of barley is sensitive to both day and night cold

Barley plants reached three leaf stage at 15, 20 and 42 days when grown under
22°C:18°C, 22°C:4°C and 10°C:4°C, respectively. Thus, both day and night low
temperatures have a negative impact on the growth of young barley plants, which is in
agreement with a previous study performed on barley (Miiller et al., 2018) and other

monocotyledons (Walter et al., 2009; Poire et al., 2010). It is in stark contrast with
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Arabidopsis which growth is largely insensitive to cold night temperatures, with no
alteration in starch metabolism in response to changes in temperature at night (Pyl et
al., 2012; Miiller et al., 2018). The maintenance of the growth in Arabidopsis was
explained by an apparent excess in the growth machinery at optimal temperatures, via
e.g. an incomplete mobilisation of the ribosomes for translation at warm temperatures,
thus allowing the plants to mobilise this excess growth capacity when temperature was
dropping (Pyl et al., 2012). Interestingly, the protein contents of all blades and sheaths
were the same for both 22°C:18°C and 22°C:4°C temperature regimes (Figure 5.1 A-
B), in contrast to the plants grown under 10°C:4°C where protein levels increased in
all tissues, except for the youngest leaf blade where the increase was moderate (Figure
5.1 C). It suggests that cold night temperatures in barley, similar to Arabidopsis (Pyl
et al., 2012), do not lead to cold acclimation, which is characterised by an increase of
the protein content (Guy, 1990; Pyl et al., 2012) as well as an accumulation of sugars
and other osmolytes (Alberdi and Corcuera, 1991; Bourion et al., 2003; Trischuk et
al., 2014), thicker cell walls and then a lower water content (Strand et al., 1999;
Gorsuch et al., 2010).

The growth inhibition at night in barley (Figure 5.2), could be explained by (1)
an inhibition of the transport of C resources from the source leaves to the sink leaves
due to cold inhibition of phloem sap flow; (2) cold inhibition of the activities of
enzymes involved in the degradation of C stores; and/or (3) cold inhibition of the
activities of enzymes involved in the growth machinery.

An inhibition of C transport from source to sink tissues is unlikely because the
total C consumed during the night of plants grown under 22°C:4°C was much lower
than the amount of plants grown at 22°C:18°C (Table 5.4). Nevertheless, the analysis
of the turnover of metabolites in each tissue showed that cold nights mostly affected
C mobilisation in the youngest blades and sheaths. Also, the participation of the oldest
leaf to the C content at night is similar under both low temperature regimes (Figure
5.6). Thus, an inhibition of the flow of phloem sap due to low temperatures is unlikely.

The second hypothesis, i.e. cold inhibition of the activities of enzymes
involved in the degradation of C stores can potentially explain the growth inhibition
observed at night, because the amount of C consumed under the 22°C:4°C temperature
regime was lower than under 22°C:18°C, and even lower than the 10°C:4°C
temperature regime (Table 5.4). However, the metabolic phenotype of the plants

grown under 22°:4°C cannot be explained solely by an inhibition of enzyme activities
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at night. In that case, we would have expected an accumulation of metabolites in all
plant tissues, because the chlorophyll fluorescence traits did not differ from plants
grown in 22°C:18°C, and only a moderate inhibition of CO; assimilation, the decrease
being only significant for Propino and not for Bowman and e/f3 mutants.

There was a decrease in CO> assimilation in barley grown under 22°C:4°C
(Table 5.3). This goes contrary to expectations, since in Arabidopsis the CO»
assimilation did not change under cold nights (Pyl et al., 2012). Thus, the inhibition of
the use of C resources at night had a negative effect on their synthesis in daytime
(Table 5.3 and Table 5.4). Such inhibition could be driven by sugar feedback inhibition
of photosynthesis (Stitt et al., 1991; Krapp et al., 1993). However, we did not observe
a strong accumulation of soluble sugars in blades of plants grown under the 22°C:4°C
temperature regime (Table 5.4), and Hurry et al. (1995) showed that in wheat, a sucrose
accumulating species like barley, photosynthesis was almost unaffected by high levels
of sugars. Thus, it is still unclear why photosynthesis slightly decreased in barley cv.
Propino under warm days and nights and further experiments are required to clarify
the possibility of a signal mediating the decrease in photosynthesis.

Muller et al. (2018) hypothesised that barley growth sensitivity to cold nights
is mostly due to sucrose mobilisation not being temperature compensated in contrast
to starch mobilisation which is under clock control and temperature compensated,
based on data showing that starch was fully consumed at dawn and that large amount
of sucrose was remaining. We obtained qualitatively the same results at dawn for
starch and sucrose levels. Moreover, when we calculated the percentages of
consumption of both compounds during the night, we observed a maintenance of the
starch mobilisation under the 22°C:4°C with 91% of the starch mobilised compared to
93% under 22°C:18°C, whilst mobilisation of sucrose was strongly depleted, from
94% under 22°C:18°C to 66% under 22°C:4°C (Table 5.4). However, if starch was
largely consumed, its synthesis was reduced under 22°C:4°C by 25% compared to
22°C:18°C, whilst sucrose synthesis was not affected was increased by 30% under
22°C:4°C and by 57% under 10°C:4°C. As a result, when we calculated the respective
contribution of these metabolites to the overall C consumed at night, we observe an
increase of sucrose contribution from 53% under 22°C:18°C to 67% under 10°C:4°C ,
but starch contribution in fact decreased from 25% to 8%. (Table 5.4). Thus, the
turnover of both compounds was affected by cold temperature, which suggests a tight

regulation of the resources used at night by barley, most likely a compensation of
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starch levels by increase in sucrose content under cold. We conclude that cold nights
affect both starch and sucrose metabolism, which suggests a common regulation of the
turnover of both compounds, but in the case of starch affecting its synthesis, and in the

case of sucrose the consumption.

Table 5.4 - Accumulation and mobilization of reserves in barley plants grown
under three temperature regimes.

Total accumulation at end of day (C pumol g-1 FW)

22°C:18°C 22°C:4°C 10°C:4°C
Glucose 14 £+ 2a 13 £ 3a 9+1a
Fructose 6 £1c 3+0a 4 +0b
Sucrose 206 + 8a 201 + 12a 185 + 6a
Starch 109 + 3¢ 51 + 3b 31 +1a
Fructans 5% 1a 6 £ 1la 13+ 1b
Malate 72 + 2a 131 + 17b 99 + 11a
Total? 412 £ 9b 403 + 20b 342 £ 9a
Depletion of reserves during the night [%]
22°C:18°C 22°C:4°C 10°C:4°C
Glucose 95 28 52
Fructose 98 -121 3
Sucrose 97 75 84
Starch 97 93 82
Fructans 91 40 56
Malate 89 54 68
Total? 95 67 76
Contribution to C use at night [%0]
22°C:18°C 22°C:4°C 10°C:4°C
Glucose 3 1 2
Fructose 1 -1 0
Sucrose 51 55 60
Starch 27 17 10
Fructans 1 1 3
Malate 16 26 26

Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol photons m2s™! under 22°C:18°C
day:night for 15 DAS, 22°C:4°C day:night for 20 DAS and 10°C:4°C day:night for 42 DAS, until third
leaf stage. Values represent mean and SD. Plants were grown in a 12h:12h light:dark photoperiod with
500 pmol photons m™2s!. FW: fresh weight. n= 3. 'Total of reserves accumulated at end of day in the
shoot;?Percentage of the total reserves consumed at night in shoots from total reserves accumulated at
end of day
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The third hypothesis to explain the inhibition of growth during cold nights is a
temperature driven negative effect on the activity of enzymes involved in the growth
machinery. Pyl et al. (2012) demonstrated in Arabidopsis rosettes an increase of
ribosome loading on mRNA in response to cold temperatures, which provides a
mechanism to compensate for the slower translational activity of ribosomes at cold
temperatures. In addition, Arabidopsis ribosome levels are extremely high in actively
growing tissues, with ca. eight times more ribosomes per unit FW in an actively
growing leaf compared to a mature leaf (Sulpice et al., 2014). As a result, ribosomes
represent up to 30% of the total protein present in an actively growing leaf.
Interestingly, maize, which like barley, is sensitive to cold temperatures for night
growth (Poire et al., 2010), does not show such a gradient of ribosome concentrations
between the division and mature zones of an actively growing leaf (Czedik-Eysenberg,
2012), with only a 1.6 times more ribosomes in the division zone. Therefore, barley
might not have an excess in their growth machinery allowing them to compensate for
environmental cues such as a drop in temperature. Consequently, this limited capacity
of growth machinery at night might lead to the slight inhibition of photosynthesis by
a mechanism independent of sugar excess. CBF genes, that are expressed under cold
acclimation, control DELLA protein levels and gibberellin (GA) biosynthesis,
resulting in a dwarf Arabidopsis phenotype by reducing GA synthesis, the
overexpression of GA 2-oxidase and the accumulation of non-active forms of GA
(Achard et al., 2008). Slender barley with defective DELLA is able to maintain its
growth under cold, which is a phenotype that can be also mimicked by application of
GA (Schiinmann et al., 1994). Thus, barley growth under cold can be controlled
independently of the availability of carbohydrates.

5.3.2 Sucrose and fructan accumulations are enhanced by cold during the
light period, but not by cold nights.

Barley plants grown under the three temperature regimes did not show a major
consumption of glucose and fructose in any tissue, at the exception of the youngest
leaf sheath for plants grown under the 22°C:18°C regime (Supplementary figure 5.2,
Supplementary figure 5.3). Rao et al. (2011) reported increases in glucose and fructose
leaf pools followed by increase in fructans and sucrose when Poa pratensis was

submitted to a cold treatment. However, after 8 days of treatment, when plants got
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acclimated, there was no further increase in glucose or fructose levels. Our plants were
grown in the three temperature regimes from sowing, so no accumulation of glucose
or fructose were expected. Sucrose content was the highest of all metabolites we
determined at end of day, which is agreement with previous studies (Gordon et al.,
1977; Gordon et al., 1980; Gordon et al., 1982). We found sucrose accumulation in
leaves of plants grown under 10°C:4°C (increase of 57% compared to 22°C:18°C),
which is a common acclimation response to cold (Alberdi and Corcuera, 1991; Janska
et al., 2010). However, sucrose levels in the sheaths were low for the three temperature
regimes and this could be explained by significant high invertase activity in the sheaths
(Roth et al., 1997), also explaining the presence of glucose and fructose in the sheath
of the young third leaf

Fructan function has been largely associated to cold tolerance in plants of
temperate regions (Morcuende et al., 2005; Tamura et al., 2014; Abeynayake et al.,
2015; Tyrka et al., 2015). In response to cold treatment, the expression of fructan
synthesis genes is increased and consequently fructan levels rise (Morcuende et al.,
2005; Raoetal., 2011; Tamura et al., 2014; Meguro-Maoka and Yoshida, 2015; Yokota
et al., 2015). Consequently, we would have expected increased content of fructans in
plants grown under the 22°C:4°C and 10°C:4°C temperature regimes, where cold
conditions were applied. However, it was not the case, and fructans were mostly
observed in sheaths of youngest leaf 3 for all three temperature regimes, with the
highest levels being observed for the 10°C:4°C temperature regime. Despite low levels
compared to those observed for malate and sucrose at end of day, fructans can be
mobilized at night although their contribution is less than 5% to the pool of C
consumed at night. Turnover of fructans was also impacted by temperature, from 95%
in plants grown under 22°C:18°C to ca. 54% in plants under 22°C:4°C and 10°C:4°C
(Table 5.4).Fructan synthesis is also stimulated by increases in sucrose content
(Cairns, 2003; Chalmers et al., 2005; Xue et al., 2013; Apolinario et al., 2014; Arkel,
2014; Cimini et al., 2015). It might explain the accumulation of fructans in the oldest
blade of the plants grown in 10°C:4°C temperature regime, as this leaf accumulated
the highest sucrose levels at end of the day. Indeed, fructans are synthesized
particularly at the end of the day, when the diurnal levels of sucrose are highest (Sicher
et al., 1984). However, high concentrations of sucrose were observed in all blades, and
only blade 1 under cold accumulated some fructans. It has been proposed that fructan

synthesis is induced only after a certain concentration of sucrose is reached in the
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tissues, and that this level vary according to the species (Wagner et al., 1986; Wagner
and Wiemken, 1987; Obenland et al., 1991; Cairns et al., 2002; Nagaraj et al., 2004;
Alietal., 2013; Suarez-Gonzalez et al., 2014). Whether sucrose accumulation was not
enough to reach the minimal level required to enhance fructan synthesis in other
blades, or that fructan synthesis is not naturally directly induced by sucrose due the
different compartmentalisation of sucrose and fructans (Cairns et al., 2008; Keerberg
et al., 2011) remains unclear. It is also possible that young barley plants redirect
sucrose towards growth instead of accumulating fructans even if temperature

drastically slows the development.

5.3.3 Starch accumulation is highly sensitive to cold nights, but not its
mobilisation

Starch has been described as a minor reserve in fructan accumulating plants
(Farrar and Farrar, 1985; Wang and Tillberg, 1996; Roth et al., 1997; Wang et al., 2000;
Cairns et al., 2002). However, our data show that starch is still an important transient
carbon pool in young barley plants grown under 22°C:18°C, representing 25% of the
total C used during the night (Table 5.4). Conversely, we were surprised that starch
accumulation was impaired (25% decrease) when the plants faced cold only at night
(Figure 5.4 C), considering that the temperature in the light was the same in both warm
day conditions, that the sucrose content at end of day was similar (Figure 5.3 B-C),
and that CO; assimilation was only slightly decreased in cv. Propino (Table 5.3). It is
in stark contrast with Pyl et al. (2012) which reported no change in starch accumulation
and turnover in Arabidopsis plants submitted to cold nights. Starch turnover in
Arabidopsis 1s strongly dependent of circadian clock (Graf et al., 2010; Yazdanbakhsh
et al., 2011). Poire et al. (2010) proposed that the growth of both dicots and monocots
is controlled by an additive effect of circadian-clock controlled processes and
environmental cues such as temperature, with the monocots being more sensitive to
environmental changes. Importantly, they concluded that the availability of reserves
does not control growth. We also observed that in response to cold, either during
daytime and night or only in the night, the turnover of sucrose, glucose, fructose and
malate were reduced. But starch was still largely mobilised at night with 91-76% of it
consumed under 22°C:4°C and 10°C:4°C compared to 93% for 22°C:18°C (Table 5.4).

It appears that starch mobilisation is cold compensated in barley, like for Arabidopsis,
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but its accumulation is inhibited by night temperature. Thus, we hypothesise that cold
nights, which induce a strong reduction in growth of barley plants, inhibit starch
synthesis in daytime (Figure 5.8). The mechanism in not known, but the circadian
clock is likely a candidate for such regulation. Further experiments including circadian
clock mutants would clarify the participation of circadian clock on the regulation of

diurnal C metabolism in barley and other cereals.
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Figure 5.8 — Schematic representation of changes in the metabolism of spring
barley caused by low night temperature. During the day a large fraction of the
photosynthates are accumulated in the form of sucrose and incorporated in growth. A
fraction is as well accumulated, mostly as malate and sucrose with starch playing a
lesser role. Under warm nights, the growth is fuelled by sucrose, malate and starch.
Sucrose and starch are almost fully consumed while malate remains with high basal
levels. Under low temperature at night the growth is highly inhibited, leading to
incomplete degradation of sucrose at night and over-accumulation of malate.
Photosynthesis is slightly inhibited either via negative sugar feedback or an unknown
mechanism in response of inhibited growth. Low night temperature also affects starch
accumulation during warm days, maybe due to accumulation of sucrose at night, but
the starch degradation at night is cold compensated, at least partly by the clock (ELF3).
Metabolic pathways are represented by solid lines; green: synthesis; red: degradation,
thickness of lines represents proportional accumulation or degradation; blue lines:
possible effects of low night temperature.
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5.3.4 Malate plays important role as alternative carbon supply to growth

The levels of malate observed in barley leaves are very high. It is about 10
times more than in Arabidopsis rosettes grown at similar temperature and photoperiod
(Medeiros et al., 2017). Malate is an intermediary of the tricarboxylic acid cycle
(TCA) and it plays important role in stomatal function, pH regulation and can refill
the TCA cycle to restore NAD and NADP in the cell, besides being a major carbon
storage in C4 and CAM plants (Fernie and Martinoia, 2009). Plants that undergo
chilling might increase reactive oxygen species (ROS) due to photo-inhibition (Hurry
and Huner, 1992; Allen and Ort, 2001). Although malate could be a reductive
equivalent complementing other antioxidative mechanisms in presence of oxidative
stress, the accumulation of malate in cold-hardened leaves of rye was probably about
a storage of carbon and vacuolar osmolyte to balance cytosolic accumulation of sugars
(Crecelius et al., 2003). The increased malate accumulation and significant turnover
rates we observed in barley leaves under cold night treatments (Figure 5.5, Table 5.4)
suggests that the malate pool might be an alternative carbon storage to starch and
fructans, especially in young tissues (Figure 5.6). In general, malate contributed 12-
31% of the total carbon used at night (Table 5.4). It makes malate one of the major
contributors of C for growth at night in barley. However, its turnover was only partial
(52-75%), which leads to high levels remaining at dawn, suggesting a role as an
osmolyte in addition to a source of C for night use. Interestingly the highest levels of
malate were in the youngest leaf, for all temperature regimes. Thus, malate might
participate in the growth of young leaves, as well as in their protection (Crecelius et
al., 2003), which was unexpected and strengthen the need for further metabolic studies

in barley to include the determination of this compound.

5.3.5 Mobilization of C reserves is controlled by ELF3 but without large effect
on growth under cold nights

Bowman WT and el/f3 mutants were grown under 22°C:4°C. Although there
was no visual phenotype and mutants reached same three leaf stage at same time as
WT without differences in photosynthesis and elongation rates, we still decided to
investigate further the C reserves and possible changes caused by impaired ELF3

function. We observed changes in the accumulation of transient C compounds at end
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of day and end of night. Glucose and fructose mobilization were affected in both elf3
introgression lines at night, and importantly only a partial mobilisation of the starch at
night was observed (Supplementary table 5.1). While first and second blades presented
less consumption of sucrose at night, second and third sheaths accumulated hexoses
at night. These results suggest that even if sucrose and starch are partially degraded in
blades during the night, there is a delay in the consumption of the hexoses pool at
22°C:4°C, leading to increase of hexoses in sheaths at night. Gordon et al. (1980)
suggested that in some C limiting conditions, starch consumption at night is triggered
by a decrease of sucrose below a “threshold” value, rather than the onset of darkness.
These results exclude the possibility of growth impairment at night due to cold
inhibition of phloem sap flow but supports the hypothesis of growth being sensitive to
low temperature, as discussed previously. Thus, the differences observed in C
metabolism in elf3 in barley were very similar to the phenotype observed in
Arabidopsis, where there is an incomplete degradation of starch at night in elf3
mutants and impaired recycling of sucrose (Flis et al., 2019). However, the main C
suppliers at night in barley are sucrose and malate in all conditions we analysed, with
little contribution of starch, hexoses and fructans (Table 5.4 and Supplementary table
5.1). Thus, even though the metabolism of starch is impaired in e/f3 lines, there is no
major effects in sucrose metabolism to affect growth supply of C in cold nights,
resulting in no differences in growth and photosynthesis between WT and
introgression lines (Table 5.2, Table 5.3). Importantly, if starch degradation was
affected in elf3 lines, it is starch synthesis which was the most affected, thus suggesting
an involvement of the clock in the control of starch synthesis in barley.

The participation of the crowns in the overall C accumulated at end of day, and
the use of these reserves at night was very small compared to the shoots, because the
C content accumulated in crowns was very low (Supplementary table 5.2). However,
a small consumption for some of the carbohydrates (i.e. sucrose and starch) was
observed, thus crowns act as transient reserve tissue. Crowns accumulate more
fructans than the shoot parts at end of day, but they are not consumed during the night,
instead, we see accumulation at end of night when cold night is imposed
(Supplementary table 5.2). Accordingly, winter wheat shows decrease of almost 50%
in assimilation rates under cold, but the ability to mobilize sucrose in leaves to fructans
and starch in crowns allows higher assimilation rates than spring varieties (Savitch et

al., 2000). Interestingly, (Vagujfalvi et al., 1999) reported significant correlation
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between accumulation of soluble carbohydrates in wheat varieties and frosting
acclimation only after 19 days of treatment. Thus, the accumulation of fructans in
spring varieties is limited at early stage, however, small increases of fructans in crown
at night may play a role as osmolyte on the protection of young tissues from cold night

and being mobilized during the day under warmer temperature.

5.4 Conclusion

Most carbon reserves used at night were stored in both young and mature
blades and not in the sheaths, while crowns have little relevance in accumulation of
reserves for cold acclimation at early stage in spring barley. Sucrose and fructan
accumulation were induced under cold in daytime. However, fructan content did not
increase substantially, and its contribution to night growth was minimal. Sucrose was
the main carbohydrate supplying growth at night, followed by malate and starch when
cold was applied. Thus, malate is a relevant contributor to night growth in barley.
Starch synthesis was strongly inhibited by cold in the daytime, but surprisingly also
under warm day and cold night, but, like for Arabidopsis, its mobilisation was not
affected by cold nights. Even though circadian clock might be regulating starch and
sucrose metabolism in barley, e/f3 mutants did not show a limitation in growth.
Altogether our data suggest that barley growth machinery is sensitive to cold night
because C was available for night growth and despite that, the plants were not growing.
Thus, the inhibition of growth at night is likely negatively regulating CO; assimilation,
the accumulation of transient carbon stores during the day, and the mobilisation of
sucrose, but not starch, at night. Thus, focusing on photosynthetic performance under
cold might not increase growth in barley whilst desensitising growth inhibition by cold
might be an alternative target, through higher polysome recruitment, manipulation of

the CBF pathway and the regulation of DELLA proteins.
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This study showed that barley adjust the accumulation of transient reserves in
a light intensity dependent manner. It was observed a shift in the accumulation of
metabolites from older to younger leaves at the end of the day, which can partially
explain how plants kept elongation rates very similar between light intensities. It is
possible that the translocation rates of metabolites in plants under low light is higher
than in plants grown under high light, supplying the growing tissues. This adjustment
of translocation rates under light intensity could be verified in future studies with
labelled carbon in the different tissues. This information would help understand how
plants prioritize their photoassimilates distribution and the mechanisms underlying the
determination of number of tillers in the first weeks of development, which has been
related to the content of sucrose at the base of the leaf primordia and sucrose
transporters (Bos and Neuteboom, 1998; Lorenzo et al., 2015; Alqudah et al., 2016).
Conversely, considering the effects of global warming, future experiments exposing
barley to higher light intensities, temperature or higher CO2 atmosphere would also be
an option to explore the partitioning of C between organs and if this reflects on higher
tillering number.

Surprisingly, besides sucrose, which is the main C supplier for night growth,
malate levels are high at the end of day and can contribute to up 50% of the C pool
used at night, especially under light limiting conditions. To this date, there was scarce
information on malate levels in cereals, especially in C partitioning experiments. It is
possible that malate levels in barley may represent the majority of C pool at end of
day also in other conditions where photosynthesis is limited, such as drought. Because
the reduction in malate levels according to the decrease in light intensity was not as
strong as seen for sucrose and starch, it is possible that malate metabolism is
compensated to maintain the basal levels in the leaf. Thus, due to the relevant
contribution of malate for growth in barley, future studies on barley metabolism, and
likely other cereals, should take into account malate levels to the C partitioning.

The accumulation of metabolites followed increase in light intensity although
the diurnal usage remained similar between light intensities. The most likely candidate
for such regulation to maintain the turnover was the circadian clock. Amongst
circadian clock components, ELF3 has been described to be associated to regulation
of sucrose and starch metabolism in Arabidopsis (Flis et al., 2019). We obtained in
barley elf3 mutants qualitatively similar results to Arabidopsis: lower turnover of
starch and hexoses. However, contrary to impaired growth reported for Arabidopsis,
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the mutation in barley did not affect elongation rate of the plants. Because starch is
not the major contributor to barley growth at night (17-22%), it is likely the reason
why we did not observe growth phenotype, besides the overall small effect of elf3 on
starch levels (reduction of about 20% for one of the introgression lines grown under
high light). Similar results were observed for starch and hexoses when elf3 plants were
grown under warm days and cold nights, reinforcing the role of ELF3 on the regulation
of starch and hexoses metabolism. Further studies on barley grown under C limiting
conditions may clarify the role of circadian clock and environmental cues on the
regulation of transient C reserves, which can be useful tools for improving crop
performance under stress.

Plants with impaired ELF3 function present early flowering under non-
inductive short days, leading to a shorter vegetative phase usually with lower number
of leaves or total biomass (Zagotta et al., 1996; Lu et al., 2012; Boden et al., 2014).
Although barley elf3 did not present difference in biomass and elongation rate at three
leaf stage compared to WT, it does not exclude the participation of other circadian
clock components, or even the effect of elf3 on the metabolism at later stage of
development. Ghaffari et al. (2016) reported that at early stage of development, the
biomass formation in barley is related to sucrose levels and metabolism, which is later
correlated to starch accumulation and TCA cycle intermediates at reproductive stage.
Hence, it is possible that elf3 barley mutants might present a growth phenotype at
reproductive stage. Future studies in C regulation and partitioning in barley could also
include other circadian clock components, such as CCAL and LHY, which have been
reported to control starch metabolism in Arabidopsis (Flis et al., 2019). It is possible
that different results for accumulation of C compounds could be obtained if plants are
in different developmental stage, such as tillering or flowering, altering the
relationship between circadian clock and C partitioning.

Under cold, plants presented higher total C accumulation at end of day than
plants grown under warm condition. However, the use of carbon was impaired at night,
simultaneously to an impairment of elongation rate at night. The turnover rates of
starch were similar between temperature regimes while sucrose mobilization was
mildly impaired under cold nights. Thus, it is possible that the inhibition of growth at
night is not due the lack of reserves for consumption but likely a limitation by the
growth machinery to consume the sugars mobilized. Also, under cold nights we
observed slight inhibition of photosynthesis even though the day temperature was
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warmer. The decrease in assimilation rates was unexpected since there would not have
limitations due low temperature during the day or high levels of sugars at dawn. Our
results suggest that the inhibition of growth by cold at night is likely negatively
regulating assimilation of CO. by an unclear signal. In practice, targeting higher
performance of photosynthesis aiming for better performance of barley under low
temperatures might not lead to substantial change in growth and production, since the
growth machinery seems to be more sensitive to cold than photosynthesis itself. Two
possible alternatives that regulate growth under cold have been reported. Growth
sensitivity to cold due limitations on biochemical reactions, such as those incurred
during translation, has been compensated in Arabidopsis by higher polysome
recruitment, resulting in maintenance of growth rates and starch mobilization (Pyl et
al., 2012). Growth can also be inhibited by CBF genes, which are responsible to
regulate cold responses and control DELLA protein levels, which ultimately inhibits
growth under cold (Achard et al., 2008). Thus, future research focused on CBF targets
might alleviate the growth inhibition by cold. In agreement, barley mutants with
defective DELLA presented higher gibberellin levels, which resulted in continuous
growth under cold (Schinmann et al., 1994). Hence, further research focusing on
increasing the growth capacity under cold or manipulating cold responsive genes that
regulates growth would likely improve barley biomass accumulation performance

under lower temperatures.
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Figure 1.1 — Scheme of key regulatory steps on sucrose and starch partitioning in
plants. Starch leaf plants accumulate higher levels of starch compared to other
carbohydrate forms, while sugar leaf plants accumulate most often sucrose in the
vacuole, besides other sugars, to supply growth. The partitioning of trioses phosphate
to sucrose in starch leaves is immediately used in daytime and part is stored as starch
for night growth. In sugar leaves, the partitioning is much higher towards sucrose than
starch, while sucrose is also stored for night usage. While starch leaves present
inhibition of photosynthesis under high levels of sucrose and triose phosphate
(Neuhaus et al., 1990), sugar leaves do not present this inhibition (Savitch et al., 1997).
The partitioning of trioses phosphates towards starch synthesis in the chloroplast is
possible due allosteric regulation on FBPase activity by fructose-2,6-bisphosphate
levels (Stitt, 1990), also by stimulation of AGPase activity by higher levels of 3-PGA
when CO; assimilation rates are high (Mugford et al., 2014). However, sugar leaf
plants do not present alteration in partitioning due to levels of fructose-2,6-BP
(Trevanion, 2002). SPS is responsible for sucrose synthesis and apparently there is a
compensating mechanism in sugar leaves that lack main isoforms of SPS (Hashida et
al., 2016), while in starch leaves the lack of SPS forms result in impaired starch
mobilization (Volkert et al., 2014). The nocturnal degradation of starch, and
consequently growth, is regulated by circadian clock components in Arabidopsis (Graf
et al., 2010; Flis et al., 2019), but it remains unclear the role of circadian clock on the
C metabolism and growth in monocots, which seems to be more sensitive to
environmental changes (Poire et al., 2010). Some plants may accumulate fructans as
a stress tolerance mechanism. Fructans synthesis is stimulated by higher levels of
sucrose (Nagaraj et al., 2001), but also connected to starch (Jin et al., 2017). AGPase:
ADP-glucose pyrophosphorylase; FBPase: fructose 2,6 biphosphatase; SPS: sucrose
phosphate synthase; Pi: inorganic phosphate; 3-PGA: 3-phosphoglycerate; green
arrows: synthesis; red arrows: inhibition; blue arrows: stimulation; black arrow:
nocturnal degradation; green compartment: chloroplast; yellow circle: triose
phosphate/phosphate translocator; dashed lines represent pathways with two or more
] (] 0L F PRSP PR UPPRPPPPRR 10
Figure 2.1 - Enzymatic reactions involved in the determination of glucose (A),
fructose (B), sucrose (C) and fructans (D). HK: hexokinase; PGI:
phosphoglucoisomerase; MAL: maltase (a-glucosidase); FRU: a mixture of equal
units of 1-B-D-fructan fructanohydrolase and B-D-fructofuranoside fructohydrolase;
G6PDH: glucose-6-phosphate dehydrogenase. ...........ccocvveiiiiiiiiiiniie e 28
Figure 2.2 - Schematic representation of the protocol for enzymatic determination of
soluble carbohydrates. The protocol is divided into 4 steps: (1) determination of
glucose, fructose and sucrose with HK, PGl and MAL, (2) denaturation of the enzymes
used in Part 1 and of the NADH which has been formed, (3) degradation of fructans
with FRU and (4) determination of fructan-derived glucose and fructose with HK, PGI
and G6PDH. Absorbance at 340 nm of each sample is recorded after the addition of
each enzyme to the reaction mixes. X: optical density at 340nm recorded when
stabilized without enzymes (baseline) or after the addition of each enzyme; dashed
line: representation of OD decrease during step 2; HK: hexokinase; PGI:
phosphoglucoisomerase; MAL: maltase (a-glucosidase); FRU: enzyme mix of 1--D-
fructan fructanohydrolase and [-D-fructofuranoside fructohydrolase; G6PDH:
glucose-6-phosphate dehydrogenase. ...........cocvevivviiiiiiiiiieiiiie e 30
Figure 4.1 Diurnal sucrose levels of barley plants grown under three light
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intensities. Sucrose levels of plants grown for (A) 14 DAS under 500 umol photons
m2s! (HL), (B) 16 DAS under 300 pmol photons m?2s™! (ML) and (C) 18 DAS under
100 umol photons m?2s™! (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1* leaf sheath; 1B: 1% leaf blade; 2S:
2" Jeaf sheath; 2B: 2™ leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
L1 T TP UPPTOUPRRPPPRPPPN 52
Figure 4.2 Diurnal starch levels of barley plants grown under three light
intensities. Starch levels of plants grown for (A) 14 DAS under 500 pmol photons m"
251 (HL), (B) 16 DAS under 300 pmol photons m™2s! (ML) and (C) 18 DAS under
100 pmol photons m™s™! (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1* leaf blade; 2S:
2" Jeaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
1 TP PP P PP PUPR PRI 53
Figure 4.3 Diurnal fructans levels of barley plants grown under three light
intensities. Fructans levels of plants grown for (A) 14 DAS under 500 umol photons
m2s! (HL), (B) 16 DAS under 300 umol photons m2s' (ML) and (C) 18 DAS under
100 umol photons ms! (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1* leaf sheath; 1B: 1% leaf blade; 2S:
2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
11 T T PRSP TOUPRROPPROPPN 54
Figure 4.4 Diurnal malate levels of barley plants grown under three light
intensities. Malate levels of plants grown for (A) 14 DAS under 500 pmol photons m"
25l (HL), (B) 16 DAS under 300 umol photons m?2s™! (ML) and (C) 18 DAS under
100 umol photons m2s™! (LL), until third leaf stage. Plants were grown in a 16h:8h
light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1*' leaf blade; 2S:
2" Jeaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of
day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end of
subsequent day; FW: fresh weight; grey panels: night period; error bar represents SD;
1 TP PP UPP PP PPPRPPRN 56
Figure 4.5 - Estimation of non-structural carbon reserves in barley shoots at end
of the day of plants grown under three light intensities. (A) Total C amount at end
of the day in whole shoots; (B) Carbon pools (%) accumulated at end of day in whole
shots. (C) Total C amount consumed during the night; (D) Carbon pools (%) consumed
at night. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C day:night
for 14 DAS under 500 pmol photons m?s™! (HL), 16 DAS under 300 umol photons
m2s! (ML) and 18 DAS under 100 umol photons ms! (LL), until third leaf stage.
FW: fresh weight; N7 3. .o 57
Figure 5.1 - Diurnal protein levels of barley plants grown under three
temperature regimes. Protein levels of plants grown under (A) 22°C:18°C day:night
for 15 DAS, (B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42
DAS, until third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod
with 500 pmol photons m2s™!. 1S: 1% leaf sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath;
2B: 2" Jeaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle
of night; ED: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh
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weight; grey panels: night period; error bar represents SD; n=3. .........ccccevviviiriinenne 85
Figure 5.2 - Elongation rates of barley plants grown under three temperature
regimes. (A): elongation rate of second leaves. (B): elongation rate of third leaves.
Plants were grown in a 12h:12h light:dark photoperiod with 500 umol photons ms™!
under 22°C:18°C day:night harvested at 15 DAS, 22°C:4°C day:night at 20 DAS and
10°C:4°C day:night at 42 DAS; *: difference between day and night by t-test at
P<0.05; lowercase letter: differences between daytime measurements; uppercase
letters: differences between night-time measurements; significantly different by Tukey
test at P<0.05, error bar represents SD; N=0 .........ccccocvviiiiiiiiiiniiiie e 86
Figure 5.3 - Diurnal sucrose levels of plants grown under three temperature
regimes. Sucrose levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m2s™. 1S: 1 leaf sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle of night;
EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n=3. ........cccociiiiiiiiniiiiiinin, 90
Figure 5.4 - Diurnal starch levels of plants grown under three temperature
regimes. Starch levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m2s™'. 1S: 1 leaf sheath; 1B: 1 leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3" leaf sheath; 3B: 3" leaf blade; ED: end of day; MN: middle of night;
EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n=3. ..o, 92
Figure 5.5 - Diurnal malate levels of plants grown under three temperature
regimes. Malate levels of plants grown under (A) 22°C:18°C day:night for 15 DAS,
(B) 22°C:4°C day:night for 20 DAS and (C) 10°C:4°C day:night for 42 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 umol
photons m2s™'. 1S: 1% leaf sheath; 1B: 1 leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of day; MN: middle of night;
EN: end of night; MD: middle of day; ED2: end of subsequent day; FW: fresh weight;
grey panels: night period; error bar represents SD; n=3. ........cccociiiiiiniiiiiiiinn, 93
Figure 5.6- Carbon accumulation and consumption calculation per organ under
three temperature regimes. Composition of carbon accumulation (left, A) and
consumption (right, B) at end of the day of sheaths and blades of barley grown under
22°C:18°C day:night at 15 DAS; (C) and (D) under 22°C:4°C day:night at 20 DAS,
and (E) and (F) under 10°C:4°C day:night at 42 DAS, until third leaf stage. Plants
were grown in a 12h:12h light:dark photoperiod with 500 pmol photons m2s!, 1S: 1%
leaf sheath; 1B: 1% leafblade; 2S: 2"¢ leaf sheath; 2B: 2" leaf blade; 3S: 3" leaf sheath;
3B: 3" Jeaf blade; FW: fresh weight; N=3........cccoovoiieiiiiiiicee e 95
Figure 5.7 - Diurnal starch levels of plants grown under three temperature
regimes. Starch levels of plants grown under 22°C:4°C day:night for 16 DAS, until
third leaf stage. Plants were grown in a 12h:12h light:dark photoperiod with 500 pmol
photons m™s™!. 1S: 1% leaf sheath; 1B: 1°! leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf
blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade; ED: end of day; EN: end of night; FW:
fresh weight; grey panel: night period; error bar represents SD; n=3.........ccccoeeueee. 99
Figure 5.8 — Schematic representation of changes in the metabolism of spring
barley caused by low night temperature. During the day a large fraction of the
photosynthates are accumulated in the form of sucrose and incorporated in growth. A
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fraction is as well accumulated, mostly as malate and sucrose with starch playing a
lesser role. Under warm nights, the growth is fuelled by sucrose, malate and starch.
Sucrose and starch are almost fully consumed while malate remains with high basal
levels. Under low temperature at night the growth is highly inhibited, leading to
incomplete degradation of sucrose at night and over-accumulation of malate.
Photosynthesis is slightly inhibited either via negative sugar feedback or an unknown
mechanism in response of inhibited growth. Low night temperature also affects starch
accumulation during warm days, maybe due to accumulation of sucrose at night, but
the starch degradation at night is cold compensated, at least partly by the clock (ELF3).
Metabolic pathways are represented by solid lines; green: synthesis; red: degradation,
thickness of lines represents proportional accumulation or degradation; blue lines:
possible effects of low night teMPErature. ..........ceovriiiiieiiiiiie s 109
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Supplementary figure 4.1 - Height and fresh biomass of barley plants grown
under three light intensities at the last harvest timepoint. (A): height at 14 DAS
under 500 pmol photons m2s™! (HL), at 16 DAS under 300 umol photons m™2s™' (ML)
and at 18 DAS under 100 pmol photons m?s! (LL); (B): fresh weight biomass. Plants
were grown in a 16h:8h light:dark photoperiod at 22°C:18°C day:night. DAS: days
after sowing; error bar represents SD; n=6; letters represent significant differences
(Tukey teSt P<O.05). ...eiiiieiieiiie ettt sttt 44
Supplementary figure 4.2 - Elongation rates of second and third leaves of barley
plants grown under three light intensities. (A): elongation rate of second leaves.
(B): elongation rate of third leaves. Plants were grown in a 16h:8h light:dark
photoperiod for 14 DAS under 500 pmol photons m™2s” (HL), 16 DAS under 300
pmol photons m2s! (ML) and 18 DAS under 100 pmol photons ms™! (LL); error bar
represents SD; n=6. No elongation rates were significantly different in both leaves.

Supplementary figure 4.3 - Diurnal protein contents of barley plants grown under
three light intensities. Protein levels of plants grown for (A) 14 DAS under 500 pmol
photons m?s™! (HL), (B) 16 DAS under 300 umol photons m2s' (ML) and (C) 18
DAS under 100 umol photons m™s™! (LL), until third leaf stage. Plants were grown in
a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1% leaf
blade; 2S: 2" leaf sheath; 2B: 2™ leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade;
ED: end of day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end
of subsequent day; FW: fresh weight; grey panels: night period; error bar represents
N D S H PP PPRPR 47
Supplementary figure 4.4 - Diurnal glucose levels of barley plants grown under
three light intensities. Glucose levels of plants grown for (A) 14 DAS under 500
umol photons m?2s! (HL), (B) 16 DAS under 300 umol photons ms' (ML) and (C)
18 DAS under 100 umol photons m2s™! (LL), until third leaf stage. Plants were grown
in a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1 leaf sheath; 1B: 1%
leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3" leaf blade;
ED: end of day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end
of subsequent day; FW: fresh weight; grey panels: night period; error bar represents
T 2§ e USRS 50
Supplementary figure 4.5 - Diurnal fructose levels of barley plants grown under
three light intensities. Fructose levels of plants grown for (A) 14 DAS under 500
umol photons m™s™! (HL), (B) 16 DAS under 300 pmol photons m™s™! (ML) and (C)
18 DAS under 100 pmol photons m™s™ (LL), until third leaf stage. Plants were grown
in a 16h:8h light:dark photoperiod 22°C:18°C day:night. 1S: 1% leaf sheath; 1B: 1%
leaf blade; 2S: 2" leaf sheath; 2B: 2"¢ leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf blade;
ED: end of day; MN: middle of night; EN: end of night; MD: middle of day; ED2: end
of subsequent day; FW: fresh weight; grey panels: night period; error bar represents
Y 2§ i USRS 51
Supplementary figure 4.6 - Carbon accumulation calculation per organ under
three light intensities. Composition of carbon accumulated at end of the day for
whole shoot of plants grown for (A) 14 DAS under 500 umol photons ms™ (HL), (B)
16 DAS under 300 pmol photons m2s! (ML) and (C) 18 DAS under 100 pmol
photons m?s (LL), until third leaf stage. Plants were grown in a 12h:12h light:dark
photoperiod with 500 pmol photons m2s™. 1S: 1% leaf sheath; 1B: 1° leaf blade; 2S:
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2" Jeaf sheath; 2B: 2™ leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; FW: fresh
WEIZNE 117 3. s 58
Supplementary figure 4.7 - Carbon consumption calculation per organ under
three light intensities. Composition of carbon pools consumed during night time for
whole shoot of plants grown for (A) 14 DAS under 500 pmol photons m™2s™! (HL), (B)
16 DAS under 300 pmol photons m™2s? (ML) and (C) 18 DAS under 100 umol
photons m™2s™! (LL), until third leaf stage. Plants were grown in a 12h:12h light:dark
photoperiod with 500 pmol photons m™s™!. 1S: 1° leaf sheath; 1B: 1° leaf blade; 2S:
2" Jeaf sheath; 2B: 2™ leaf blade; 3S: 3" leaf sheath; 3B: 3™ leaf blade; FW: fresh
WEIZNE 117 3. s 59
Supplementary figure 4.8 - Height and fresh biomass of wild-type Bowman and
two introgression lines for eam8. (A): height at 14 DAS (third leaf stage). (B):
Biomass fresh weight. Plants were grown in a 16h:8h light:dark photoperiod with
22°C:18°C day:night under 500 umol photons m™s™!. WT and WT2: first and second
growth rounds of wild-type; WT was grown together with line 289 and WT2 with line
290. 289 and 290 are introgression lines with impaired elf3 function. DAS: days after
sowing; error bar represents SD; N=0. .....ccvoiiiiiiiiiieiie e 61
Supplementary figure 4.9 - Elongation rates of second and third leaves of barley
plants. (A): elongation rate of second leaves. (B): elongation rate of third leaves.
Plants were grown in a 16h:8h light:dark photoperiod 22°C:18°C day:night under 500
pmol photons m2s!. WT and WT2: first and second growth rounds of wild-type; WT
was grown together with line 289 and WT2 with line 290. 289 and 290 are
introgression lines with impaired elf3 function. DAS: days after sowing; error bar
1ePreSENts SD; N0, ..oovviiiiiiii e 62
Supplementary figure 4.10 - Diurnal glucose levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons ms™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2™ leaf blade; 3S: 3™ leaf sheath;
3B: 3"leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; N= 3. ... 65
Supplementary figure 4.11 - Diurnal fructose levels of blades and sheaths of
barley plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290.
WT and WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines
with impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2"¢ leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" ]eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; N= 3. ... 66
Supplementary figure 4.12 - Diurnal sucrose levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT?2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons ms™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
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bar represents SD; N7 3. i 67
Supplementary figure 4.13 - Diurnal starch levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT?2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" ]eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar 1epresents SD; N= 3. ..ot 68
Supplementary figure 4.14 - Diurnal fructans levels of blades and sheaths of
barley plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290.
WT and WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines
with impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons m2s™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2™ leaf blade; 3S: 3™ leaf sheath;
3B: 3" leaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; N= 3. ..o 69
Supplementary figure 4.15 - Diurnal malate levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT?2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 umol photons m™s™! until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath;
3B: 3" ]eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; N= 3. ... 70
Supplementary figure 4.16 - Diurnal protein levels of blades and sheaths of barley
plants. (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and
WT2 are Bowman wild type and 289 and 290 are Bowman introgression lines with
impaired elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at
22°C:18°C day:night under 500 pmol photons ms™ until third leaf stage. 1S: 1% leaf
sheath; 1B: 1% leaf blade; 2S: 2" leaf sheath; 2B: 2™ leaf blade; 3S: 3™ leaf sheath;
3B: 3" ]eaf blade; ED: end of day; MN: middle of night; EN: end of night; MD: middle
of day; ED2: end of subsequent day; FW: fresh weight; grey panels: night period; error
bar represents SD; N= 3. ..o 71
Supplementary figure 4.17 - Carbon accumulation calculation per organ in
barley shoots. Composition of carbon pools accumulated at end of day in shoot parts
of (A) WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and WT2
are Bowman wild type and 289 and 290 are Bowman introgression lines with impaired
elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C
day:night under 500 pmol photons ms™! until third leaf stage. 1S: 1% leaf sheath; 1B:
1t leaf blade; 2S: 2" leaf sheath; 2B: 2" leaf blade; 3S: 3™ leaf sheath; 3B: 3™ leaf
blade; FW: fresh weight; grey panels: night period; n=3..........ccccvviniiiiiiciinnennn 72
Supplementary figure 4.18 - Carbon consumption calculation per organ in barley
shoots. Composition of carbon pools consumed during night time in shoot parts of (A)
WT; (B) 289; (C) WT2 second growth of wild-type; and (D) 290. WT and WT2 are
Bowman wild type and 289 and 290 are Bowman introgression lines with impaired
elf3 function. Plants were grown in a 16h:8h light:dark photoperiod at 22°C:18°C
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blade; FW: fresh weight; grey panels: night period; n=3.........ccccccvviiiiiiniiiieninnn, 73
Supplementary figure 5.1 - Height and biomass of barley plants grown under
three temperature regimes. (A): height at the last timepoint harvested: 22°C:18°C
day:night at 15 DAS, 22°C:4°C day:night at 20 DAS and 10°C:4°C day:night at 42
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represents SD; n=6; ED: end of day; EN: end of night; ED2: end of subsequent day *
represents significant difference for Tukey test at P<0.05.........ccooeeiiiiiiiiiiiiennnns 84
Supplementary figure 5.2- Diurnal glucose levels of plants grown under three
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Supplementary figure 5.3- Diurnal fructose levels of plants grown under three
temperature regimes. Fructose levels of plants grown under (A) 22°C:18°C day:night
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