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Abstract

Primary plant responses to nutrient-deficient conditions include changes in root and
shoot architecture. Above-ground plant architecture is shaped by modulating tillering
patterns. Tillering is known to be regulated by the interaction between three classes
of phytohormones: auxin, cytokinins (CKs) and strigolactones (SLs). Gene expression
analysis showed that nitrogen (N) limitation systematically induced the SL biosynthetic
genes in the root and the basal nodes of wheat, whereas N resupply quickly reversed
the induction of SL biosynthetic genes. This observation raised questions about the
functionality of SLs under N-limiting conditions. Although many studies have focused
on the transcriptional and hormonal changes that govern N limitation response in
roots, fewer studies have focused on the molecular pathways involved in tillering
modulation by N limitation during vegetative plant growth in wheat. RNA-sequencing
and phytohormonal analysis in basal nodes of N-limited wheat plants showed that N
limitation strongly induced bud dormancy and affected many metabolic and hormonal
pathways, including changes in the expression of many N-response master regulators,
strong suppression of CK biosynthesis and changes in sugar partitioning and utilization.
In addition, the SL metabolic pathway was among the top enriched pathways under N
limitation, implying that SLs may be involved in coordinating morphological,
physiological, and transcriptional changes in response to N status. To test this
hypothesis, a Tad17 SL-deficient mutant was generated using lines from the hexaploid
wheat TILLING population. The phenotypic response of Tadl7 mutants and
transcriptomic analysis in the basal nodes showed that SLs are required but are not
necessary for tiller inhibition by N limitation. SLs affected CK metabolic genes and CK
levels in the basal nodes, however, the lack of SLs was not sufficient to suppress the N
limitation mediated decline in CK levels, which contributed to tiller suppression under
N limitation. However, lack of SL biosynthesis and imbalance in tillering regulation
affected plant adaptation to N-limiting conditions. Tad17 mutant showed changes in
resource allocation between root and shoot, N remobilization and the regulation of
master regulators of N-response, suggesting that SLs are required for the fine-tune
regulation of the N limitation transcriptional network. The genetic information and the
results presented regarding the role of SLs in wheat growth and development set the
foundation for and highlighted the potential of manipulation of SL metabolism in order
to improve wheat architecture or nutrient use efficiency for increasing wheat crop
productivity.
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Chapter 1 Introduction

1.1. ATale of a Growing Tiller

Tillering is an important agronomical trait in cereal crops such as wheat (Triticum spp.),
barley (Hordeum vulgare) and rice (Oryza sativa) as it affects key traits, such as canopy
formation, which impacts on the photosynthetic capacity. The number of tillers
determines the number of spikes per unit area, which along with the number of
spikelets per spike and the grain size, comprise the main yield components in cereal
crops (Slafer et al., 1996, Slafer et al., 2014). Despite negative correlations between
wheat yield components, several studies have shown an increase in yield with
increasing spike population, underlining the importance of the manipulation of tiller
development and survival in cereals (Bulman and Hunt, 1988, Harasim et al., 2016). In
addition, in the early developmental stages, adequate tillering improves canopy light
interception by affecting ground coverage, while it also improves competition against
weeds. However, excessive tillering may result in yield reduction due to ineffective use
of available resources, a phenomenon that is especially apparent under stress
conditions (Kebrom et al.,, 2012). For instance, under water-limiting conditions,
reduced-tillering tiller inhibition (tin) wheat lines have been shown to perform better
and achieve higher yields (Mitchell et al., 2013). Under stress conditions, low tillering
appears to ensure more assimilates per plant for spike formation and grain filling,
leading to heavier spikes and larger grains. Another example in which a low tillering
phenotype is accompanied by higher productivity is modern maize (Zea mays)

compared to its ancestor, teosinte, which is highly branched (Doebley et al., 2006).

Naturally, plants have developed mechanisms to interpret a plethora of environmental
stimuli and control overall plant architecture in such a way as to optimise their growth.
As a result, tillering is influenced by various environmental and agronomic factors. For
instance, planting density strongly affects tillering pattern (Darwinkel, 1978). This
mechanism is driven by the competition of neighbouring plants for photosynthetically

active radiation through a mechanism controlled by the red to far-red ratio (R: FR)
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signalling pathway (Finlayson et al., 2010). In high plant densities, plants tend to form

fewer tillers, while individually cultivated plants develop a more bushy phenotype.

Additionally, tillering is strongly influenced by mineral nutrient availability and, more
specifically, by nitrogen (N) and phosphorus (P) levels, which are limiting factors for
plant growth. During early developmental stages, both macro-nutrient deficiencies
negatively affect tiller formation, resulting in a lower number of shoots per unit area,
while nutrient limitation at later stages can lead to a high tiller death rate. In contrast,
the application of N fertiliser stimulates lateral shoot formation and increases the tiller

survival rate.

1.1.1 Tillering Pattern

In wheat, tillering starts when the third or fourth leaf of the main stem has emerged,
while successive tillers are outgrown one phyllochron?! later. The onset of tillering
depends on growing conditions and the sowing date. Autumn sown wheat tends to
form tillers earlier, whereas in late sown wheat, tillering starts once the temperature
rises after the winter. Tillers that are derived from the leaf axils located at the base of
the main shoot are called primary tillers. Secondary tillers can be formed from the
base of the primary tiller, and those give rise to higher-order tillers (McMaster, 2005).
During vegetative growth, the number of tillers rapidly increases until the transition of
the plants to the reproductive phase. During stem elongation that follows, the number
of tillers declines and stabilises before ear emergence (Figure 1.1) (Fraser et al., 1982).
Thus, depending on the growing conditions, only a fraction of the developed tillers will

form an ear and contribute directly to the grain yield.

Taken together, it is apparent that there are critical developmental processes and
stages that determine tillering and tiller contribution to the final yield, namely tiller
formation, tillering cessation, tiller abortion-senescence and tiller fertility. The main
factors and signals affecting those stages will be presented in the following sections,
while emphasis will be given to the signals controlling tiller formation in relation to

nutrient availability.

1 As phyllochron is defined the time between the appereance of two succesive leaves (McMaster, 2005).
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Figure 1.1: Growth stages and tillering dynamics in a winter wheat crop. The blue line
represents the number of shoots per unit area over the winter wheat growing season.
Illustration created with BioRender and inspired by Slafer et al. (2014).

1.1.2 Tiller Formation

Tiller formation can be divided into two distinct steps: i) axillary bud formation and ii)
bud outgrowth (Kebrom et al., 2013, McSteen and Leyser, 2005). Axillary bud
formation refers to the initiation of the vegetative lateral meristems. The formation of
the axillary buds is mainly controlled genetically and constitutes the tillering capacity,
which exhibits great variation between species and cultivars. On the other hand, bud
outgrowth is regulated by different internal and external signals (Domagalska and
Leyser, 2011). In summary, the fate of a formed bud is determined by complex
interactions between hormonal, developmental and environmental cues. This enables
plants to adjust their development and, in particular, their architecture according to
the available resources. As a consequence, the tiller number is ranked at the highest
end of plasticity among the cereal yield components, which makes it a challenging trait

to study (Sadras and Slafer, 2012).
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Figure 1.2: Two current models of the hormonal regulation of lateral bud outgrowth. (A)
Second messenger model. According to this model, auxin inhibits bud outgrowth by
controlling the levels of CKs and SLs. CKs act as positive, whereas SLs as negative regulators of
tillering. An important element of this model is the bud-specific transcription factor BRC1
(orthologue of TB1/FC1) which acts as a negative regulator of tillering. CKs and SLs act
antagonistically, suppressing and inducing the expression of BRCI1, respectively. (B)
Canalization model. Based on this model, auxin moving into the stem inhibits lateral buds
from exporting auxin and developing their own PATS, which is required for bud outgrowth. SLs
negatively affect PIN1 activity, impairing the capacity of lateral buds for auxin transport.
According to both models, phytohormones play an essential role in the coordination of lateral
branching according to nutrient availability. Figure modified from Waters et al. (2017) with
permission from the publisher?.

Bud outgrowth is mainly controlled by complex interactions between plant hormones;
however, the exact mechanism is not fully elucidated to date. Briefly, the
phytohormones auxin, cytokinins (CKs) and, more recently, strigolactones (SLs) have

been identified as key players involved in the control of bud outgrowth. The role of

2 Modified from Annual Review of Plant Biology, Vol. 68, M. T. Waters, C. Gutjahr, T. Bennett, D. C.
Nelson, Strigolactone Signaling and Evolution, 291-32, Copyrights (2017), with permission from Annual
Reviews, http://www.annualreviews.org.
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auxin as a suppressor of tillering/branching has been known for many years due to its
involvement in the phenomenon of apical dominance (Thimann and Skoog, 1933).
Auxin has been shown to act indirectly by suppressing bud outgrowth without entering
the bud. Currently, there are two suggested models to explain shoot branching
regulation and the inhibitory role of auxin (Figure 1.2) (Waters et al., 2017). The first
model, namely the second messenger model, suggests that auxin controls bud
outgrowth by regulating the levels of two other hormones, CKs and SLs. More
specifically, auxin suppresses CK levels, whereas it induces SL biosynthesis. An
important component of the second messenger model is the transcription factor
TEOSINTE BRANCHED1 (TB1)/ BRANCHED 1 (BRC1)/ FINE CULM 1 (FC1), a negative
regulator of bud outgrowth. CKs suppress the expression of TB1, whereas SLs lead to
the accumulation of TB1 (Figure 1.2A). Based on the second model, known as the
canalization model, apical-derived auxin inhibits bud outgrowth by preventing axillary
buds from establishing their polar auxin transport system (PATS), which is important
for bud activation (Figure 1.2B) (Domagalska and Leyser, 2011). This model is applied
in dicotyledonous species; however, there are indications that the apical dominance
and the effect of auxin are not so apparent in monocotyledonous plants, especially
during the vegetative growth stage (Kebrom, 2017). Finally, sugar availability has been
shown to play an important role in lateral branching control (Barbier et al., 2015b,
Kebrom, 2017). It has been proposed that all these components of the regulatory
pathway may act at different stages of bud outgrowth, as it is summarized in Figure

1.3 (Barbier et al., 2019).
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Figure 1.3: Different roles of the main hormonal signals at different stages of bud outgrowth.
Figure reprinted from Bardier et al. (2019) with permission from the publisher?.

CKs are a class of phytohormones involved in many aspects of plant development,
including cell division, root and shoot growth, nutritional responses and senescence
(Kiba et al., 2013, Sakakibara et al., 2006). In relation to shoot branching, CKs act
antagonistically to auxin by promoting bud outgrowth. CKs seem to promote tillering
by partially affecting the levels of the transcription factor TB1/BRC1 or/and by
promoting the auxin transport capacity of the lateral buds (Barbier et al., 2019). In
addition, the levels of CKs have been associated with the positive effect of N fertilizers
on lateral branching. In rice, it has been previously reported that N induces tillering
and stimulates CK biosynthesis (Sakakibara et al., 2006, Ding et al., 2014). The
application of nitrate promotes the expression of CK biosynthetic genes in nodes of
rice plants leading to higher levels of CK. Similar results have also been reported in

Arabidopsis thaliana (Arabidopsis) (Takei et al., 2004a, Miyawaki et al., 2004).

More recent studies in both monocotyledons and dicotyledons revealed that SLs play
an essential role in the suppression of tillering. As has been shown by many studies,
TB1/BRC1 is one of the downstream targets of the SL signalling pathway, which is

positively regulated by SLs (section 1.2.4). Moreover, SLs have also been reported to

3 Reprinted from Trends in Plant Science, Vol. 24, No. 3, Francois F. Barbier, Elizabeth A. Dun, Stephanie
C. Kerr, Tinashe G. Chabikwa, Christine A. Beveridge, An Update on the Signals Controlling Shoot
Branching, 220-236, Copyright (2019), with permission from Elsevier.
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affect auxin transport, suggesting that SLs might additionally control tillering via a TB1-
independent pathway (section 1.2.5). In many species, SL biosynthesis has been
associated with low P conditions, as P limitation induces SL production and exudation,
leading to the suppression of lateral bud outgrowth (Umehara et al., 2010, Kohlen et
al., 2011, Yoneyama et al., 2007b, Yoneyama et al., 2007a, Lopez-Réez et al., 2008).
There are some indications that SLs are also involved in the suppression of tillering
under low N, but this is not well established (de Jong et al., 2014, Yoneyama et al.,
2012, Luo et al., 2018b). Furthermore, another target of the SL signalling pathway has
been found to be CYTOKININ OXIDASE/DEHYDROGENASE (CKXs) in rice, providing new
insights into the molecular interaction between SLs and CKs. SLs were found to control
CK catabolism by inducing the expression of OsCKX9 in the nodes of rice plants leading

to lower levels of CKs (Duan et al., 2019b).

The bud-specific transcription factor, TB1/BRC1, is considered the key target element
of this hormone signalling pathway since CKs suppress, whereas SLs promote its
expression (Wang et al.,, 2015a). The role of TB1 seems to be conserved among
monocotyledons and dicotyledons, given that in several species, the expression of TB1
orthologues is correlated with the suppression of lateral bud outgrowth (Aguilar-
Martinez et al., 2007, Takeda et al., 2003, Choi et al., 2012, Lewis et al., 2008). In many
species, tb1/brc1/fc1 mutants have a highly branched phenotype, further supporting
TB1 as a negative regulator of bud outgrowth. Apart from phytohormones, TB1 is
responsive to other signals; hence it has been suggested to act as a key hub for
integrating hormonal, developmental and environmental signals to control tillering
(Wang et al., 2019c). However, some studies have demonstrated that TB1/BRC1 is not
the only mechanism that controls tiller bud outgrowth since, in brc1 mutants, some
buds remain dormant, while brc1 mutants also respond to signals affecting branching.
Furthermore, in highly branched SL mutants of Arabidopsis, the expression of BRC1
was found to be increased without leading to lateral branching inhibition (Seale et al.,
2017). Hence, Walker and Bennett (2018) suggested a model according to which
TB1/BRC1 expression controls the activation potential of the bud by other signals
(Walker and Bennett, 2018).

Page | 7



Apart from phytohormones, sugar availability has been shown to have an effect on
bud outgrowth. Exogenously supplied sucrose has been found to release buds from
dormancy by affecting transcript levels of TB1/BRC1. Therefore it has been suggested
that TB1 expression is also controlled by plant energy status (Mason et al., 2014).
Studies in other species, such as wheat and sorghum (Sorghum bicolor), have linked
sugar levels in the buds with tillering (Kebrom et al., 2012, Kebrom and Mullet, 2016,
Kebrom, 2017). In addition, sucrose triggers lateral bud outgrowth in Arabidopsis
(Barbier et al., 2015a), while dormant buds of different herbaceous and woody plant
species (including Arabidopsis) show a typical sugar starvation response (Tarancén et
al., 2017), demonstrating that bud outgrowth is also regulated by sugar availability.
Sugars are known to play a pivotal role in plant growth and development since,
through glycolysis, they provide the energy and carbon required for protein synthesis
and growth. As a result, one possible mechanism of action of sugar control over bud
outgrowth is attributed to sugar nutritional value. However, experiments have shown
that the sucrose effect on branching is independent of its nutritional value. More
specifically, experiments with non-metabolised sucrose analogues resulted in
suppression of BRC1 and triggered branching, suggesting that sucrose functions also
as a signal affecting developmental decision making leading to bud outgrowth (Barbier
et al.,, 2015b). However, the exact mechanism is not fully understood. Trehalose 6-
phosphate (Tre6P) has been proposed to play a regulatory role since it is known to act
as a signal of sucrose availability (Figueroa et al., 2016, Yadav et al., 2014). In fact, a
positive correlation between sucrose and Tre6P has been found, while the increase in
Tre6P levels has been correlated with bud outgrowth (Fichtner et al., 2017). In
Arabidopsis, changes in Tre6P levels affected branch formation, indicating that Tre6P
is involved in branching regulation. In addition to that, many genes involved in Tre6P
have been found to be affected in dormant buds (Kebrom and Mullet, 2016, Tarancén
et al., 2017). Tre6P might regulate bud outgrowth by interacting with sucrose non-
fermented kinase 1 (SnRK1). SnRK1 is a master regulator of energy status, which, when
activated, represses growth by controlling downstream genes involved in sugar

utilization and growth arrest. Tre6P is thought to inhibit SnRK1 under high sugar
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availability resulting in the diversion of metabolic reprogramming towards growth

(Fichtner and Lunn, 2021).
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Figure 1.4: Model integrating hormonal and sugar availability control of bud outgrowth. This
model is based on the second messenger model of bud outgrowth regulation. CKs promote
tillering, and SLs suppress tillering by affecting the expression of TB1/BRC1/FC1. Auxin
suppresses tillering by suppressing CKs and inducing SLs. Sugar availability affects tillering by
directly suppressing the expression of TB1/BRC1/FC1 and by affecting the levels of CKs but
also the SL signalling. lllustration created with BioRender.

Other signals that have been associated recently with the regulation of tillering, and
especially with the N-mediated regulation of bud outgrowth, are amino acids. Amino
acids represent one of the main forms of N in plants and can be transported
systematically, acting as signals of N availability (Barbier et al., 2019). In fact, the levels
of asparagine (Asn) and glutamine (GIn) have been associated with tillering in
monocotyledons. Asn and GIn deficiency in transgenic plants lacking biosynthetic
genes results in decreased tillering in rice (Ohashi et al., 2018, Ohashi et al., 2015a). In
addition, increased levels of GIn have been found to promote tillering in sorghum
(Urriola and Rathore, 2015). It has been suggested that GIn may affect tillering by
affecting the biosynthesis of CKs, as GIn and CK biosynthesis are closely related (Ohashi
et al., 2017, Kamada-Nobusada et al., 2013).
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1.1.3 Tillering Cessation

The maximum number of tillers on a wheat plant is dependent on the duration of the
tillering phase, since the prolonged tillering phase leads to a higher number of tillers.
Tillering usually stops after the transition of the main stem from vegetative to
reproductive development, which is known as floral initiation, followed by the
elongation of the stem. More specifically, during floral initiation, the leaf primordia
stop initiating, and the spikelet primordia start to differentiate. This transition from
the juvenile to the reproductive phase in winter wheat is mainly controlled by
temperature, vernalization requirements and photoperiod (Trevaskis et al., 2007).
Spikelet development and subsequent stem elongation are highly energy-consuming
processes leading to changes in source-sink status at the whole plant level, resulting
in the inhibition of bud outgrowth. Kebrom et al. (2012) reported that in the tinl
mutant, the inhibition of bud outgrowth is caused mainly by the precocious stem
elongation of the main culm leading lateral buds to sugar deficiency (Kebrom et al.,
2012). In addition, after the onset of floral initiation, changes in the levels of bioactive
gibberellins (GAs) have been reported in cereals. It is well known that GAs are involved
in the internode elongation in cereals and the transition from the vegetative phase to
the floral phase (Rameau et al., 2015). In fact, upon floral initiation, the expression of
GA20x1, which catalyses the deactivation of GAs, is significantly downregulated at the
base of the plant allowing active GAs to reach lateral buds. In contrast, during
vegetative growth, GA2ox1 is highly expressed, ensuring low levels of GAs. GAs have
been shown to also negatively affect bud outgrowth by affecting the expression of TB1
(Lo et al., 2008). Another component of the tillering regulatory pathway that has been
associated with developmental changes is miRNA156. miRNA156 is known to regulate
the expression of SQUAMOSA promoter-binding protein-like 14 (SPL14) transcription
factor (wheat orthologue SPL17). Many members of the SPL transcription factor family
have been shown to be involved in both vegetative and reproductive development,
shaping plant architecture (Liu et al., 2016, Xie et al., 2006). SPL14 controls the
transcriptional activation of TB1, and it is closely linked with the SL signalling
mechanism (Lu et al.,, 2013). Overexpression of miRNA156 leads to the delayed

cessation of tillering, as has been shown in rice (Xie et al., 2006).
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However, cessation of tillering is not only associated with the switch to the
reproductive phase, as plants have developed other adaptation mechanisms that
allow them to control tillering based on external signals. The main external signal
involved in the early cessation of tillering is light quality, which is associated with plant
density. Plants grown in high sowing density tend to form fewer tillers mainly due to
early cessation of tillering, as the tiller formation rate remains unaffected (Evers et al.,
2006, Sparkes et al., 2006). Thereby, it has been shown that cessation of tillering is
photomorphogenetically regulated, and the main signal of this regulatory pathway is
the R: FR. In dense canopies, R: FR is low due to the absorption of red and blue
wavelength by the surrounding vegetation, while far-red is reflected. High R: FR in the
base of the canopy is associated with delayed tillering cessation (Xie et al., 2016).
According to Evers et al. (2006), tiller formation stopped at a particular value of leaf
area index (0.59) associated with 0.25-0.3 R: FR ratio, which has been suggested as a
threshold below which tiller appearance ceased regardless of the development stage.
In sorghum, the inhibition of bud outgrowth under low R: FR has been correlated with
upregulation of TB1 and GRASSY TILLER 1 (GT1), both acting as suppressors of tillering
(Kebrom et al., 2006, Kebrom et al., 2013). In wheat, a recent RNA-seq study on
phytochrome B (phyB) null mutant, which behaves as growing in low R: FR conditions
due to the absence of functional PhyB, revealed that under shading conditions, auxin
and ethylene biosynthesis is induced (Pearce et al., 2016). The upregulation of auxin
levels can be involved in the suppression of tillering under shading conditions. Among
other transcription factors, the phyB-null mutant showed a significant upregulation of
GT1, known as a negative regulator of tillering (Pearce et al., 2016). Whipple et al.
(2011) also reported that GT1 is involved in tillering regulation by shading signals in
maize (Whipple et al., 2011).

N nutrition is among the environmental cues that affect the transition from the
vegetative to reproductive phase by controlling flowering time (Vidal et al., 2014, Luo
et al., 2020). In fact, N limitation often induces flowering, whereas excess N supply
extends vegetative growth and delays flowering (Vidal et al., 2014). In rice, late
flowering has been associated with an increase in tiller number (Leng et al., 2020). This

observation is probably due to the prolonged vegetative stage allowing a wider time
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window for tiller formation. On the other hand, N limitation results in the induction of
flowering as an escape mechanism for plants to produce seeds and complete their life
cycle. N effect on floral initiation and flowering has been suggested to involve the GA
pathway (Liu et al., 2013, Gras et al., 2018). Liu et al. (2013) showed that low N
availability leads to higher levels of GA in Arabidopsis, while a decrease in GA levels
was recorded under high N supply. In addition, the expression of the CONSTANS (CO)
gene is also induced by N limitation, supporting that low N supply induces flowering,
as CO promotes flowering. Nitrate has also been shown to act as a signal directly in
the apical meristem affecting the expression of SUPPRESSOR OF CONSTANS (SOC1),
which is an important integrator of signals controlling flowering (Olas et al., 2019). In
the same study, it was also shown that SOC1 is required for the N-mediated regulation
of flowering. More recently, Zhang et al. (2021) found that the gene N-mediated
heading date-1 (Nhd1) is involved in the regulation of flowering by N status, as nhd1
rice mutants showed delayed flowering and less sensitivity to flowering control by N
supply (Zhang et al., 2021). However, other studies in monocotyledonous and
dicotyledonous species have shown that severe N deficiency can delay flowering.
Therefore, it has been demonstrated in both Arabidopsis and rice that flowering
response to N availability is described by a U-shape curve as both severe N limitation
and excess N supply delay flowering (Lin and Tsay, 2017, Sun et al., 2021). Based on
this response, the prolonged vegetative period under high N supply can contribute to
the higher number of tiller/branches formed under high N supply. However, this does
not apply under severe N deficiency, where both flowering and tiller formation is
suppressed, suggesting that the decrease in tiller number is mainly attributed to tiller
bud outgrowth suppression rather than to the impact of N limitation on tiller cessation
and floral transition. In field-grown wheat, N fertilization has been reported to
increase the maximum number of tillers, but this effect is mainly attributed to the
increase in the rate of tiller appearance rather than the duration of tillering (Alzueta

et al.,, 2012).

1.1.4 Tiller Abortion/Senescence

At tiller cessation, plants reach the maximum number of tillers which coincides with

the start of stem elongation (Figure 1.1). Soon the number of tillers per unit area
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declines until ear emergence. The maximum tiller number varies between cultivars
and is strongly influenced by plant density and plant nutrition. N fertilization increases
the maximum number of tillers mainly by affecting the development of higher-order
tillers. However, only a fraction of the developed tillers will form an ear (fertile tillers)
and directly contribute to grain yield, whereas the rest will senesce. In general, the
mortality rate is higher in the late formed tillers, which correspond to high-order tillers
(secondary, tertiary etc.) (Fraser et al., 1982). In spring wheat, tiller abortion varies
between cultivars, season, growing conditions and nutrient supply and ranges
between 90 and 20% (Sharma, 1995). Studies have shown that there is a positive
correlation between the maximum tiller number and tiller mortality, which means that
a high tiller number leads to higher mortality (Alzueta et al., 2012). Some studies have
shown a positive correlation between the maximum number of tillers and the number
of ears per unit area, one of the main yield components. Although there is a strong
correlation between the ear number and grain yield, there is a weak correlation
between the maximum number of tillers and grain yield. This is mainly because
excessive tillering can sometimes lead to yield reduction. Whether unfertile tillers are
beneficial or can lead to yield reduction remains an open question. The answer to that
guestion is not simple since it depends on the growing conditions. Non-surviving tillers
can be beneficial if nutrients such as N and fixed carbon are redistributed to other
parts of the plants after their death (Palta et al., 2007). If this mechanism is effective
unfertile tillers can be considered a pool of assimilates and nutrients at the early
stages. Nevertheless, carbon and nutrient redistribution is not always effective, and
thereby high mortality rate can lead to yield reduction, a phenomenon which is

apparent under water stress conditions (Berry et al., 2003).

The main reason for tiller abortion is the competition in the plant community for
available resources. Late-formed tillers fail to compete with the main shoot and
primary tillers, as the latter are strong sinks of carbohydrates. Again, tiller senescence
has been associated with light quality and R: FR ratio. Data from winter wheat field
trials indicate that tiller death starts at a relatively constant critical level of R: FR of 0.2-
0.4 (Sparkes et al., 2006). This can partially explain why tiller mortality is higher when

the maximum number of tillers has been reached. In addition, N fertilization has been
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reported to reduce tiller mortality and increase the final number of ear-bearing tillers.
There are indications that the high leaf N content can decrease the critical value of R:
FR; hence plants are less sensitive to shading, leading to a lower tiller death rate
(Sparkes et al., 2006, Evers and Vos, 2013). Consistent with this observation, N
fertilization increases yield by mainly affecting the development and maturity of high-

order tillers, which otherwise would have senesced (Power and Alessi, 1978).

On a physiological level, tiller senescence includes processes similar to mature leaf
senescence, including decomposition of cells, degradation of cellular components and
remobilization of carbon and nutrients to other parts of the plant. In senescing tillers,
abscisic acid (ABA) has been found to be upregulated, whilst indole-3-acetic acid (IAA)
and GA content were lower compared to actively growing stems. The changes in the
hormonal levels are followed by decreased levels of ascorbic acid, the main
antioxidant mechanism in plants, and a subsequent increase in the levels of lipid

peroxidation products (Vasantha et al., 2012).

1.1.5 Tiller Fertility

Based on the negative impact of tiller mortality on the number of ears and the positive
correlation between ear population and grain yield, it is apparent that one potential
strategy to increase the grain yield could be the reduction of tiller abortion. Under
conditions that cause high tiller mortality, such as N limitation or water deficit, the
contribution of the tillers to the grain yield compared to the contribution of the main
stem is low. In contrast, under high N availability or sufficient water supply, the yield
that is attributed directly to tillers increases (Elhani et al., 2007, Power and Alessi,
1978). However, it is notable that grain yield and its components are not consistent
among tillers. High-order tillers exhibited lower grain yield per spike than the main
shoot and the first two primary tillers. In fact, the number of fertile spikelets is lower
in late-formed tillers; hence they produce fewer grains per spike. This observation
suggests that there might be differences in floret development during spike initiation
among tillers. Li et al. (2001) showed that the main shoot and the first two primary
tillers revealed a similar pattern of floret initiation and maximum floret number, which

under favourable growing conditions, led to similar contributions to grain yield (Li et
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al., 2001). In contrast, in the same study, it was shown that as tiller order increases,
floret fertility deteriorates. The low light intensity that high-order tillers receive during
inflorescence development due to the superior tillers impacts spikelet initiation and
decreases the number of grains per spike (Toyota et al.,, 2001). It is not only the
number of fertile spikes which causes lower yield but also the grain filling process that
is deteriorated in late-formed tillers. Main shoot and primary tillers tend to reach
higher photosynthetic rates during grain filling compared to secondary tillers.
Moreover, the flag leaf senescence rate in secondary tillers is higher, suggesting
differences in grain filling period among tillers (Xu et al., 2015a). Finally, the lower
productivity of late-formed tillers can also be attributed to their short growth period
compared to the main stem and primary tillers, since the maturation of the tillers is
synchronous in cereals, whereas tiller initiation and development are asynchronous

(Wang et al., 2017).
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1.2. A Brief History of Strigolactones

Strigolactones (SLs) are a group of terpenoid lactones found in most land species and
play an important role as signalling molecules in the rhizosphere, while they are
involved in many aspects of plant growth and development (Figure 1.5). SLs had been
identified initially as compounds that stimulate the germination of Striga sp seeds, a
parasitic weed commonly known as witchweed, after which they were named (Cook
et al., 1966). Strigol was the first identified SL in root exudates of Gossypium hirsutum
(cotton). Strigol was soon identified in the root exudates of other plant species, such
as S. bicolor and Z. mays (Siame et al., 1993). Orobanchol was another type of SLs
which was identified in the root exudates of Trifolium pratense (red clover), which
stimulates the germination of Orobanche minor seeds, another type of parasitic plant
(Yokota et al., 1998). Those observations clearly demonstrated that SLs act as a signal
utilized by the parasitic plant in such a way that they have increased chances of
survival. However, the fact that plants release SLs in the rhizosphere without having
any beneficial effect raised many evolutionary questions as to why plants produce a

signal that facilitates parasitisation.

The answer to the above question came partially in 2005 when another type of SLs, 5-
deoxystrigol (5DS), was identified to be involved in the cross-talk between plants and
arbuscular mycorrhizal fungi (AMF) (Akiyama et al., 2005). In fact, 5DS promotes the
hyphal branching of AMF, positively affecting the colonization of the roots by the AMF.
The mutualistic relationship between AMF and plants has great ecological importance
since plants provide AMF with photoassimilates in return for water and inorganic
nutrients such as P and N. In addition, AMF establishment has also been shown to
improve plant tolerance to abiotic and biotic stress (Begum et al., 2019). The
observation that P limitation and, to a lesser extent, N limitation induce SL exudation
strengthened the idea that SLs act as a rhizosphere signal under nutrient limiting
conditions facilitating the AMF establishment, thus increasing nutrient acquisition.
However, the role of SLs in AMF symbiosis did not fully elucidate the role of SLs
because non-mycorrhizal plants, such as Arabidopsis, also produce and exude SLs in

the rhizosphere.
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Figure 1.5: The many roles of SLs as rhizosphere signals and as plant hormones. (A) Plants
release SLs in the rhizosphere, where they act as signals involved in the cross-talk between
plants and AMF (left). SLs stimulate the germination of parasitic plants Striga sp. and
Orobanche sp. (B) SLs have been found to act as plant hormones regulating many aspects of
plant growth and development. SLs mainly act as inhibitors of lateral branching; therefore, SL
biosynthesis or signalling mutants show a highly branched phenotype. They are also involved
in shoot gravitropism, lead senescence, plant height, stem thickness and adventitious root
formation. In below-ground tissues, SLs control primary and lateral root growth and root hair
elongation. Figure reprinted from Chesterfield et al. (2020) with permission from the
publisher?.

As a matter of fact, in 2008, SLs were identified as key hormones for the regulation of
lateral branching, acting as branching inhibitors (Gomez-Roldan et al., 2008, Umehara
et al., 2008). Several high branching/tillering mutants from various plant species, such
as more axillary meristem (max) in Arabidopsis and dwarf (d) in rice, led to the
discovery that SLs play a central role in the modulation of above-ground plant
architecture. More specifically, max4/d10 and max3/d17 showed reduced levels of SL
production and highly branched/tillering phenotypes. The phenotype of those
mutants could be rescued by the application of GR24, a synthetic SL analogue. Similar
results have been reported by Lin et al. (2009) in d27 rice mutants, indicating that D27,

D17 and D10 are part of the SL biosynthetic pathway (Lin et al., 2009). On the other

4 Reprinted from Trends in Plant Science, Vol. 25, No. 11, Rebecca J. Chesterfield, Claudia E. Vickers,
Christine A. Beveridge, Translation of Strigolactones from Plant Hormone to Agriculture: Achievements,
Future Perspectives, and Challenges, 1087-1106, Copyright (2020), with permission from Elsevier.
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hand, the highly branched phenotype of max2/d3 and d14 could not be rescued by
exogenous application of GR24, while those mutants accumulated high levels of
endogenous SLs. These observations indicated that both D14 and D3 might be involved
in SL perception and signalling rather than in biosynthesis. Since their identification as
branching inhibitors, SLs have been shown to be involved in many aspects of plant
growth and development, such as in regulating root architecture, senescence, stem
elongation and many more, as summarized in Figure 1.5B (Chesterfield et al., 2020).
Furthermore, SLs have been linked to plant nutritional status, mainly to P and less to
N. More recent studies have also focused on the involvement of SL in biotic and abiotic

stress responses, highlighting the importance of SLs in plant growth and resilience.

1.1.6 Strigolactone Biosynthesis

SLs are terpenoid lactones derived from the carotenoid biosynthetic pathway
(Matusova et al., 2005). Since the discovery of strigol, more than 30 different SLs have
been identified in plants, which are classified as canonical and non-canonical SLs based
on their chemical structure (Yoneyama and Brewer, 2021). Canonical SLs are the most
well-studied class and consist of a fourth methyl butanolide ring (D ring) connected
with a three-ring structure (ABC ring) via an enol-ether bridge (Figure 1.6). Canonical
SLs are further divided into strigol- or orobanchol-type based on the stereochemistry
of the C ring. In contrast, in non-canonical SLs, the D ring is connected via an enol-
ether bridge to various groups instead of the ABC ring. The type of synthesised SLs
varies between plant species (Yoneyama and Brewer, 2021). Some plants, such as
Arabidopsis and maize, produce a blend of canonical and non-canonical SLs. In
addition, there is variability between species in relation to the type of canonical SL
produced. In fact, in rice, only orobanchol-type has been detected, whereas maize
mainly produces strigol-type (Wang and Bouwmeester, 2018). Both types of canonical
SLs have been reported in Nicotiana tabacum (tobacco) and sorghum. In addition, in
tobacco, it has been reported that the ratio between strigol- and orobanchol-type

varies between different cultivars.
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Figure 1.6: Structures of characteristic naturally occurring SLs. Based on their chemical
structure SLs are classified into canonical and non-canonical. Canonical SLs consist of an ABC-
ring connected with a D-ring via an enol-ether bond. Based on the stereochemistry of the C-
ring are further divided into strigol- and orobanchol-type. In non-canonical SLs, the presence
of the D-ring and enol-ether bond is conserved, while ABC-ring is replaced by various groups
leading to a large structural diversity. Illustration created with BioRender.

The first step of SL biosynthesis is catalysed by B-carotene isomerase, DWARF27 (D27),
an iron-containing enzyme that catalyses the conversion of all-trans-B-carotene into
9-cis-B-carotene (Alder et al., 2012). The function of D27 is an important step of SL
biosynthesis, as it has been shown from d27 highly branched mutants. However, there
are some indications that chemical isomerization occurs at low rates, which can
compensate for the isomerase activity of D27. Subsequently, carotenoid cleavage
dioxygenase 7 (CCD7) encoded by MAX3 and D17 in Arabidopsis and rice, respectively,
catalyses the cleavage of 9-cis-B-carotene to 9-cis-B-apo-10’-carotenal. The latter is
then converted into carlactone (CL) by another member of the carotenoid cleavage
dioxygenase family, CCD8 encoded by AtMAX4 in Arabidopsis and OsD10 in rice. Seto
et al. (2014) showed that CL is used for the biosynthesis of 4-deoxyorobanchol (4DO)
and orobanchol, indicating that CL is an intermediate of SLs biosynthesis (Seto et al.,
2014). The multi-step production of CL from B-carotene, as described above, takes
place in the plastid (Figure 1.7A). Subsequently, CL is exported in the cytosol, where it
is used as a precursor for both canonical and non-canonical bioactive SLs. The
biosynthesis of bioactive SLs from CL is predominantly catalysed by members of the
cytochrome P450 CYP711 subfamily. More specifically, in Arabidopsis, CYP711A1
encoded by MAX1 converts CL to carlactonoic acid (CLA) (Abe et al., 2014). The
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diversity of produced bioactive SLs in different species is attributed to steps
downstream of CLA. CLA is a non-canonical SL-like compound which does not interact
with D14, the receptor protein of the SL signalling pathway, whereas methyl-
carlactonoate (Me-CLA) possesses this ability indicating that the latter is biologically
active in suppressing shoot branching (Abe et al., 2014). In addition, Me-CLA is a non-
canonical SLs that is considered an important intermediate for the biosynthesis of
other non-canonical SLs, since it has a similar chemical structure to other non-
canonical SLs found in plants, including zealactone found in maize and heliolactone
produced by Helianthus annuus (Mashiguchi et al., 2021) (Figure 1.6). In fact, in
Arabidopsis, Me-CLA has been found to be the substrate of an oxidoreductase-like
enzyme encoded by LATERAL BRANCHING OXYDOREDUCTASE (LBO), which converts
Me-CLA to an unknown product that also acts as a branching inhibitor (Brewer et al.,
2016). Yoneyama et al. (2020) found the product of the LBO is hydroxymethyl-
carlactonoate (1’-OH-MeCLA), while the function of LBO was found to be conserved in
both maize and sorghum (Yoneyama et al., 2020a). For many years the enzymatic
conversion of CLA to Me-CLA had remained unknown. Recently, Wakabayashi et al.
(2021) found that a SABATH methyltransferase catalyses the conversion of CLA to Me-
CLA in Arabidopsis (Wakabayashi et al., 2021). This finding indicated that other
SABATH methyltransferases might play an important role in the biosynthesis of other

non-canonical SLs.

However, in monocotyledonous species, the pathway downstream of CL remains
elusive. Although most of the dicot species have only one MAX1 homologue,
monocotyledons have multiple CYP711 MAX1 genes in their genome. In fact, five
different MAX1 homologues have been found in the rice genome, while maize and
sorghum have three and four homologues, respectively. It has been suggested that
different MAX1 homologues have different substrate specificity and catalyse distinct
reactions. Zhang et al. (2014) showed that 0s900 converts CL to 4DO, and
subsequently, 0s1400 converts 4DO to orobanchol (Zhang et al., 2014). Nevertheless,
it was found later that both Os900 and Os1400 catalyse the conversion of CL to CLA
(Yoneyama et al., 2018a). Therefore, a classification of MAX1 homologues into three

categories, based on their main activity, was suggested by Yoneyama et al. (2018): Al

Page | 20



type converting CL to CLA, A2 type converting CL to CLA and CLA to 4DO and A3-type
being involved in both conversion of CL to CLA and 4DO to orobanchol. Therefore,
based on this classification, 0s900 is classified as A2-type CYP711A and Os1400 as A3-
type. As a result, CLA is considered an intermediate for the biosynthesis of orobanchol-
type of SLs. Os1500, which is phylogenetically close to 0s900 and 0s1400, has not
shown any enzymatic activity, which has been attributed to a premature stop codon
(Yoneyama et al., 2018a). Less is known about the enzymatic activities of other MAX1
homologues in rice, especially of 0s1900 and 0s5100. More recently, a new
biosynthetic pathway of canonical SL biosynthesis was identified in sorghum. More
specifically, SbMAX1a was found to convert CL to 18-hydroxy-CLA. The latter is used
as a substrate by a sulfotransferase encoded by LOW GERMINATION STIMULANT 1
(LGS1), which is probably involved in the biosynthesis of 5DS and 4DO (Wu and Li,
2021). LGS1 had been previously linked to the resistance of some sorghum cultivars to
Striga sp., indicating that it is indeed involved in SL biosynthesis and exudation
(Gobena et al., 2017). More recent studies have also highlighted the role of the
CYP722C subfamily of P450, members of which seem to be responsible for the
structural diversity in canonical SLs acting downstream of MAX1s (Mashiguchi et al.,
2021). However, the non-canonical SL biosynthetic pathways remain elusive in

monocotyledonous plants.
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Figure 1.7: SL biosynthetic pathway. (A) The compartmentalisation of SL biosynthetic
pathway. The multi-step production of carlactone (CL) from all-trans-B-carotene takes place
in the plastids and is considered the core biosynthetic pathway. The sequential reactions are
catalysed by D27, CCD7 (D17), and CCD8 (D10) enzymes. CL is then exported into the cytosol,
where it is converted into bioactive SLs, mainly by members of CYP711A (MAX1) members and
other enzymes such as LBO and LGS1. (B) Steps downstream of CL for the biosynthesis of
canonical and non-canonical SLs. Structural diversity in naturally occurring SL is attributed to
steps downstream of CL. CL is converted to CLA by MAX1 in A. thaliana. CLA is used as a
precursor for both the biosynthesis of canonical and non-canonical SLs. SABATH
methyltransferase was recently found to convert CLA to Me-CLA, which in turn is used by LBO
for the biosynthesis of 1’-OH-MeCLA. In O. sativa, both 0s900 and 0s1400 convert CL to CLA.
CLA is used as a substrate by 0s1900 for the production of 4-deoxyorobanchol. The latter is
then converted to orobanchol by Os1400. Recently, in S. bicolor, MAX1a was found to catalyze
the conversion of CLA to 18-hydroxy-CLA, which is converted to 18-sulfate-CLA by SbLGS1 as
part of the 5-DO biosynthetic clade. lllustration created with BioRender.

1.1.7 Strigolactone Transport

The dual role of SLs as rhizosphere signals and plant hormones suggests the presence
of a transport system facilitating the exudation of SLs in the rhizosphere and their
systemic transport to control plant architecture. SL biosynthesis is strongly induced in
roots of P- and N-deficient plants; therefore, it has been hypothesized that SLs act as
long-distance signals coordinating shoot architecture to the nutrient availability
sensed by roots. The acropetally transport of SLs has been confirmed by different
grafting experiments in dicotyledonous plants. The highly branched phenotype of SL-
deficient mutants (max4, max1) can be rescued by grafting their shoots to wild-type

roots (Sorefan et al., 2003, Booker et al., 2004). However, the same experiments also

Page | 22



showed that locally synthesised SLs in shoots are sufficient for controlling lateral
branching, as wild-type shoots did not form more branches when grafted in SL-

deficient roots (Figure 1.8).

More dedicated grafting experiments with different combinations of SL biosynthetic
mutants have provided more insights into which forms of SL are transported from root
to shoot (reviewed by Mashiguchi et al., 2021). CL, which is the precursor of bioactive
SLs, has been shown to be transmittable since highly branched max4 mutants can be
rescued when grafted in max1 roots (Booker et al., 2005). CL is the product of max4
and the substrate of max1, therefore, root synthetized CL can be transported
acropetally and control shoot branching. Consistent with this observation, d27
mutants were rescued by grafting max1 roots, whereas d27 shoots remained highly
branched when max4 roots were used (Lin et al., 2009, Waters et al., 2012). Therefore,
only CL and compounds downstream of CL can be transported over long distances.
Further experiments showed that apart from CL, Me-CLA can also be transported from
root to shoot, suppressing lateral branching in max1 shoots. In addition, WT roots
grafted in /bo shoots could also rescue the /bo phenotype, indicating that even the

product of LBO is transmittable long-distance (Brewer et al., 2016).
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Figure 1.8: Schematic illustration of grafting experiments conducted in A. thaliana SL
biosynthesis mutants proving that SLs act as long-distance signals. The highly branched
phenotype of max1 mutant could be rescued after grafting WT root onto max1 shoot. In
addition, SLs are also locally synthesised in shoots, given that grafting of max4 or max1 roots
in WT shoots did not affect the number of lateral shoots. d27 and max4 mutant phenotype
could be rescued when max1 roots were grafted, but grafting of max4 root onto d27 did not
affect the branch number, suggesting that only CL is transmittable. Finally, grafting /bo root to
max1 shoot reduces the number of formed branched, indicating that Me-CLA can also be
transported from root to shoot. The illustration was inspired by Domagalska and Leyser, 2011
and created in Biorender.

Even though the above observation clearly demonstrated that SLs act as long-distance
signals, the mechanism of SL distribution within the plant remains elusive. Initially,
Kohler et al. (2011) reported that the upregulation of SL biosynthesis in roots under P
limitation is accompanied by an increase in the amount of orobanchol and other SL-
like compounds in xylem sap of Arabidopsis (Kohlen et al., 2011). Lower levels of SLs
were detected on the xylem sap of SL-deficient mutants, supporting the idea that SLs

are transported through the xylem. However, contradictory results were later
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presented by Xie et al. (2015), who did not detect any SL compound in the xylem sap
of Arabidopsis (Xie et al., 2015b). The absence of detected SL was also consistent in all
the plant species included in this study, including rice, sorghum and Solanum
lycopersicum (tomato). In line with the absence of SLs in the xylem sap, experiments
in rice showed that isotope-labelled SLs are indeed transported from root to shoot,
but they were not detected in xylem sap (Xie et al., 2015b). Thus, it has been
speculated that long-distance transport of SLs is mainly facilitated by cell-to-cell
transport rather than through the xylem; therefore, the presence of transporters

facilitating SL transport is required (Borghi et al., 2015).

Our understanding of SL transporters is limited, especially in plants like Arabidopsis
and rice. PLEIOTROPIC DRUG RESISTANCE 1 (PDR1) was the first reported SL
transporter found in Petunia hybrida (petunia), which acts as a cellular exporter of SLs
(Kretzschmar et al., 2012). PDR1 is a member of the ATP-binding cassette (ABC)
transporter family, members of which play important roles in various phytohormone
transport (Borghi et al., 2015). Reduced levels of SLs were detected in a pdrl mutant,
along with reduced colonisation of roots by AMF, an indication that they are involved
in exporting SLs to the rhizosphere. Furthermore, it was shown that the PDR1 is mainly
expressed in the root tip, and PDR1 expression overlaps with the expression of SL
biosynthetic genes (Sasse et al., 2015). Furthermore, based on the subcellular
localisation of PDR1, a dual role was suggested to be involved in loading synthesised
SLs in the apoplast and exporting SLs to the rhizosphere. Apart from the roots,
expression of PtPDR1 was also detected by GUS-staining in shoots near the lateral
buds (Kretzschmar et al., 2012). In addition, pdr1 mutants, apart from the lower levels
of SLs in root exudates, had an increased branching phenotype. Combining those two
observations, Kretzschmar et al. (2012) speculated that PDR1 might deliver acropetally
transported SLs to developing buds and suppress their outgrowth. However, more
recent studies revealed that PDR1 is involved in short-distance transport of SLs, and
root-to-shoot transport does not appear to be directly dependent on PDR1 (Shiratake
et al., 2019). The authors suggested that long-distance transport of SLs might involve
other unidentified transporters or involves SL precursors that are not substrates of

PDR1. The orthologue of PDR1 in tobacco was also shown to be involved in SL transport
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(Xie et al., 2015a), however, no SL transporter has been reported in Arabidopsis or
rice. ABCG59 from Medicago truncatula, which is a close orthologue of PtPDR1, has
also been found to be involved in SL secretion affecting root mycorrhization (Banasiak

et al., 2020).

1.1.8 Strigolactone Perception and Signalling

Among the highly branched mutants which led to the initial discovery of SLs as
negative regulators of lateral branching, max2 and d3 in Arabidopsis and rice,
respectively, did not respond to exogenous applied GR24, suggesting that MAX2/D3
are part of the SL perception and signalling pathway (Gomez-Roldan et al., 2008,
Umehara et al., 2008). Subsequently, another highly branched mutant, d14, was also
found to be SL-insensitive, revealing the second possible component of the SL
perception and signalling pathway in rice (Arite et al., 2009). Several studies
demonstrated that D14 encodes an a/B-hydrolase protein, which acts as the receptor
protein of SL signals (Shabek et al., 2018, Yao et al., 2016). In the presence of SLs, D14
binds and hydrolyses SLs. This reaction results in the formation of a covalently linked
intermediate molecule and triggers conformational changes in D14 proteins. Those
changes allow D14 to interact with F-box protein D3 (MAX2 in Arabidopsis). D3 is part
of the Skp1-Cullin-F-box (SCF) E3 ubiquitin ligase complex (SCFP3) responsible for the
ubiquitination and proteasomal degradation of targeted proteins. In rice, the D53
nuclear repressor protein has been shown to be the target of the D14- SCFP3 complex
(Zhou et al., 2013). D53 is degraded after the application of GR24 in a D14-SCFP3-
dependent manner (Jiang et al.,, 2013). Therefore, in the presence of SLs, D53 is
degraded, and the expression of downstream genes repressed by D53 is released
(Figure 1.9). Similarly, in Arabidopsis, SL signalling relies on the degradation of
SUPPRESSOR OF MAX2 1-LIKE 6, 7 and 8 (SMXL6, 7, 8), which are the functional

orthologous proteins of D53 (Wang et al., 2015b, Soundappan et al., 2015).

D53 repressor has been found to control its own transcription forming a feedback loop
regulation in rice. Thereby, in the presence of SLs, D53 transcription is induced,
whereas, in the absence of SLs, D53 is suppressed (Song et al., 2017). More recently,

in Arabidopsis, SMXL6 was shown to directly bind to the promoters of SMXL6, 7, 8 and
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negatively regulate their transcription, demonstrating an autoregulation model of

SMXL6, 7, 8 transcript abundance (Wang et al., 2020b).

1.1.9 TB1-dependent Action of SLs in Tillering Control

As it has been shown in different SL-deficient or -insensitive mutants in many species,
one of the main roles of SLs as phytohormones is to control lateral branching/tillering.
There are several lines of evidence that this regulation is mediated solely through D53.
In fact, d53 mutants with a gain-of-function mutation, which constantly suppresses
the SL signalling pathway, have increased branched phenotype and are insensitive to
GR24 treatment (Zhou et al., 2013). In addition, smx/6/7/8 mutants in Arabidopsis
displayed a decreased branching phenotype, whereas they rescued the phenotype of
SL-deficient and -insensitive mutants (Wang et al., 2015b). D53 contains an ethylene-
responsive element binding factor-associated amphiphilic repression motif, which is
known to be involved in the interaction with TOPLESS/TOPLESS Related transcriptional
co-repressors (Ma et al.,, 2017). As a result, D53 has been suggested to act as a
transcriptional repressor inhibiting the transcription of downstream genes. In rice, it
has been shown that D53 can physically interact with SPL14 encoded by IDEAL PLANT
ARCHITECTURE 1 (IPA1). IPA1/SPL14 belongs to a gene family, QUAMOSA Promoter-
Binding Protein-like transcription factors, the members of which are involved in both
vegetative and reproductive development, shaping the plant architecture. Loss-of-
function ipal mutants show a high tillering phenotype suggesting that IPA1 controls
the transcription of genes that control tillering (Song et al., 2017). Biochemical and
genetic studies demonstrated that IPA1 binds the promoter region of TB1 and controls
its expression. Therefore, it was proposed that the SL signalling pathway controls
tillering by affecting the expression of TB1/BRC1/FC1 via D53-SPL14 (Song et al., 2017).
In agreement, Liu et al. (2017) found that wheat D53 could physically interact with
TaSPL17, the wheat orthologue of OsSPL14, and control the transcriptional activation
of TaTB1 (Liu et al., 2017). In fact, TB1/BRC1 expression is repressed in SL-insensitive
mutants (Soundappan et al., 2015). In contrast, constitutive upregulation of TB1/BRC1
has been found in d53 rice mutants and in smxl6, 7, 8 max2 quadruple Arabidopsis
mutant, supporting the hypothesis that TB1/BRC1 is a downstream target of SL

signalling (Wang et al., 2015b, Soundappan et al., 2015). Similarly, rice tb1/fc1 mutants
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are insensitive to externally applied SLs, indicating that TB1 is required for the
inhibition of tillering by SLs (Minakuchi et al., 2010). In Arabidopsis, a strong
downregulation of BRC1 has been reported in max mutants, while Brewer et al. (2015)
reported that brc1 mutants are insensitive to GR24 (Brewer et al., 2015). In rice, IPA1
interacts with D53 and is involved in the feedback regulation of D53 expression (Song
et al., 2017) (Figure 1.9). However, in Arabidopsis, it has been recently shown that
SMXL6 directly binds SMXL6, 7, 8 promoter regions, controlling their expression
without interacting with other TFs, indicating a divergence in the mechanism of SL

signalling between monocotyledons and dicotyledons (Wang et al., 2020b).
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Figure 1.9: SL perception and signalling pathway. SL signalling pathway consists of D14
receptor protein, D3 F-box protein and D53 transcriptional repressor. In the absence of SLs,
D53 interacts with IPA1/SPL14 transcription factor and represses the expression of
downstream genes. In the presence of SL, SLs bind to D14, leading to conformational changes
of D14, allowing interaction of D14 with F-box protein D3. D53 is targeted by the D14- SCFP3
complex leading to the ubiquitination and degradation of D53. Degradation of D53 releases
the transcription of downstream genes. TB1 is likely to be one of the downstream targets of
the SL signalling pathway. D53 transcription is controlled by D53, forming a typical negative
feedback regulation. lllustration created in Biorender.

1.1.10 TB1-independent Action of SLs in Tillering Control

Despite the fact that SL action via regulating TB1 expression is widely accepted, there
are several lines of evidence supporting a parallel mechanism of lateral

branching/tillering controls by SLs (Bennett et al., 2016). Firstly, the role of
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TB1/BC1/FC1 in grasses has not been proven to be widely applicable. Even though the
application of GR24 suppresses lateral branching in wild-type rice plants, transcript
levels of OsFC1 were not found to be upregulated. Similarly, TB1/FC1 expression is not
suppressed in SL mutants, as anticipated (Arite et al., 2007). Moreover, rice SL-
deficient mutants formed more tillers than fc1/tb1 mutants, suggesting the presence
of a parallel mechanism of tiller suppression by SLs other than TB1 (Minakuchi et al.,
2010). Similarly, recent and more detailed studies in Arabidopsis revealed that
branching could be suppressed by GR24 even in brc1 mutants, while brc1 brc2 double
mutants show less branching than SL signalling mutants (Seale et al., 2017).
Consequently, there may be regulatory mechanisms operating in the SL-mediated
inhibition of lateral branching other than TB1/BRC1/FC1. The model that can explain
the TB1-independent regulation of tillering by SLs is based on the principle of the auxin
transport canalization model (Figure 1.3B), according to which SLs suppress tillering
by affecting PAT (Bennett et al., 2006, Prusinkiewicz et al., 2009). PAT is generally
correlated with shoot branching in many species. In favour of the effect of SLs on PAT,
Lin et al. (2009) reported on the characterization of the d27 rice mutant that d27 plants
showed lower polar auxin transport than wild-type (Lin et al., 2009). In Arabidopsis,
SLs dampen auxin transport, hence increasing the competition between the bud for
establishing their own auxin canalization to the main stem, which is important for bud
activation (Bennett et al., 2006, Crawford et al., 2010). In particular, SLs impair bud
activation by triggering the rapid removal of the auxin efflux carrier PIN-FORMED 1
(PIN1) from the plasma membrane of the cell in the stem (Shinohara et al., 2013).
More recently, van Rongen et al. (2019) demonstrated that in Arabidopsis, SLs control
branching by affecting auxin transport and this effect is independent of TB1/BRC1.
More specifically, the pin3 pin4 pin7 triple mutant was able to rescue the highly
branched phenotype of SL-deficient mutants, whereas the highly branched phenotype
of the brc1 mutant was not affected (van Rongen et al., 2019). Furthermore, there is
evidence that CK can also act at least partly independently of TB1 by affecting the auxin
transport capacity of the buds by affecting the accumulation of PIN3, 4 and 7, leading
to higher auxin polar transport between lateral bud and main stem in Arabidopsis

(Waldie and Leyser, 2018). Whether the regulation of lateral branching is facilitated in
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a TB1-dependent manner or via affecting auxin transport, or those mechanisms co-
exist and work in parallel in a fine-tune regulation of plant architecture has not been
elucidated since both BRC1 and PINs auxin efflux carriers are downstream targets of

the SL and CK pathways in Arabidopsis (Bennett et al., 2016).
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1.3. Tillering Control by Nitrogen Limitation

Plant growth and development rely on inorganic nutrient availability, which strongly
impacts on agronomic plant productivity. N and P are among the mineral nutrients
which most strongly limit plant growth and productivity. Plants, as sessile organisms,
have developed different strategies to cope with low N availability. These changes
include changes in root and shoot architecture which enables plants to adjust their
architecture in such a way to optimize the use of available resources. Under N-limiting
conditions, overall plant growth is suppressed, and more biomass is allocated to roots,
while lateral root growth is induced to explore more soil for available N and increase
nutrient capture (Oldroyd and Leyser, 2020). This shift in biomass accumulation is
usually reflected in the root: shoot ratio, which is low under ample N supply, whereas
it is increased under nutrient-limiting conditions, as root growth is induced at the
expense of shoot growth (Oldroyd and Leyser, 2020). Plant adaptation to nutrient-
limiting conditions also includes changes in shoot architecture, including suppression
of secondary shoot formation. Both N and P limitations lead to a significant reduction
in the number of formed tillers. Luo et al. (2017) showed that N limitation in rice
affects the number of tillers per plant by inhibiting tiller bud outgrowth rather than
affecting the initiation of tiller buds (Luo et al.,, 2017). Therefore, under nutrient-
limiting conditions, developed buds remain dormant and can be activated when
growing conditions become more favourable. Bud dormancy is known to be controlled
by various signals such as phytohormonal balance, sugar availability, etc., as described
in section 1.1.2. The response to N-limiting conditions requires not only a sensing
mechanism but also local and long-distance signals to coordinate plant growth at a
whole plant level. Therefore, it has been suggested that N may regulate tiller bud
outgrowth by two different mechanisms; by regulating plant N metabolism or by
regulating endogenous signals such as phytohormones, which act as long-distance

signals coordinating growth at the whole plant level.
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1.1.11 Nitrogen Availability as a Signal

Nitrogen is taken up by plants mainly in the form of nitrate (NO3) or ammonium
(NH4*). NOs itself is known to act as a local signal triggering the primary nitrate
response (PNR). PNR is triggered soon after the exposure of plants to NO3™ and includes
changes in the transcription of many genes, including genes involved in NO3™ uptake
and N assimilation, along with changes in root architecture (Zhao et al., 2018).
Although the involvement of NOs™ as signal controlling root architecture is well studied,
little is known about the direct effect of NOs3™ in the modulation of shoot architecture.
Dormant buds in N-deficient plants are released from dormancy after NOs™ supply;
however, this effect is more likely to be controlled by the N status of the plants rather
than directly by NOs". In Arabidopsis, the supply of alternative forms of N can also
stimulate tillering, suggesting that the effect of NOs supply is most likely to be due to
the stimulation of N assimilation and the available N compounds within plants (de Jong
et al.,, 2014). However, the type of N fertilization was found to have an effect on
tillering in barley (Bauer and von Wirén, 2020). More specifically, plants supplied with
NOs  showed a higher number of tillers compared to plants supplied with the same
amount of total N, but as NO3™ and urea or as NOs™ and NH4*. These responses were
attributed mainly to the different effects of different N sources on the root-shoot
translocation of CKs (Bauer and von Wirén, 2020). In the same study, external
application of synthetic CKs induced tillering in plants supplied with NOs™ but not in
plants supplied with urea, suggesting that different N forms affect acropetal transport
of CKs. Hydroponically grown wheat supplied with mixed N forms (NO3" and NHs*)
developed more tillers than plants supplied with either N form alone (Chen et al.,
1998). However, in the same study, the different effect of N forms was not attributed
to the function of N forms as signals but to the different effect of N forms on

phytohormone levels.

Several studies have shown that manipulation of the gene expression of different
members of the nitrate transporter 1/peptide family (NPF) can modulate tillering.
More specifically, overexpression of NPF7.3 led to a higher number of tillers in rice,
while the opposite effect was recorded in NPF7.3-RNAi lines (Fang et al., 2017). In
addition, the expression of other members of the NPF family, such as NPF7.2, NPF8.20
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and NPF6.5, have been positively associated with induced tillering in rice (Wang et al.,
2018c, Fang et al., 2013, Hu et al., 2015). In fact, overexpression of NPF7.2 in rice
stimulates the expression of cell cycle genes in tiler buds leading to bud outgrowth
(Wang et al., 2018c). Generally, NPF overexpressing lines have been shown to
assimilate more N; therefore, the positive effect can be attributed to the higher levels
of N compounds delivered to the developing lateral buds. In addition, altered
expression of NPFs might trigger changes in N balance and allocation. More recently,
Wang et al. (2022) showed that OsNPF5.16 overexpression lines formed more tillers
compared to the control, while the opposite phenotype was recorded in RNAI lines.
Overexpression of OsNPF5.16 resulted in elevated levels of CK, which might facilitate

the tillering stimulatory effect (Wang et al., 2022b).

As mentioned above, N is mainly taken up mainly in the form of NOs™ but roots also
take up NH4* and amino acids directly from the soil. Within the plants, NOs” and NH4*
are used for the biosynthesis of amino acids. Nitrogen assimilation takes place in roots
and/or leaves. Gln and Asn are the main products of N assimilation, which are then
used for the biosynthesis of other amino acids. Nitrate assimilation has also been
shown to influence tillering. In fact, altered expression of the gene encoding rice
glutamine synthetase 1.2 (GS1.2), which is involved in the biosynthesis of GIn, has
been found to impact tillering (Ohashi et al., 2015b). Consistent with this observation,
overexpression of SbGS stimulates tillering in sorghum (Urriola and Rathore, 2015).
Further studies showed that the availability of GIn in the base of the rice shoots
positively affects tiller bud outgrowth by affecting CK biosynthesis (Ohashi et al.,
2017). Luo et al. (2018) reported that asparagine synthetase 1 (asn1) rice mutants had
a significantly reduced tiller number. Although asn1 mutants showed a reduction in
the Asn content, no effect on N absorption was recorded, suggesting that Asn content

is directly involved in the regulation of tillering in rice (Luo et al., 2018a).

As mentioned above, several studies have shown amino acids such as Asp and GIn play
an important role in the regulation of tillering. Amino acids are the main form of N
transported within the plants. Synthesised amino acids are transported from source
roots or leaves to sink tissues such as developing buds. Amino acids have been

suggested to act like sugars in controlling growth by acting as signalling molecules as
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well as building blocks required for protein synthesis and growth. It has been
previously reported that external application of low concentrations of amino acids
results in stimulated tillering (Wang et al., 2019b). However, the application of a high
concentration of amino acids can inhibit growth, suggesting that the effect of amino
acids on growth is not only limited to their function as building blocks required for
growth, but they also have important signalling roles in controlling cell metabolism
and cell growth. In addition, based on studies in different species, the accumulation of
certain amino acids, such as the basic amino acids (Lys and Arg), leads to tiller
suppression. In both Arabidopsis and rice, Lys negatively affects root elongation and
tiller bud outgrowth (Yang et al., 2014, Lu et al., 2018), while Lee et al. (2007) showed
that accumulation of excessive amino acids leads to growth suppression (Lee et al.,
2007). Amino acid transport is facilitated by different amino acid transporters. Among
the different amino acid transporters present in plants, many members of the amino
acid permease (AAP) family have been studied in rice, providing insights into the role
of amino acid balance in tiller bud outgrowth. More specifically, suppression of AAP5
and AAP3 in rice has been shown to have a positive effect on tillering and grain yield
by increasing the ear-bearing tillers. Amino acids determination in rice aap5 mutant
lines showed that plants have a lower content of the amino acids Lys and Arg and the
neutral amino acid Val (Wang et al., 2019b). Consistent with this observation, Zhang
et al., 2010 also reported that Arabidopsis aap2 mutants had a higher number of
formed branches accompanied by low amino acid content (Zhang et al., 2010a).
Nevertheless, Ji et al. 2020 found that overexpression of another member of the AAP
family, OsAAP1, positively affect tillering, whereas tiller suppression was observed in
aapl knock-out lines. The authors suggest that OsAAP1 might be involved in the

basipetal transport of amino acids, which are required for growth (Ji et al., 2020).

1.1.12 Cytokinins as Signal under N Limitation

It has been reported in many species that CK content is correlated with N supply. In
fact, in rice, the N supply stimulates the levels of CKs. CKs in roots suppress root
growth, whereas in shoots, CKs control plant architecture by stimulating lateral
branching/tillering and controlling other processes. Therefore, it has been suggested

that systemic N response is at least partly mediated by CKs. Based on this model, N
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supply stimulates CK biosynthesis in roots and shoots and the elevated levels of CKs
control, in turn, plant architecture by stimulating bud outgrowth. In rice, it has been
previously reported that N supply induces tillering by stimulating CK biosynthesis.
Similarly, Wang et al. (2018) showed that rice lines overexpressing OsNPF7.2, a low-
affinity nitrate transporter, showed higher uptake of N and enhanced tillering, which
was accompanied by high CK content in tiller buds (Wang et al., 2018c). In addition,
gs1.2 mutants showed a strong reduction in tiller number and reduced levels of CKs in
rice buds, supporting the positive correlation between N (and N metabolites such as

Gln) with CK content of rice buds (Ohashi et al., 2017).
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IPT | tRNA-IPT | !
' v .
¥ CYP735A M
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iP riboside tZ riboside cZ riboside
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Neé-(A2-isopentenyl)adenine trans-zeatin cis-zeatin
(iP) (t2) (cZ)

|
l CKX
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Figure 1.10: Simplified CK biosynthetic pathway. lllustration created with BioRender and
inspired by Kudo et al. (2010).

The increase of CK content by N supply is achieved by the induction of the expression
of CK biosynthetic genes. The primary enzyme of CK biosynthesis is adenosine
phosphate isopentenyl transferase (IPT), which catalyses the biosynthesis of N6-(A2-
isopentenyl) adenine (iP)-ribotide. iP-ribotide can be converted to trans-zeatin (tZ)
ribotide by CYP735A1 or CYP735A2 (Takei et al., 2004b). The biosynthesis of the active

form of CK, iP and tZ has been suggested to be controlled by two pathways, as
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illustrated in Figure 1.10 (Kudo et al., 2010). In the first pathway, ribosides are
converted to the respective free base cytokinin by LONELY GUY (LOG) protein
(Kurakawa et al., 2007). In the second pathway, which is also known as the two-step
pathway, ribosides are formed by the dephosphorylation of the respective ribotides
and are intermediates of the biosynthesis of free active CKs. However, the genes which
are involved in the two-step pathway have not been identified. Essential genes for CK
homeostasis are genes encoding CKX, which catalyse the irreversible degradation of
active CKs. Deactivation of CK also plays an important role in controlling the levels of
active CKs. CK deactivation is mediated by glycosylation catalysed by
glycosyltransferases. Initially, CK biosynthesis was thought to take place only in roots,
and subsequently, CKs are transported to shoots. However, recent studies have shown
that IPT genes are also expressed in different above-ground tissues (Sakakibara, 2021).
In contrast, CYP732A genes have been found only to be expressed in roots (Kiba et al.,
2013). Finally, Kuroha et al. (2019) reported that LOG gene expression was also
detected, not only in roots, but also in above-ground plant tissue (Kuroha et al., 2009).
The different spatial variation in the expression of CK biosynthetic genes suggests that
de novo cytokinin biosynthesis varies between different tissues, while CK activation

occurs in all tissues.

The increase in CK content after N supply is mediated by the transcriptional regulation
of CK biosynthesis. In fact, the expression of IPT4 and IPT5 in rice was induced by NOs
supply (Miyawaki et al., 2004, Takei et al., 2004a). Similarly, in Arabidopsis, the
expression of IPT3 is strongly induced after N supply, accompanied by higher levels of
CK in root tissue (Takei et al., 2004a). Consistent with this observation, microarray
analysis in roots revealed that IPT3 and CYP732A2 are among the N-responsive genes
(Maeda et al.,, 2018). More specifically, for IPT3 and CYP732A2 transcriptional
regulation has been suggested to be under the control of NIN-like protein (NLP) and
Nitrate-Inducible GARP-type Transcriptional Repressor 1 (NIGT1), which are both
master regulators of NO3 response. Takei et al. (2004) showed that CK levels were not
found to be increased by N supply in ipt3 mutants, highlighting the importance of the

transcriptional regulation of /PT genes for the N-mediated increase in CK content. In
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line with that, the repression of IPT4 expression in rice significantly reduces CK content

despite the high levels of N supply (Kamada-Nobusada et al., 2013).

More recent studies have shown that the transcriptional regulation of CK biosynthetic
genes may be regulated by two different mechanisms. In the first mechanism, the
expression of IPT genes is not regulated directly by NOs but by N metabolites. More
specifically, plants treated with nitrate reductase and glutamine synthetase inhibitors
did not show any increase in CK levels after N supply, suggesting that CK de novo
synthesis is controlled by N metabolites. In fact, GIn rather than NOs™ or NHs* was
found to induce the expression of IPT genes in rice roots leading to higher levels of tZ-
and iP-type of CK in both roots and shoots (Kamada-Nobusada et al., 2013). Similarly,
the N-mediated induction of /PT4 expression in rice roots was impaired in gs2.1 loss-
of-function mutant (Ohashi et al., 2017). In an alternative mechanism, in Arabidopsis,
the regulation of CK biosynthetic genes has been found to be controlled by NO3
(Maeda et al., 2018). More recent studies have shown that IPT3 and CYP732A2
expression is controlled by the NLP/NIGT1 regulatory system, which is responsible for
the regulation of many N-responsive genes (Maeda et al., 2018). N supply does not
only stimulate the de novo synthesis of CK in roots but as Xu et al. (2015)
demonstrated, NOs supply promotes the expression of IPT genes locally in rice nodes,
leading to higher CK content in the nodes and thereby to stimulated tillering (Xu et al.,
2015b).

Apart from CK biosynthesis, CK distribution within the plant has been found to play an
important role in N responses. Root synthesised CKs are transported to shoots through
the xylem, acting as long-distance signals of N status. Among the different types of CK,
tZR is the predominant form transported acropetally through the xylem (Hirose et al.,
2008). In both barley and maize, an increase in tZR content in xylem sap has been
reported after N supply (Kudo et al., 2010). In rice, all six types of CKs have been found
to be upregulated by NOs™ in xylem sap, resulting in increased CK content in both below
and above-ground tissues (Song et al., 2013). All these observations suggest that CKs
and predominantly tZ-type of CKs act as a signal of plant N status. The importance of
the tZ-type of CK in the systemic regulation of shoot growth has been confirmed by

grafting experiments in Arabidopsis. The phenotype of cyp732a (cypDM) mutant,
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which does not synthesise tZ-type of CKs, was rescued when WT roots were grafted to
mutant shoots (Kiba et al., 2013). The results indicated that tZ-type are transported
acropetally through the xylem, while tZR is essential for the regulation of shoot growth
by CK. In addition, as mentioned above, tZR is converted to tZ by LOG (Kuroha et al.,
2009). Osugi et al. (2017) showed that the apical meristem activation is LOG-
dependant, implying that both translocation of tZR but also the conversion of tZR to
tZ locally in the shoot tissue are important for the regulation of shoot development by
CKs (Osugi et al., 2017). Similarly, tZ content in the shoot was found to play an essential
role in the systemic signalling of N, controlling the transcriptional reprogramming

triggered by N supply (Poitout et al., 2018).

Signalling and perception of CK consist of a sensory His-protein kinase (HK), a His-
containing phosphotransferase protein (HP) and a response regulator (RR) (Miiller and
Sheen, 2007). HKs are the receptor proteins of CK, while HPs are responsible for signal
transduction. RRs are classified into two categories, type-A and type-B RRs. Type-A RRs
lack a DNA recognition site, whereas type-B RRs function as transcription factors
controlling the expression of downstream genes, including the expression of type-A
RRs, forming a negative loop feedback regulation. Therefore, type-A RRs are CK-
inducible, and their expression is positively correlated with CK content. Among the
downstream genes controlled by the CK signalling pathway are transcription factors
involved in shoot growth. The CK signalling pathway also controls the expression of N-
related genes, indicating that CK content acts as a signal of N demand controlling the
expression of N uptake and assimilation. However, several studies have shown that
not all types of CKs have the same biological activity. For instance, in Arabidopsis, CK
receptor proteins AHK2, 3, and 4 have been found to perceive iP and tZ, however,
binding affinity varies between the different types of CKs (Sakakibara, 2021). In
addition, tZ-type of CKs have been shown to strongly affect shoot growth and lateral
branching compared to iP-type. Kiba et al. (2013) showed that Arabidopsis mutants
lacking CYP735A1 and CYP735A2 trans-hydroxylation activity showed strong
suppression of shoot development. The total CK concentration was unaffected in
those mutants; however, there was a strong reduction in tZ-type of CK in both root

and shoots, indicating that tZ-type, and no other CKs, are essential for shoot growth
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regulation (Kiba et al., 2013). Feeding the mutant with tZ could restore the wild-type

phenotype, whilst feeding with iP had no effect.

1.1.13 Strigolactones as Signal under N Limitation

SLs are a class of hormones which have been shown to act as rhizosphere signals but
also as phytohormones controlling above-ground architecture, as mentioned in
section 1.2. SL production and exudation have been associated with inorganic nutrient
stress. Several studies have shown that P limitation strongly enhances SL levels in root
and root exudates. Based on those observations, it has been suggested that under P
limitation, plants which form a symbiotic relationship with mycorrhizal fungi exudate
higher levels of SL in the rhizosphere to stimulate root colonization by AMF, which in
turn improves inorganic P uptake (Yoneyama et al., 2012, Yoneyama et al., 2007b).
Similarly, it has been found that N deficiency also induces SL levels in root exudates.
Yoneyama et al. 2012 studied the SL levels under N limitation in various species and
found that induction of SL levels was observed in non-legume species, including wheat.
From these observations, the authors suggested that N-mediated SL production
depends on plant nutrient acquisition strategy. Based on this hypothesis, non-legume
plants produce more SL to facilitate AMF colonization and increase N acquisition
(Yoneyama et al., 2012). However, SL exudation is not induced by low N in legume
plants as they rely on rhizobacteria for N supply. Later studies demonstrated that this
theory is not widely applicable, since no SL induction was found under low N
conditions in tomato, which is a non-legume species. In addition, N limitation induced
SL biosynthesis in Pisum sativum (pea), although a legume species (Foo et al., 2013).
In addition, in the same study, it was demonstrated that SLs biosynthesis was not

required for the regulation of nodulation in response to nutrient availability.

The observation that SL biosynthesis is induced under nutrient limiting conditions, in
combination with the fact that SLs act as negative regulators of tillering, suggests SLs
as good candidates for long-distance signals suppressing tillering under nutrient
limiting conditions. It is well established in many species that SLs act as systemic
signals, regulating tillering under low P conditions (Umehara et al., 2010, Kohlen et al.,

2011). In fact, Umehara et al. (2010) demonstrated that in rice, there is a negative

Page | 39



correlation between the amount of SL in roots and the number of outgrowth tillers at
a range of different P levels. Moreover, SL-insensitive rice mutants failed to respond
to P limitation, suggesting that SLs are required for tillering regulation by P. Similar
regulation was also found in Arabidopsis, suggesting that the mechanism is consistent

in both monocotyledonous and dicotyledonous species.

In the same manner, based on the finding that SL production is also induced under N
limiting conditions, it has been suggested that SLs might play a role in the N-mediated
systemic regulation of tillering/lateral branching. In Arabidopsis, SL biosynthetic and
signalling mutants formed more branches than WT plants under low N conditions;
however, SL mutants still possessed the ability to respond to N limitation (de Jong et
al., 2014). This suggested that the N-mediated regulation of tillering is partly
dependent on SLs. Similarly, d3 and d14 rice mutants showed a similar response (Luo
et al., 2018b). In addition, despite SL production being higher under low P conditions
compared to low N, the tiller inhibition is stronger under low N, indicating that there
are other systemic signals that are involved in tillering control under N-limiting

conditions.

At the transcriptional level, SL biosynthetic genes have been found to be regulated
locally in the basal nodes of rice plants grown under N limitation (Xu et al., 2015b).
NOs supply in N-deficient plants reduces the expression of SL biosynthetic genes in
rice, indicating that the expression is affected by N supply. In addition, in rice,
overexpression of OsNPF7.2 resulted in higher N uptake and a higher number of
outgrown tillers, with lower mRNA accumulation of SL biosynthetic genes in rice
nodes. However, the exact mechanisms of transcriptional regulation of SL biosynthetic
genes remain elusive. Experiments in different plants have provided some evidence
regarding the signals controlling SL biosynthesis, mainly focusing on the roots. A split
root experiment in sorghum showed that the expression of SL biosynthetic genes is
controlled by a systemic signal and not directly by the levels of N and P (Yoneyama et
al., 2015). Application of N or P in one-half of the roots led to the suppression of SL
biosynthetic genes in the non-fertilized part of the root, while the N and P content of
that part remained unaffected. Among the proposed signals controlling SL

biosynthesis are auxin and/or CKs, as both play the role of systemic signals. Although
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externally applied auxin affects SL biosynthesis in sorghum, it was found that IAA is
not involved in the systemic regulation of SL biosynthesis under low N or P conditions.
Some studies have correlated the suppression of SL biosynthesis under N sufficient
conditions with CK content, as the application CKs suppresses the expression of SL
biosynthetic genes (Xu et al., 2015b). There is a clear link between N and CK, and CKs
are known to serve the role of long-distance signals of N status, as discussed in section
1.3.2. However, Yoneyama et al. (2020) tested whether CKs control SL biosynthesis
under low P conditions. Based on the results from the split root experiment, CK
application can indeed affect SL biosynthesis locally, but CKs were not confirmed to
act as systemic signals controlling SL biosynthesis in roots (Yoneyama et al., 2020b). In
contrast, Xu et al. (2015) reported that the application of synthetic CKs led to the
suppression of SL biosynthetic genes D27, D17 and D10 not only locally in roots but

also in basal nodes of rice (Xu et al., 2015b).

1.1.14 Auxin as Signal under N Limitation

Both CKs and SLs function as root-to-shoot signals regulating shoot branching in
response to N limitation. However, there are several indications that shoot-derived
signals can also be involved in tillering/branching regulation. The role of auxin in the
regulation of lateral branching is well known since auxin is involved in apical
dominance. Changes in auxin transport from shoot to root have been reported in
response to N supply in many species. Under N-limiting conditions, IAA content has
been found to be increased in the roots of many species, including Arabidopsis and
maize (Kiba et al., 2010). Changes in IAA levels are important for the regulation of root
architecture, whereas it has also been suggested that fluctuations in IAA movement
might also play a role in tillering regulation. In Arabidopsis, the N deficiency effect on
lateral branching is partly dependent on auxin (de Jong et al., 2014). Based on this
study, under N-limiting conditions, each shoot apex exports more auxin, which leads
to anincreased amount of auxin in the PAT. Based on the transport canalization model,
this increase in auxin levels in PAT can inhibit lateral bud outgrowth by preventing
them from establishing their own auxin export system required for bud activation.
However, this mechanism is not consistent in all plant species. More specifically, in

rice, N limitation decreased the levels of IAA in the junction between shoot and roots

Page | 41



(the basal node) (Sun et al., 2014). In addition, the expression of PIN1a-b, PIN5a, PIN9
and PIN10 was downregulated under N deficiency, suggesting that auxin transport is
suppressed. Similarly, Xu et al. (2015) also reported that the amount of IAA in rice
nodes and buds is positively affected by N fertilization (Xu et al., 2015b). Therefore,
the observation in rice showed the opposite response as the one reported in other
species. However, the role of auxin in tiller inhibition under low N conditions should
not be ruled out. In fact, Li et al. (2016) found that under high N supply, OsmiR393 is
accumulated in tiller buds. The accumulation of miR393 was found to decrease the
sensitivity of tiller buds by affecting auxin signal transduction. Therefore under high N

conditions, tiller buds are less sensitive to the auxin in the PAT (Li et al., 2016).
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1.4. Thesis Objectives

Tillering is an essential component of wheat architecture and an important agronomic
trait as it is linked with plant productivity. Tillering is known to be regulated by many
developmental and environmental factors. Phytohormones and sugar availability are
among the main factors controlling bud outgrowth in response to external signals. N
is among the mineral nutrients which most strongly limit plant growth and
productivity. Plant adaptation to N-limiting conditions includes changes in shoot
architecture, including suppression of secondary shoot/tiller formation. SLs are the
most recently identified class of phytohormone being involved in the fine-tune
regulation of tillering, acting as negative regulators of bud outgrowth. Several studies
have linked SL production and exudation with nutrient limitations such as P and N.
Although SL-related genes have been studied in other species, those genes have not
been extensively studied in wheat. In addition, although SL levels are induced by N
limitation in wheat root exudates, no study has focused on the transcriptional
regulation of SL-related genes by N supply. Therefore, the first objective of this project
was the identification of SL biosynthetic and signalling genes in wheat and to study
their transcriptional response to N supply. In addition, monocotyledonous species
show higher complexity in terms of MAX1 homologue number and functionality
compared to dicotyledonous species. Therefore, the spatial expression analysis of

MAX1 genes present in the wheat genome was another aim of this project.

In many species, P limitation leads to stronger SL exudation than N limitation.
Therefore, it has been suggested that SL response to N limitation is attributed to lower
P uptake of N-limited plants. Most of the studies have focused on root tissue, although
SL biosynthetic genes are expressed and function in the basal nodes and principally in
the lateral bud. Hence, an objective of this project was the comparative analysis of the
N and P limitation effect on the transcription of SL metabolic genes in different tissues,

including in the basal nodes.

Moreover, N limitation is known to reduce tiller number by suppressing tiller bud
outgrowth. Bud dormancy is regulated by complex interactions between hormonal
and nutritional signals. Recent studies have focused on the transcriptional changes
that govern bud dormancy in response to different signals. However, less is known
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about the signals that control bud dormancy in relation to N status. Therefore, a
specific aim of this work was to study the transcriptional changes in the basal nodes

under N limiting conditions that might be associated with the regulation of tillering.

The results suggested that SL biosynthesis and signalling are among the main pathways
affected by N limitation, indicating that SLs might plant an essential role in tillering
control under N limitation. Recent studies have confirmed that SLs control tillering in
wheat as TaD27 overexpressing lines show a significantly lower number of tillers.
However, in Arabidopsis and rice, it has been shown that SLs are not required for
branching/tillering control by N status, as SL mutants still respond to N signals. If so,
what could be the role of SL induction under N limiting conditions if not controlling
tillering? Do they play another role in N response? Therefore, the final objective of this
work was the generation of a wheat SL-deficient mutant and the phenotypic and

transcriptomic analysis of the mutant response to N limiting conditions.

Overall, all the different objectives aim to better understand the functional role of SLs
in wheat under N limitation and to examine if SLs play a different role other than

suppressing tillering, such as in regulating general N response acting as a signal.
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Chapter 2 Materials and Methods

2.1 Hydroponic Experiments
2.1.1 Hydroponic Culture

For the hydroponic experiments, Triticum aestivum plants were cultured in a custom
hydroponic system in a controlled environment room or glasshouse. Seeds were
surface sterilized with 1: 40 bleach solution: dH,0 (v/v) for 15 min, followed by 5-6
washes with sterilized dH;0. Seeds were soaked in sterilized dH,0 overnight at 4 °Cin
the dark. Subsequently, seeds were placed in black boxes with wet filter paper to
germinate (Day 0). The seed germination took place in a controlled environment room
under 16 h day length and 22-18 °C. On day 4 after sowing (4 DAS), seedlings were
transferred to the custom hydroponic system. In total, two similar hydroponic systems

were used for the conducted experiments:
Hydroponic System 1

In hydroponic system 1, plants were grown hydroponically in Gallenkamp 228
(Sanyo, Osaka, Japan) controlled environment chamber (Figure 2.1A). Individual
plants were grown held by foam buds on top of 1 L black pots containing the
nutrient solution. The nutrient solution was aerated throughout the experiment by
an aeration pump tubing system. The growing conditions were 20/10 °C day and
night temperature, respectively, and 14 h day length. Lighting was provided by
fluorescent bulbs at an intensity of 550 pmol m2 sec. The humidity was stable at
65% during the day and 75% during the night. To avoid any effect of the circadian
clock on gene expression of the targeted genes, samplings were conducted at a

similar time (if possible) and around 8-9 h after the light onset.
Hydroponic System 2

The main difference between hydroponic system 1 and system 2 was the pot size
and the growing conditions. In hydroponic system 2, three plants were grown on
top of 5 L black pots containing the nutrient solution under constant aeration
(Figure 2.1B). Plants grown in the same pot were considered pseudoreplicates, and

they were pooled together to form a biological replicate. The experiment was
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conducted in a standard glasshouse equipped with high-pressure sodium lights (14

h day length, 20/18 °C day and night temperature, respectively).
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Figure 2.1: Different hydroponic culture systems used in the hydroponic experiments: A.
Hydroponic system 1: single plants were grown in 1 L black pots. Experiments were conducted
in the CE chamber; B. Hydroponic system 2: three plants were grown in 5 L pots. The
experiment was conducted in a standard glasshouse.

2.1.2 Nutrient Solution Composition

Seedlings were transferred to the hydroponic culture system at 4 DAS. To ensure good
acclimatization of the plants in the hydroponic culture, plants were supplied with half-
strength nutrient solution for 3 days (until 7 DAS) and then supplied with full-strength

nutrient solution until sampling. The composition of the basic nutrient solution,
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modified Letcombe (Drew and Saker, 1984), was 1.5 mM Ca(NOs)2, 5 mM KNOs, 2 mM
NaNOs, 1.5 mM MgS04, 1 mM phosphate buffer solution (KH2PO4 — K2HPO4, pH 6.0),
50 uM FeNaEDTA, 0.5 uM CuCl, 20 pM H3BOs3, 3.6 uM MnCly, 0.1 uM Na;MoO4 and
0.77 UM ZnCl;. In addition, 0.25-0.5 g/L MES monohydrate (Alfa Aesar, Massachusetts,
USA) was added as a pH buffer. pH was adjusted to 5.8 with KOH. The nutrient solution

was renewed every 3-4 days.

The composition of the basic nutrient solution was adjusted based on the nutrient
regimes used in each experiment. For the Low N treatment, plants were supplied with
0.1 mM of N in the form of KNOs. For ionic balance in the low N nutrient solution,
Ca(NOs)2 was replaced by CaCl;, KNO3 by KCl; and NaNOs by NaCl. Similarly, for the
Low P treatment, plants were supplied with 0.01 mM of KH,PO4, while the remaining
amount of KH,PO4 was replaced by KCL. Note that in the LowN/LowP experiment
(section 2.1.4), P was supplied only as KH;PO4 in all the treatments instead of the

phosphate buffer solution.

2.1.3 Experimental Design: N Limitation and N Induction Time Course Analysis

For both experiments, T. aestivum cv. Cadenza plants were hydroponically grown in

the hydroponic culture system 1.

For the first experiment, exploring the effect of N limitation on the transcription of the
genes of interest at different time points, a complete randomized block design with
three blocks and three biological replicates per treatment combination was used. All
plants received full strength nutrient solution until 10 DAS, when they were divided
into two N treatments, High N (10 mM N) and Low N (0.1 mM N). The first sampling
was conducted at 10 DAS and before dividing plants into the two treatments. High N
and Low N treated plants were sampled 4, 8 and 12 days after the N limitation (14, 18
and 22 DAS) (Figure 2.2A). The selection of the time points was not random, but it was
based on previous experimentation showing that those dates correspond to the dates
when the first, second, third and fourth tiller bud of the main stem starts to actively
grow under the given growing conditions. Tissue material from four plants was pooled

together per biological replicate to ensure enough material for downstream analysis.
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Figure 2.2: Experimental timeline of N limitation and N induction hydroponic experiments.
A. Timeline of N limitation experiment. All plants received High N nutrient solution until 10
DAS. On 10 DAS, half of the plants were provided with Low N nutrient solution containing 0.1
mM of NOs". Sampling took place on 10 DAS (before the N limitation) and 4, 8 and 12 days
after the N limitation. B. Timeline of N induction experiment. All plants received High N
nutrient solution until 10 DAS when they were divided into 2 N treatments. At 18 DAS, half of
the N-limited plants were provided with High N nutrient solution. Sampling took place at 18
DAS before the N resupply and 1 and 3 days after the N resupply to monitor the effect of N
resupply on the gene expression of the genes of interest. The illustration was created in
BioRender.

Forthe N induction experiment, a complete randomized block design with three blocks
and three biological replicates per treatment was used. All plants received full strength
nutrient solution until 10 DAS, when they were divided into two N treatments, High N

(10 mM N) and Low N (0.1 mM N). At 18 DAS, half of the Low N treated plants were
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resupplied with High N nutrient solution, while fresh nutrient solution was applied to
the rest of the Low N and the High N treated plants. To study the effect of the N
resupply on the transcription of the genes of interest, samples were taken before the
resupply of N at 18 DAS (0 d), 1 day (1 d) and 3 days (3 d) after the N resupply (Figure
2.2B). Tissue material from two plants was pooled together per biological replicate to

ensure enough material for the downstream analysis.

2.1.4 Experimental Design: N and P Limitation Transcriptional Changes

For N and P limitation experiment, T. aestivum cv. Cadenza plants were hydroponically

grown in the hydroponic culture system 1.

A complete randomized block design with four biological replicates per treatment was
used for the Low N and Low P experiment. All plants received full strength nutrient
solution until 10 DAS, when they were divided into the three treatments, Control (10
mM N, 1 mM P), Low N (0.1 mM N, 1 mM P) and Low P (10 mM N, 0.01 mM P). The
sampling of plant tissue took place at 18 DAS, 8 days after the introduction of plants
to the respective nutrient limitation. Each biological replicate consisted of the material
from six plants pooled together to ensure enough material for downstream
applications. The experiment was performed twice, once for collecting sample
material for the transcriptomic study and a second time for harvesting material for the

phytohormonal analysis.

2.1.5 Experimental Design: Involvement of SL in Regulating Tiller Suppression under
N Limitation

For this experiment, Tad17 triple homozygous mutant (aabbdd, derived from TILLING
mutant generation, see section 2.7) and wild-type (WT, AABBDD) sibling lines (also
referred to as WT segregant) were grown in the custom hydroponic system 1. These
sibling lines have different TaD17 alleles, but they share many of the background
mutations; thus, the comparison would be more valid. In fact, plants from two
individual BC1F, plants from each genotype, from two Tad17 mutants and two WT
segregant lines, were grown with three replicates per treatment (Figure 2.3). In other
words, six biological replicates per genotype were included consisting of three

biological replicates per line within the same genotype. Analysis of two segregating
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lines per genotype was selected as an approach to rule out any effects caused by

unlinked mutations (Uauy et al., 2017).
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Figure 2.3: Schematic representation of WT and Tad17 mutant lines used in the hydroponic
experiment. Heterozygous BC;F; plants were self-pollinated to produce a BCiF, population.
Triple homozygous Tad17 mutant (aabbdd) and WT (AABBDD) sidling lines were selected in
the BC;F; using KASP markers. Seeds from two individuals of each genotype in the BC;F;
population were included in the hydroponic trial in three biological replicates per N treatment.
The illustration was created in BioRender.

An incomplete Trojan square design was used for this experiment. All genotypes (WT,
Tad17) received full strength nutrient solution until 10 DAS. At 10 DAS, half of the
plants per line were supplied with Low N nutrient solution (0.1 mM N), while the rest
of the plants continued receiving High N nutrient solution (10 mM N). Sampling took
place at 18 DAS, 8 days after the introduction of the plants to N limitation. Each

biological replicate consisted of tissue material from three plants pooled together to
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ensure enough material for downstream analysis. Another sampling was conducted at

22 DAS. For the latter, a single plant was harvested per biological replicate.

2.1.6 Experimental Design: Effect of Microalgae-based Biostimulant on Wheat
Growth and Development

To study the effect of the microalgae-based biostimulant on wheat growth, T.
aestivum cv. Graham plants were hydroponically grown in the hydroponic culture
system 2. Cultivar Graham was among the four wheat cultivars included in the field

trial, so for consistency, it was also selected for the hydroponic trial.

The experimental design was a complete randomized block design with three blocks
and three biological replicates per treatment combination. All plants received full
strength nutrient solution until 14 DAS, when they were divided into four treatments:
High N untreated (10 mM N, without biostimulant), High N treated (10 mM N, with
biostimulant), Low N untreated (0.1 mM N, without biostimulant), Low N treated (0.1
mM N, with biostimulant). The biostimulant used was a microalgae extract-based
product specifically formulated for the hydroponic culture. The biostimulant was
added to the nutrient solution at a final concentration of 30 mg DW/L. The stock
concentration was approximately 5% (w/v) micro-algae extract. Thereby, 3 ml of stock
biostimulant was added per 5 L pot. Samples were taken 6, 24 and 72 h after the
treatment application. In addition, for the long-term effect of the biostimulant,
another sampling took place 18 days after the application. Tissue material from 3
plants grown in the same pot (experimental unit) was pooled together per biological

replicate.

The data obtained from this experiment are not fully presented in this thesis; however,
some transcriptomic data generated as part of this experiment were utilized in section

3.2.6.
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2.2 Phenotyping and Sampling
2.2.1 Tiller Counting

The number of outgrown tillers per plant was recorded before each sampling point or
at different time points throughout the experiment, depending on the duration of the
hydroponic experiment. Only tillers that had emerged from the leaf sheath were
recorded and referred to as outgrown tillers. In the N limitation time course analysis

experiment, the number of primary and secondary tillers was recorded separately.

2.2.2 Fresh and Dry Weight

The total fresh weight of the whole root and shoot per plant was determined at
different time points depending on the experiment. For dry weight determination,
whole root and shoot samples were freeze-dried in Modulyo freeze dryer (Edwards,
West Sussex, UK) for at least 2 days, and then the dry weight of each tissue was

recorded.

2.2.3 Chlorophyll Content — SPAD

The chlorophyll content of leaves was measured using the SPAD-502 chlorophyll meter
(Konica Minolta, Tokyo, Japan). Readings from three different positions along the

examined leaf were taken, and the average value was recorded.

2.2.4 Tissue Harvesting/Sampling

The whole root system, the basal node and the remaining shoot and leaves were
harvested at specific time points based on each experimental design (as described in
section 2.1). In this study, the basal node is called the 0.5 cm long section from the
base of the main shoot, which includes the shoot apical meristem, lateral buds and
leaf meristems. After removing all the roots from the shoot, the outgrown primary
tillers were also carefully removed, and 0.5 cm of the main shoot base was dissected.
Samples were quickly frozen in liquid nitrogen (LN2) and stored at -80 °C until

processing.
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2.3 Molecular Biology
2.3.1 DNA Extraction

For genomic DNA extraction, leaf samples (3-5 cm) were collected from wheat
seedlings once their second leaf had fully emerged. Harvested leave samples were first
lyophilized overnight (16 h) in Modulyo freeze dryer (Edwards, West Sussex, UK).
Subsequently, lyophilised samples were ground into a fine powder using the
Geno/Grinder 2010 (SPEX SamplePrep, New Jersey, USA) using 3 mm stainless steel
beads to disrupt tissues. 1 ml of the extraction buffer (100 mM TrisBase, 1 M KCL and
10 mM EDTA, pH 9.5) was added to the ground leaf tissue, followed by incubation at
65 °C for 1 h with shaking. After the incubation, 330 uL of 5 M potassium acetate pH
5.8 (KAc) were added, and the samples were mixed for 2 min in the Geno/Grinder 2010
(SPEX SamplePrep, New Jersey, USA). After centrifugation (14.000 rpm, 15 min) to
pellet the cell debris, 1 ml of the supernatant was transferred in a fresh
microcentrifuge tube, mixed with 550 pL of chilled isopropanol and incubated at 10 °C
for 10 min. After centrifugation (14.000 rpm, 10 min, 4 °C), the supernatant was
removed, and the pelleted DNA was washed with 500 uL 75% (v/v) EtOH. Finally, the
air-dried pelleted DNA was dissolved in 200 pL TE (10 mM Tris-HCl pH 7.5, 0.1 mM
EDTA). To ensure good suspension of the pelleted DNA, the samples were kept at 4 °C

overnight. Finally, DNA was quantified and stored at -20 °C until further use.

A modified version of the above protocol was used for high-throughput DNA
extraction in Abgene 96 Well 1.2 mL deep-well plates (Thermo Scientific, Waltham,
USA) sealed with 96-well sealing mats (Thermo Scientific, Waltham, USA). For this

purpose, volumes, incubation, and centrifugation time were adjusted accordingly.

2.3.2 RNA Extraction

Plant tissue of pooled biological replicates was ground to a fine powder under LN;
freezing and stored at -80 °C. Basal node samples were hand-ground with pre-cooled
mortar and pestle due to the small amount of the sampled tissue. Grinding of root
sampled was carried out in Freezer Mill (SPEX SamplePrep, New Jersey, USA). The
frozen ground plant tissue was aliquoted into 2 ml tubes and stored at -80 °C until RNA

extraction.
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All the solutions used for the RNA extractions had been previously treated with diethyl
pyrocarbonate (DEPC, Sigma-Aldrich, Dorset, UK) to destroy any RNase activity. 1 L
of DEPC was added per 1 ml of solution. After vigorously shaking, the solution was

incubated overnight at room temperature and then autoclaved.
TRizol Extraction Method

For basal node samples, RNA was extracted from approximately 100 mg of frozen
tissue using TRIzol reagent (Invitrogen, Waltham, USA). 1 mL of TRizol reagent was
added to the frozen tissue before it thaws, followed by vertexing for 30 sec until
completely homogenized. The homogenate was incubated at room temperature
for 5 min and centrifuged (13.000 rpm, 10 min 4 °C) to pellet the cell debris. 1 ml of
the supernatant was then transferred into a fresh 2 ml microcentrifuge tube. Next,
200 pL of chloroform was added, and the mixture was vortexed for 15 min and
incubated at room temperature for 5 min. After incubation, the mixture was
centrifuged (13.000 rpm, 15 min, 4 °C), and the aqueous phase (approximately 600
uL) was collected in a new 1.5 mL microcentrifuge tube. Subsequently, 1 vol
isopropanol was added, and after mixing by inverting the tube, the mixture was
incubated for 15 min on ice. RNA precipitation was achieved by certification (13.000
rom, 15 min, 4 °C). The RNA pellet was washed with 75% (v/v) EtOH and then
recovered by centrifugation (13.000 rpm, 5 min). Finally, the supernatant was
carefully removed with a pipette without disturbing the pellet, and the pelleted

RNA was air-dried under the fume hood.

To ensure no DNA carryover, DNase treatment was performed by adding 150 pL of
DNase master mix containing: 7 pL of 1 unit/uL RQ1 RNase-Free DNase (Promega,
Madison, USA), 15 uL DNase buffer and 128 pL H2Opepc. The air-dried RNA pellet
was dissolved for 30 min on ice, and the mixture was incubated for 30 min at 37 °C.
After the incubation, the volume was increased to 300 uL by adding 150 puL HzOpeec,
followed by phenol/chloroform purification. More specifically, 1 vol of 25:24:1
phenol/chloroform/isoamyl alcohol (SIGMA-Aldrich, Dorset, UK) was added, and
the mixture was then vortexed and centrifuged (13.000 rpm, 5 min). The aqueous
phase was transferred to a fresh 1.5 mL microcentrifuge tube, and a further
purification step was performed by adding 1 vol 24:1 chloroform/isoamyl alcohol
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(SIGMA-AIdrich, Dorset, UK), vortexing and centrifugation as above. The aqueous
phase was retrieved in a fresh 1.5 mL tube. RNA was precipitated by adding 3 vol
EtOH absolute and 0.1 vol of 3 M NaOAc (pH 5.2) and incubated at -80 °C for 1 h or
at -20 °C overnight. After centrifugation (14.000 rpm, 20 min, 4 °C), the pelleted
RNA was washed with 1 ml 75% (v/v) EtOH and air-dried as described above. Finally,
the air-dried RNA pellet was dissolved in 30-50 pL of RNase-free dH,0, depending

on the pellet size.

Total RNA concentration was measured using the Nanodrop 2000
spectrophotometer (Thermo Scientific, Waltham, USA) and 2 uL of each RNA
sample. The quality of the extracted RNA was evaluated by running 500 ng of RNA
in 1% agarose TAE-gel. Finally, the RNA samples were stored at -20 °C until further

use.
Hot Phenol Extraction Method

A modified hot phenol extraction protocol was used for extracting RNA from
approximately 500 mg of root tissue (Verwoerd et al., 1989). 1 mL of hot (80 °C)
phenol extraction buffer was added to the frozen tissue before it thawed, followed
by vortexing for 30 sec until completely homogenized. The phenol extraction buffer
consisted of 1 vol phenol and 1 vol of RNA extraction buffer (0.1 M Tris/HCL, 0.1 M
LiCl, 1% SDS, 10 mM EDTA, pH 8.0). After adding 500 pL of 24:1 chloroform/isoamyl
alcohol (SIGMA-Aldrich, Dorset, UK), the mixture was vortexed for 30 sec and
centrifuged (13.000 rpm, 5 min, 4 °C) to separate the organic and aqueous phase.
The aqueous phase was transferred in a fresh 2 ml microcentrifuge tube.
Subsequently, an equal volume of 24:1 chloroform/isoamyl alcohol (SIGMA-Aldrich,
Dorset, UK) was added, followed by vortexing and centrifugation as above. Finally,
the agueous phase was transferred in a fresh 1.5 ml microcentrifuge tube. RNA
precipitation was achieved by adding 1 vol 4 M LiCl and incubating at 4 °C overnight.
RNA was pelleted by centrifugation (13.000 rpm, 20 min, 4 °C). The RNA pellet was
washed with 75% (v/v) EtOH and then recovered by centrifugation (13.000 rpm, 5
min) and air-dried. DNase treatment, further phenol/chloroform RNA purification

step and RNA precipitation were performed as described in the TRIzol extraction
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method section. Finally, the air-dried RNA pellet was dissolved in 50 -100 pL of

RNase-free dH.0, depending on RNA pellet size.
Other RNA extraction Methods

For the samples submitted for RNA sequencing, total RNA was extracted from 100
mg of basal node tissue by using either the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) or the PureLink™ RNA Mini Kit (Invitrogen, Waltham, USA) following the
manufacturer's instructions. Elution of the column was performed with 50 pL
RNase-free H,O. DNase treatment was performed by adding 100 uL of DNase
master mix containing: 7 puL of 1 unit/uL RQl RNase-Free DNase (Promega,
Madison, USA), 15 uL DNase buffer and 78 puL H2Opepc. The mixture was then
incubated for 30 min at 37 °C. Further phenol/chloroform RNA purification and RNA

precipitation were performed as described in the TRIzol extraction method section.

2.3.3 Nucleic Acid Determination

The concentration of the extracted nucleic acids (DNA, RNA) was measured using
Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, USA) and 2 uL of
each sample. A280/A260 and A260/A230 ratios were also used to evaluate the purity
of the nucleic acid. Samples were diluted to the same concentration with dH,Opepc,

depending on the concentration range required for downstream application.

For the more accurate quantification of the RNA samples submitted for RNA
sequencing, the Qubit Broad Range Assay Kit (Invitrogen, Waltham, USA) was used.
For each assay, 2 pL of RNA samples were added to 198 uL of Qubit working solution
(prepared as per instructions). Qubit 2.0 Fluorometer (Invitrogen, Waltham, USA) was

used for reading the samples.

2.3.4 cDNA Synthesis

First-strand complementary DNA (cDNA) was synthesized using SuperScript Il Reverse
Transcriptase (Invitrogen, Waltham, USA) and oligo-dT primers. 2 ug of total RNA and
1 uL of 10 mM oligo-dT primers to a final volume of 13 uL were added in a 0.5 mL PCR
tube. The mixture was then mixed, centrifuged, and incubated at 70 °C for 7 min to

denature the RNA. After the incubation, samples were put quickly on ice.
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Subsequently, 4 pL 5x first strand buffer, 1 uL 0.1 M DTT, 1 uL 10 mM dNTPs and 1 pL
Superscript 11l Reverse Transcriptase (Invitrogen, Waltham, USA) were added as a mix
to each tube. After mixing and short centrifugation, the tubes were incubated in a PCR
machine for 5 min at 20 °C, followed by 2 h at 50 °C and a final step of 15 min at 70 °C
to terminate the reverse transcriptase. Synthetized cDNA was diluted 1:2 with RNase-

free H,0 and stored at -20 °C.

2.3.5 Polymerase Chain Reaction (PCR)

At the initial stages of TILLING triple mutant generation, genotyping of the TILLING
lines was performed by sequencing. For this purpose, standard PCR was carried out
with the appropriate homoeologue-specific set of primers for the amplification of the
region that contains the single nucleotide polymorphism (SNP) of interest — the
mutation site. The primers used for each of the mutation sites can be found in Table

2.1.

Table 2.1: Primer sequences for each of the three homoeologues of TaD17 and optimized PCR
parameters used for genotyping of the mutant lines by sequencing.

. PCR

Primer Name Primer Sequence (5'>3') Targeted Annealing Q5 GC Product

Homoeologue Temp (°C) Enhancer (bp)
TaD17-For2Al AGTTTACAGAGCACGCGTATAC

TaD17-2A 64.6 No 156
TaD17-RevAl CACGTTCTTCATCACCTTCACG
TaD17-ForB1 GTGTAACTTCACTGATGGCAC

TaD17-2B 63.8 Yes 471
TaD17-RevB1 GAAGATCAACTGAATGTTTGGC
TaD17-ForD1 GTGGCAATTGAGCTCGACAAG

TaD17-2D 66 Yes 447

TaD17-RevD1 CAAATGTAGACAAAGGCGTCAAAC

All the PCRs were performed in a Touchgene Gradient (Techne, Staffordshire, UK) PCR
machine using Q5 high-fidelity proofreading DNA polymerase (New England Biolabs,
Massachusetts, USA), as low base misincorporation rates are important for
applications such as genotyping. The reactions were prepared following the
manufacturer protocol with some modifications after optimizing the parameters for

each set of primers (Table 2.2). Around 100-200 ng of DNA were used per 25 uL
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reaction. The PCR program used was 98 °C for 30 sec (initial denaturation), followed
by 30 cycles of 98 °C for 10 sec (denaturation), 60-70 °C for 20 sec (annealing) and 72
°C for 20 sec (extension), and finally 72 °C for 2 min (final extension). The final PCR
parameters used for each set of primers (annealing temperature, use of GC enhancer,
etc.) varied depending on the primers' characteristics and were determined after
optimization of the method by running gradient PCR in a range of different annealing
temperatures (62.1-69.3 °C) and checking the amplification specificity by gel
electrophoresis of the PCR product (Table 2.1).

Table 2.2: Reagent used for Q5 polymerase PCR reaction setup.

Q5 polymerase

Reagent Volume Concentration
5X Q5 Reaction Buffer 5ul 1x

10 mM dNTPs 0.5 pl 200 pM

10 uM Forward Primer 1.25 pl 0.5 uM

10 puM Reverse Primer 1.25 ul 0.5 uM
Template DNA variable 100-200ng

Q5 High-Fidelity DNA Polymerase 0.25 ul 0.02 U/l

5X Q5 High GC Enhancer (optional) (5 ul) (1x)
Nuclease-Free Water to 25 ul

2.3.6 PCR Product Purification

After the amplification of the targeted region, PCR products were purified with Wizard
SV Gel and PCR Clean-Up System (Promega, Madison, USA), following the
manufacturer's protocol. DNA was eluted from the column with 50 pL of DNase-free
dH20pepc. The DNA concentration of the purified PCR product was determined using

the NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, USA)

2.3.7 Gel Electrophoresis

Gel electrophoresis was used as part of this study for either checking the extracted
RNA quality or checking the PCR amplification specificity and estimating the PCR

product fragment size.
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Extracted RNA quality was evaluated by agarose gel electrophoresis in Tris Acetate
EDTA (TAE, 40 mM Tris, 20 mM acetic acid, 1 mM EDTA). A 1% w/v agarose TAE gel
was prepared, containing 1x SYBR safe DNA gel stain (Invitrogen, Waltham, USA) for
staining the nucleic acids. 500 - 300 ng of RNA mixed with 1.6 uL 6x DNA gel loading
dye (Thermo Scientific, Waltham, USA) in 10 pL dH;Opepc final volume were loaded per
well. RNA gels were usually run at 80 mV for 40 min. After the completion of the
electrophoresis, the gels were visualized under UV light using the G: BOX imaging
system (SYNGENE, Cambridge, UK). An example of good quality extracted RNA is

shown in Figure 2.4.

Figure 2.4: Example of gel electrophoresis of total RNA. Good quality RNA shows only two
sharp bands, which correspond to 28s and 18s rRNA from top to bottom.

For the PCR product gel electrophoresis, PCR products were mixed with 1x DNA gel
loading dye (Thermo Scientific, Waltham, USA) and were run in 1.2-1.5% agarose TAE
gel. For the estimation of the fragment size, 100 bp DNA ladder dye (Thermo Scientific,
Waltham, USA) was run alongside the PCR products. Gels were run at 100 mV for 50

min. After the completion of the electrophoresis and were visualized under UV light.

2.3.8 Genotyping

TILLING mutant lines were genotyped by either sequencing the flanking region of the

site of the mutation or by using kompetitive allele-specific PCR assays.
Genotyping by Sequencing

After amplification of the region that contains the SNP of interest (section 2.3.6)

and the purification of the PCR products (section 2.3.7), the PCR products were
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sequenced using the TubeSeq service (Eurofins Genomics, Luxemburg, Luxemburg).
The submitted samples consisted of 150-200 ng of purified PCR product in 15 uL of
DNase-free H,0 and 2 pL 10 uM of the corresponding primer (final volume 17 pL).
The genotype of the mutant lines was then determined by sequence alignment of
the sequencing results against the sequence of wild-type Cadenza TaD17 sequence

using the Geneious 10.2.3 alignment tool (https://www.geneious.com).
Kompetitive Allele Specific PCR (KASP) Genotyping

For the high-throughput genotyping of the TILLING mutant lines, the KASP assay
was utilized. KASP assays were performed in ABI-7500 real-time PCR system
(Applied Biosystem, Massachusetts, USA) using a 10 pL reaction. Each reaction was
prepared by pipetting 2 uL of extracted DNA (around 50 ng/uL) in a white 96-well
gPCR Plate (4titude, Surrey, UK) based on the pre-designed plate layout and then
by adding 0.14 pL of KASP primer mix (12 uM KASP primerl, 12 uM KASP primer2,
30 uM KASP primer3 — Table 2.3), 2.86 pL H,0 and 5 pL PACE Low-ROX mix (3CR
Bioscience, Harlow, UK) prepared as a master mix. Two negative controls (dH2Opepc)
were included in every plate, along with a WT Cadenza sample. The plate was sealed
with adhesive gPCR seal (4titude, Surrey, UK), and after a short shaking and short
centrifugation, the plate cycled in the AB-7500. The cycling program consisted by
15 min at 94 °C, 10 cycles of 94 °C for 20 sec and 68 °C (-0.6 °C per cycle) for 60 sec,
followed by 32-40 cycles of 94 °C for 20 sec and 62 °C for 60 sec. Finally, the plate
reading was performed at 30 °C for 60 sec. The data were analysed with the allelic
discrimination function for genotyping as implemented in the software ABI 7500

v2.0.6 (Applied Biosystem, Massachusetts, USA).
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Table 2.3: Primer sequences used for KASP genotyping.

Primer Primer Sequence (5'-3') Targeted SNP Allele
TaD17-2A KASP1 ACCCTGTGCCCACCCTG WT
TaD17-2A KASP2 ACCCTGTGCCCACCCTA Cad1738 [G/A] Mutant
TaD17-2A KASP3 TGAGTTTACAGAGCACGCGTATAC Common
TaD17-2B KASP1 CGAACATCCTGTGGAAATGGAAC WT
TaD17-2B KASP2 CGAACATCCTGTGGAAATGGAAT Cad1271 [C/T] Mutant
TaD17-2B KASP3 CCTTCGAGGAGGACAACGG Common
TaD17-2D KASP1 GAAGTCTGCCGGTCTGTTCC WT
TaD17-2D KASP2 GAAGTCTGCCGGTCTGTTCT Cad0880 [C/T] Mutant
TaD17-2D KASP3 GATGCTCCGTGAAGAGACTGTCT Common

2.3.9 Real-Time gPCR

The real-time gqPCRs were performed in ABI-7500 real-time PCR system (Applied
Biosystem, Massachusetts, USA) using the SYBR Green JumpStart kit (SIGMA-Aldrich,
Dorset, UK). A pipetting scheme for the preparation of each reaction was followed to
minimize pipetting mistakes and ensure repeatable results. The primer concentration
in the reaction was 250 nM for both primers. More specifically, each reaction was
initially prepared in a 0.5 ml microcentrifuge tube by adding 21.4 uL of master mix
(121.25 uL SYBR Green JumpStart Taq ReadyMix, 0.6 puL 10 uM Forward Primer, 0.6 uM
10 uM Reverse Primer, 0.02 uL ROX and 8.93 uL H20pepc) and 1.1 plL of the cDNA
sample. After mixing the reactions and short centrifugation, 20 pL of each reaction
were pipetted into a white 96 well PCR Plate (4titude, Surrey, UK), which was sealed
with adhesive qPCR seal (4titude Surrey, UK). The real-time PCR cycling parameters
used were 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles of 95 °C for 15 sec

and 60 °C for 60 sec. At the end of the reaction, the melting curve was recorded.

2.3.10 Real-Time qPCR Data Analysis

The real-time gPCR data were analysed with ABI 7500 v2.0.5 software (Applied
Biosystem, Massachusetts, USA). The fluorescence threshold for the Ct values

calculation was calculated automatically by the software or manually adjusted in the
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linear phase of the amplification curve. Primer efficiency was estimated for all
individual samples in each run using the linear phase of the amplification curves as

calculated by LinRegPCR software (Ramakers et al., 2003).
The gene expression levels were calculated as Normalized Relative Quantity (NRQ)

(EGOI)—Ct;GOI .
()—_Cmef (Rieu and Powers, 2009). Ctgor and Egoi stand
Eref

for the Ct value and the average primer efficiency of the targeted gene of interest,

given by the formula NRQ =

respectively. Similarly, Ctrer and Eref correspond to the Ct value and the average primer
efficiency of the reference gene(s). Wheat genes encoding actin3 (TaACT3) and
succinate dehydrogenase (TaSDH) were used as reference genes (Table 2.4). Two

technical replicates were used for each of the reference genes.

Table 2.4: Primer sequences of genes used as reference genes for relative gene expression
analysis.

Gene Name Gene ID Primer Sequence (5'->3')

TraesC55A026124300 TaActin3-rtForl ATCTCGAAGGGYGAGTATGAYGAG
TaACT3 TraesCS5B02G124100

TraesCS5D02G132200 TaActin3-rtRevl AGAAGACCCAGACAACTCGCAAC

TraesC52A026220800 TaSuccDH-rtForl TTTGCTCTCCGTGGTGCCTTTGG
TaSDH TraesCS2B02G246400

raesCSAD02E226500 TaSuccDH-rtRevl GAAGATGTGTAGCTCCTTGCTTGC

2.3.11 High-throughput RNA-sequencing

Extracted total RNA from basal node and root samples (section 2.3.2) was further
purified with Plant RNeasy kit (Qiagen, Hilden, Germany) following the provided RNA
clean-up protocol. The concentration of the purified RNA was determined by Qubit
Broad Range assay (Invitrogen, Waltham, USA). 2-3 ug of RNA samples were submitted
for Next-Generation Sequencing (NGS). The number of biological replicates varied
among different experiments from 3 to 6 replicates per treatment combination

(section 2.1, Table 2.5).
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Prior to the library preparation, RNA integrity was assessed with RNA kit on Aligent
5300 Fragment Analyzer (Agilent Technologies, California, USA). Quality control, poly-
A selection for rRNA removal, library preparation, multiplexing and sequencing was
performed by Genewiz UK (Essex, UK) according to their standard workflow. Briefly,
RNA library preparation was prepared using NEBNext Ultra Il Library Prep Kit for
[llumina following the manufacturer's protocol (NEB, Ipswich, MA, USA). Firstly, oligo-
dt beads were used for mRNA enrichment, and the mRNAs were fragmented for 15
min at 94 °C. First and second strand cDNA was subsequently synthesized. Indexed
adapters were ligated to cDNA fragments after adenylation of the 3' end of the cDNA
fragments. Limited cycle PCR was used for library amplification. Sequencing libraries
were validated using NGS Kit on the Agilent 5300 Fragment Analyzer (Agilent
Technologies, California, USA) and quantified by using Qubit 4.0 Fluorometer

(Invitrogen, Waltham, USA) or equivalent.

The sequencing libraries were multiplexed and loaded on the flow cell. Next-
generation sequencing was performed in Illumina Novaseq 6000 platform (California,
USA) with 2x150 bp pair-end configuration v1.5. Image analysis and base calling were
conducted by the NovaSeq Control Software v1.7 on the NovaSeq instrument. Raw
paired-end data were delivered in fastq format after de-multiplexing and standard
adapter trimming by the sequencing contractor. One mismatch was allowed for index

sequence identification.

Table 2.5: Experimental details of next-generation RNA-sequencing projects.

ﬁgjﬁ::(l:\ill:)g Experiment Tissue Treatment Structure ::;tenp::t:‘attes per
40-280905805 LowN/LowP Nodes Nutrient Supply (3) 4(12)
40-382106909 Tad17/LowN Nodes Genotype (2) x NLevel (2) 6 (24)
40-460868918 LowN/APS4_1 Roots Treatment (2) x NLevel (2) 3 (12)
40-543543449 LowN/APS4_2 Nodes Treatment (2) x NLevel (2) 3(12)
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2.4 Bioinformatic Analysis
2.4.1 Identifying Wheat Orthologue Genes

The first step for the identification of the wheat orthologous genes of interest was to
obtain the protein sequences from other model and non-model plant species, mainly
from O. sativa cv. Japonica, A. thaliana and/or H. vulgare (where available), which had
been identified in previously published data (Wang et al., 2018b, Kobae et al., 2018,
Zhang et al., 2014, Liu et al., 2017). The amino acid sequences obtained were used as
gueries against wheat protein databases using the BLASTP tool on EnsemblPlants
(Kersey et al., 2018). The protein sequences with the highest homology from the A, B
and D genomes were recorded. For further confirmation of homology, the wheat
sequences obtained were used for reciprocal BLASTP back to rice. The phylogenetic
relationship of the identified wheat sequences was also confirmed using the Plant
Compara tool - Gene tree on EnsemblPlants. The Gene Tree tool displays a phylogeny

tree of homologues of any gene across different plant species.

2.4.2 Sequence Alignment and Phylogenetic Analysis

MUSCLE, as implemented in Geneious 10.2.3 software (https://www.geneious.com),
was used for nucleotide and protein sequence alignment with the default parameters
(Edgar, 2004). Phylogenetic trees were constructed based on the Neighbour-Joining
method (Nei and Saitou, 1987).

2.4.3 Primer Design

The primer design tool, Primer 3 v2.3.7, as implemented in Geneious 10.2.3

(https://www.geneious.com), was used for designing primers used in this study.
Homoeologue-Specific Primers

Homoeologue-specific primers for the three TaD17 homoeologues were designed
as part of the Tad17 mutant generation. More specifically, homoeologue-specific
primers that amplify a region that contains the SNP of interest were designed for
genotyping purposes. The optimal primer conditions were set at 58-64 °C Tm, 40-
60% GC content and 18-24 bp primer size. For genotyping by sequencing,

homoeologue-specific primers for each of the mutations were designed with

Page | 64



homoeologue specificity of at least one nucleotide at the 3' end of the primer. The
homoeologue specificity of the primers was required in at least one of the primers
per pair (forward or reverse). On the other hand, KASP assay primers for each of
the studied SNP were manually designed. The online tool NEB Tm Calculator v1.12.0
(https://tmcalculator.neb.com/#!/main) was used for the calculation of primer

characteristics.
Quantitative reverse-transcription PCR Primers

For gene expression analysis by quantitative reverse-transcription PCR (RT-qPCR),
primers that amplify all the three homoeologues of the gene of interest were
designed (Table 2.6). The cDNA sequences of the three homoeologues of the gene
of interest were aligned and used for designing primers with the appropriate
characteristic for gPCR. Regions close to the 3' end of the coding sequence with
high similarity were preferred to guarantee amplification of all homoeologues. In
some cases, the primers were designed manually. The online tool OligoCalc
(http://biotools.nubic.northwestern.edu/OligoCalc.html) (Kibbe, 2007) was used

for the calculation of the primer characteristics.

Each set of designed primers (forward and reverse) was tested for amplification
specificity and efficiency by using a dilution series of template cDNA from different
plant tissues (shoots and roots). The dilution series used was 1, 1:2, 1:4, 1:8, 1:16
and 1:32. The efficiency of each set was calculated based on the slope of the
standard curve (Appendix A). On the other hand, the melting curve (dissociation
curve) was used for evaluating the primer specificity. Primers that showed a single
peak in a range of template cDNA were selected. The presence of more than one
peak in the melting curve suggests unspecific amplification or primer dimers leading

to unreliable results.
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Table 2.6: Forward and reverse primer sequences designed and used for the gene
expression analysis by RT-qPCR.

Gene Forward Primer Sequence (5’->3’) Reverse Primer Sequence (5'->3’)
TaD27 ACAGCAACCTCCTGAAGATGAC AGCAAYTCACACCATAGTCCTGC
TaD17 CACGGCTATGTTCTTCTKGTAGAG CCTATCTTYCTTGCATCCAACAC
TaD10 TGCCCAGGGACAAGTAACAC CGACCACCGACTTGGATTCG
TaMAX1al CTCACYGTCATCCACCTCTAC CTTGACACCRTTCTTGAAGTTGG
TaMAX1a2 TCGTCATYCTCCACCTCTACC AGATGGAATACTGGAACTGCAGC
TaMAX1c TGCAGCAGGTGAAGCTCG TCGAAGTCGAACTGGATGGG
TaMAX1d TSTACCGCCGCTACGTSTTC GCTTGACGCCGTGCTTGAAG
TaD3 GGACTCAGGAAGCTCTTCATCC TCTCYGGTGCTGGATAGTAGTC
TaD14 CTCGCCTAGGTTCTTGAACGAC GACATCGCCTGGAACACCTG
TaCKX3 GGCTCATCCTCATCTATCCACTC AGAATGCCAACCACGTACATCAC
TaCKX4 GTCGGGATGAAGCAGTACCTAG TTCCTCCGCTCAAATGTCTCC
TaTB1 GACATGCTCGGCTTCGACAAG CAGTCATGACCTCCCTGATGG
TaGT1 CCGAGCTCTTCGTCGTTCTC CATGTAGTTGGTGTAGGCGTAC

2.4.4 RNA-sequencing Workflow

Unless stated otherwise, the tools used for the RNA-seq data analysis were executed

in the RRes Galaxy platform (https://galaxy.rothamsted.ac.uk/). A schematic summary

of the RNA-seq data analysis workflow can be found in Figure 2.5.

The RNA-sequencing (RNA-seq) raw data was received in fastq format. FastQCv0.11.7

tool was used to assess  the quality of  the raw  data

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). If required, low-
quality reads and adapter sequences were removed using Cutadapt v3.7 (Martin,
2011). In cases where the quality control showed high ribosomal RNA (rRNA) content
in the raw data, the SortMeRNA v3.2 tool was used to find and remove reads
corresponding to eukaryotic rRNA (28s, 18s) (Kopylova et al., 2012). SortMeRNA tool
was run on a local Linux machine. Subsequently, trimmed reads were mapped to T.

aestivum reference genome IWGSC RefSeq v1.0 using the tool HISAT2 v2.2.1 (Kim et
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al., 2015). The featureCounts tool was used for assigning mapped reads to exons and
counting the number of mapped reads per annotated gene using RefSeq Annotation
v1.1 (Liao et al., 2013). RefSeq1.1 contains in total 107,891 high-confidence (HC) genes
and 161,537 low-confidence (LC) genes. HC genes correspond to high confidence
protein-coding loci with a predicted function, whereas LC genes correspond to
partially supported gene models, gene fragments and gene orphans. Evidence for
transcription has been found for 85% (94,114) of the HC genes, whereas LC showed
much lower evidence of transcription of just 49% (Rubin et al., 2009). DESeq2 tool was
used to perform the differential gene expression analysis (alpha=0.01, unless stated
otherwise) by fitting the appropriate model based on each experimental design (Love
et al.,, 2014). A prefiltering of low count genes was performed before performing
differential gene expression analysis. Only genes that had at least three samples with
more than five reads were included in the analysis. Significantly differentially
expressed genes were retrieved by applying post hoc filtering of p-value adjusted for
multiple comparisons (padj) < 0.01 and |log2FC| > 0.58 (FC > 1.5), unless stated
otherwise. DESeq2 package was run in R Statistical Software (v4.1.1) on a local
Windows machine. An example of the script used can be found in Appendix B. For the
visualization of the RNA-seq data analysis, ggplot2 v3.3.6, pheatmap v1.0.12,
DEGreport v1.8.2 and EnhancedVolcano v1.11.3 packages were used in R Statistical
Software (v4.1.1).

In addition to the above workflow, raw reads were also pseudo-aligned to IWGSC
RefSeq v1.0 annotation v1.1 using kallisto v0.46.0.4 (Bray et al., 2016), which was run
in RRes Galaxy. This tool was used for calculating transcript abundance reported as
transcripts per million mapped reads (TPM). A custom R script was used for calculating
the gene abundance by summing the TPM of all the transcripts corresponding to the
same gene ID. TPM values were used for comparing the gene expression levels of
different genes since this value is normalized for both gene length and sequencing

depth, allowing the comparison between different genes.

For the biological interpretation of the data, Gene Ontology (GO) enrichment analysis
was performed in g: Profiler using the g: GOst tool and default parameters (statistical

domain scope: only annotated genes, multiple testing correction: g: SCS algorithm,
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padj < 0.05) (Raudvere et al., 2019). Only HC genes were included in the GO
enrichment analysis. GO enrichment analysis results were summarized by removing
redundant terms using the REVIGO webserver (Supek et al.,, 2011). Oligopeptide
sequences of the differentially expressed (DE) genes were retrieved from BioMart in
FASTA format. KEGG Orthology (KO) annotations for the DE genes were retrieved using
the BlastKoala tool (https://www.kegg.jp/blastkoala/). In addition, pathway
enrichment analysis was conducted in g: GOst tool against a custom T. agestivum KEGG
reference containing more than 46000 wheat genes covering both KEGG pathways and
BRITE hierarchies, kindly provided by Peter Buchner. Finally, g: Orth tool in g: Profiler

was used for retrieving orthologue genes of the DE genes in rice and Arabidopsis.

Total RNA Library

Homogenised extraction preparation

ground tissue ya

Gene counting and
Differential gene
expression analysis

featureCounts and
DESeq2

QC, Trimming and
Mapping of
Paired-end reads (FASTQ) reads
@AD1174:19HNWNLDMXX
TCAGGATTGGGTAATTTGCGCTGCCTT.

+
FFFFFF.FFFFF.FFFFFFFFFFFFFF.FFFS.

HISAT2

Illumina
sequencing

4484 Novaseq 6000

...............

Figure 2.5: Schematic illustration of the RNA sequencing workflow starting from the sampled
material until the differential gene expression analysis. Library preparation and next-
generation sequencing were performed by GenewizUK (Essex, UK). Raw sequencing data were
received in fastq format. Quality control of the fastq data was performed with the FASTQC
tool. Trimming of low-quality reads or rRNA removal was performed if needed based on the
QC output. HISAT2 tool was used for mapping reads to the T. aestivum reference genome
RefSeqvl.0. Mapped reads were assigned to genes based on RefSeqvl.l annotation.
Differential gene expression analysis was performed with the DESeq2 tool. The illustration was
created in BioRender.
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2.5 Metabolomic Analysis

Harvested basal node and root tissue of pooled biological replicates were ground into
fine powder in LN2 and stored at -80 °C until extraction. All the samples were hand-

ground in a pre-cooled mortar due to the small amount of sampled tissue.

2.5.1 Cytokinin Extraction

Cytokinins were extracted from 20 mg of ground plant tissue using 1 ml of extraction
solution, 70:29:10 (v/v/v) methanol: H;O: formic acid. The extraction solution also
contained 0.2 ng/ml of D-iP, D-iPA, D-tZ, D-DHZ and D-DHZR as internal standards for
the normalization of the variation across the samples. For better homogenization of
the samples, samples were mixed in a mixer mill MM400 (Retsch, Haan, Germany) for
1 min at 30 Hz with two metal beads in each tube. Next, the samples were incubated
for 30 min at 4 °C on a vortex. The supernatants were collected in a 96-deep well plate
after centrifugation at full speed for 30 min at 4 °C. Subsequently, the samples were
evaporated under Nz on SPE Dry 96 (Biotage, Uppsala, Sweden). Once the evaporation
was completed, the pellet was resuspended with 800 pL 2% (v/v) formic acid in ddHO.
The following filtration and solid phase extraction were conducted using the
automated system Extrahera (Biotage, Uppsala, Sweden), which allows the high-
throughput processing of the samples. Isolute Filter Plates 25 um/0.2 um (Biotage,
Uppsala, Sweden) were firstly used for the filtration of the samples, while Evolute CX
express 30 mg/1 ml columns (Biotage, Uppsala, Sweden) were used for the solid-phase
extraction according to the manufacturer protocol. Finally, the eluate was evaporated
under N2 on SPE Dry 96 (Biotage, Uppsala, Sweden), and the pellet was resuspended
in 100 pL 0.1% (v/v) formic acid. Until injection into the system, samples were stored

in the autosampler at 10 °C.

2.5.2 Other Phytohormone Extraction

For the extraction of the rest of the targeted phytohormones, a different extraction
protocol was conducted. Phytohormones were extracted from 20 mg of ground plant
tissue using 1 ml of extraction solution, 70:29:10 (v/v/v) methanol: H,O: formic acid,
which contained 0.8 ng/ml of D-GA1, D-GA8, D-PA, D-DPA and 0,4 ng/mL of D-ABA and
D-IAA as internal standards for the normalization of the variation across the samples.
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The remaining protocol was performed as described for the cytokinin extraction, apart
from the solid phase extraction stage. More specifically, Evolute Express ABN 30 mg/1
mL columns (Biotage, Uppsala, Sweden) were utilized for the ultra-purification of the

extracts.

2.5.3 UHPLC-MS/MS

The analysis of CKs and other phytohormones was performed by ultra-high
performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS). All
the standards used were purchased from OlchemlIn (Olomouc, Czech Republic). The
separation and detection were accomplished using a Nexera X2 UHPLC system coupled
to a Triple Quadrupole Linear lon Trap, QTRAP 6500+ mass spectrometer (Sciex,
Concord, Canada), equipped with an electrospray ionization source. 2 pL of samples
were injected and separated with a Kinetex Evo C18 column (2.1x100 mm, 2.6 um,
Phenomenex, California, USA) at 0.7 mL/min flow rate, while the column was
maintained at 40 °C. The mobile phase consisted of solvent A (H20: 0.1% formic acid)
and solvent B (ACN: 0.1% formic acid) and a 0.7 mL/min flow rate. For cytokinins, the
optimized linear gradient system was: 0-3 min, 20% B; 3-4 min, 25% B; 4-4.5 min, 100%
B; 4.5-6 min, 100% B; 6-6.5 min, 2% B and 6.5-8.6 min, 2% B. For other phytohormones,
the optimized linear gradient system was: 0-5 min, 60% B; 5-5.5 min, 100% B; 5.5-7
min, 100% B; 7-7.5 min, 1% B; and 7.5-9.5 min, 1% B. The analysis was performed in

scheduled MRM mode in positive mode.

For the calculation of the phytohormone concentration in the sample, standard
solutions were also included in the analysis. A dilution series for each of the examined
phytohormones were included for the construction of the standard curve by plotting
the peak area ratio (y) and the respective concentration of the compound (x). The
concentration of each phytohormone was calculated based on the peak area ratio with

respect to the corresponding internal standard based on the standard curve.
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2.5.4 Sugar Analysis

For sugar extraction, 750 pL of 80% (v/v) EtOH were added to approximately 20 mg of
lyophilized ground node sample. The homogenate was incubated at 80 °C for 30 min.
Crude extracts were decanted for 15 min at room temperature, centrifuged (14.000
rom, 10 min, 4 °C) and concentrated in a Speed Vac concentrator (Thermo Scientific,
Massachusetts, USA) at 45 °C for 180 min. The pellet was resuspended in 0.75 mL of
deionized water and incubated at 80 °C for 30 min. After centrifugation, the second
supernatant was added to the first, concentrated, and resuspended in 0.5 mL of
ddH20. Hexokinase, phosphoglucoisomerase, and invertase were added successively
to measure glucose (Glc), fructose (Fru), and sucrose, which were determined by

spectrophotometry at 340 nm (SpectraMax i3x, Molecular Devices, San Jose, CA, USA).

2.6 Chemical Analysis

The whole root and shoot samples were ground into a fine powder using Freezer Mill
(SPEX SamplePrep, New Jersey, USA) following the manufacturer's instructions.
Samples were then lyophilized in a Modulyo freeze dryer (Edwards, West Sussex, UK)

for at least 48 h or until thoroughly dried and then submitted for chemical analysis.

2.6.1 Total Nitrogen Analysis

The total N content of dried root or shoot samples was measured by the LECO CN628

combustion analyser (LECO, Stockport, UK) following the manufacturer's protocol.

2.6.2 Elemental Analysis

For analysis of major (Ca, K, Mg, Na, P, S) and trace (Cu, Fe, Mn, Mo, Zn, etc.) elements,
root and shoot samples were first digested using a mixture of 85:15 (v/v) nitric acid:
perchloric acid in open tube digestion block. After volatilization of the acids, the
residues were dissolved in 5% (v/v) nitric acid. Sample analysis was carried out in
Agilent 5900 SVDV Inductively Coupled Plasma — Optical Emission Spectrometer (ICP-
OES) (Agilent Technologies UK, Stockport, UK).
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2.7 Wheat TILLING Mutant Generation
2.7.1 Screening of EMS Mutagenized Lines

In silico analysis was conducted for the identification of T. aestivum cv. Cadenza
mutant lines for SL biosynthetic genes, TaD27, TaD17 and TaD10. Wheat TILLING
population consists of 1200 hexaploid wheat lines, whose exome sequences have been
sequenced and mapped to the reference genome RefSeqvl.0, leading to the
identification of the point mutations induced by EMS mutagen and their predicted
effect (Krasileva et al., 2017). The gene IDs of all the candidate SL biosynthetic genes
were used as queries to find the available mutant lines in TILLING population by
accessing the respective EnsemblPlants database (Genetic Variation - Variant table).
After the identification of TaD17 as a candidate gene for the generation of triple knock-
out mutant, the protein and the genomic sequences of the T. aestivum cv. Cadenza

and the selected mutant lines with a premature stop codon were obtained.

2.7.2 Plant Material and Growth Conditions

Four seeds of the selected mutant lines (M4 generation) were obtained from
Rothamsted's TILLING population seed bank. Seeds can be ordered from UK
Germplasm Resource Unit (GRU) website called SeedStor

https://www.seedstor.ac.uk/shopping-cart-tilling.php. Seeds were surfaced sterilized

with 1:40 (v/v) bleach solution: dH,0 for 15 min, followed by 5-6 washes with sterilized
dH,0. Seeds were soaked in sterilized dH,0 overnight at 4 °C in the dark and then
placed in Petri dishes with moist filter paper and were cold treated (4 °C) for 2-3 days
to break seed dormancy. Prior to sowing, seeds were pre-germinated in a CE room (22-
18 °C and 16 h day length). Next, germinated seeds were sown in seed trays filled with
Rothamsted's prescription mix compost consisting of 75% peat, 12% sterilized loam,
3% vermiculite, and 10% grit (Petersfield Products, Leicester, UK). Leaf samples were
taken from each seedling for genotyping once the second leaf of the seedlings had
fully emerged around 1-2 weeks after germination. Based on the genotyping results,
the seedlings with the desired genotypes were then selected and transplanted into 15

cm pots containing the same compost as above. Plants were grown in a standard
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glasshouse equipped with LED light. Glasshouse conditions were 18-20 °C and 15 °C

during the day and night, respectively, with 16 h day length.

2.7.3 Wheat Crossing

Due to polyploidy in wheat, different mutant lines with missense mutations in all the
three TaD17 homoeologues were combined to generate a complete knock-out
mutant. Soon after ear emergence, the female ears were emasculated by removing
the three anthers from each of the florets. The central florets of each spikelet were
removed, leaving only the two outer florets per spikelet. Subsequently, the spikelet's
glumes were removed, and each of the spikelets was trimmed to allow easier anther
removal without damaging the stigma. The emasculated ear was labelled and covered
in a plastic bag to avoid any cross-pollination. Emasculation was important to take
place before pollen release to ensure no self-pollination, while for the same reason,
all three anthers per floret should be successfully removed. 3-4 days after
emasculation, the ears were pollinated by the selected male donor plant based on the
crossing scheme and the aiming genotype of the resulting progeny. After the
successful pollination, premature grains were collected 16 days post pollination (or
later), and they were dried at 30 °C for 5 days. Subsequently, the seeds were subjected
to cold treatment (4 °C) for 3-4 days to break dormancy and were sown for
germination as described above. The genotyping of the progeny was conducted by
either sequencing or KASP assay, depending on the number of plants needed to be

genotyped.
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2.8 Statistical Analysis

Mean values and standard errors were calculated from at least three biological
replicates, depending on the experimental design. The exact number of biological
replicates is mentioned in each figure legend. The statistically significant effect of the
treatments/factors was assessed with t-test or analysis of variance (ANOVA),
depending on the experimental design. Statistical analysis was performed in GenStat
statistical software package (21 edition, VSN International Ltd, Hemel Hempstead,

UK) or in R Statistical Software (v4.1.1) using package rstatix (v0.7.0).

ANOVA was applied to all single variate data, including phenotypic data (tiller
counting, root and shoot biomass), RT-qPCR gene expression data, metabolomic
analysis data (phytohormone and sugar content) and chemical analysis data (macro-
and micro-nutrient content). Repeated measured ANOVA was conducted for tillering
data recorded in different time points in the same individuals and for SPAD dynamic
data. Prior to ANOVA, assumptions for normality and homogeneity of variances were
assessed using Shapiro-Wilk's normality test and Levene's test, respectively. If data
were not normally distributed, data were transformed. In cases where the
homogeneity of variances assumption was not met (Levene's test p < 0.05, as in the
case of tZ content Figure 5.20), the comparison between group means was performed

using a separate one-way ANOVA or t-test.

For randomised complete block designs, block structure was taken into account in the
ANOVA. Following the ANOVA, Fisher's least significant difference (LSD) at 5%
(P=0.05), calculated based on the standard error of the difference between means on
the residual degrees of freedom from the ANOVA, was used to compare relevant
group means. Relevant significant comparisons were reported in the figures, while LSD

(5%) was also reported in each figure legend.

For the gene expression data by RT-qPCR, the Ct' values were used for the statistical

analysis, Ct" = log,(—), rather than the NRQ. It has been shown that the NRQ data

1
NRQ
are not linear, and the variability across the treatments is typically too high, so the

transformation of the data is required (Rieu and Powers, 2009).
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For the validation of the RNA-seq data, Pearson correlation between transcript
abundance values of selected genes obtained from the RNA-seq and RT-qPCR was

performed in R v4.1.1 using package ggpubr v0.4.0.

Figures and graphs were created in GraphPad Prism v9.3.1 for Windows (San Diego,
California, USA). Package pheatmap v1.0.12 and ggplot2 v3.3.6 were also used in R

Statistical Software (v4.1.1) for the generation of heatmaps and some figures.

2.9 Data Availability

All data supporting the findings of this study are available within the thesis. The raw
data from RNA-seq experiments conducted as part of this study (Table 2.5) are
available at ArrayExpress Archive; LowN/LowP: E-MTAB-11986; LowN/APS4 1-2: E-
MTAB-11927; Tad17/LowN: Not yet available.
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Chapter 3 Transcriptional Regulation of Strigolactone
Biosynthesis, Perception and Signalling by Plant Nitrogen

Supply

3.1 Introduction
3.1.1 Background

Nitrogen is one of the primary macronutrients required for plant growth and
development. N availability is one of the main limiting factors in many agricultural and
natural environments. Plant adaptation to N-limiting conditions includes strong
suppression of shoot growth, including suppression of tiller bud outgrowth resulting
in a decrease in tiller number. SLs are a recently identified group of phytohormones
that play an essential role in suppressing lateral branching/tillering, while they also act
as a rhizosphere signal. Several studies have reported elevated SL levels in root
exudates in many species under nutrient-limiting conditions, suggesting that
production and exudation are linked with nutrient availability, such as P and N. In fact,
Yoneyama et al. (2012) reported that N limitation strongly increases the levels of SLs
in the roots of many species, including wheat (Yoneyama et al., 2012). Apart from their
role as rhizosphere signals under nutrient limitation facilitating root colonisation by
AMEF, SLs have been suggested to play a role in plant response to nutrient-limiting
conditions, acting as a signal coordinating plant growth. It has been demonstrated that
SLs are involved in root architectural changes triggered by N- and P-limiting conditions
(Sunetal., 2014). Other studies have shown that the increased levels of SLs act as long-
distance signals suppressing tillering under P deficiency (Umehara et al., 2010). Only a
handful of studies, mainly in rice, have focused on the transcriptional regulation of SL
biosynthetic and signalling genes in response to N availability (Xu et al., 2015b);
however, there are no extensive studies on SL-related gene regulation in wheat. In
addition, even in well-studied monocotyledonous plants such as rice, transcriptional
studies have mainly focused on the genes involved in the core SL biosynthetic
pathway, such as D27, D17 and D10, whereas MAX1 genes are rarely included. MAX1
genes catalyse the steps downstream of CL, which have not been fully elucidated.

There are multiple MAX1 genes present in monocotyledons’ genomes, whose
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functions remain an important topic. Studies in rice, maize and sorghum have shown
that different MAX1 catalyse different steps downstream of CL and might be
responsible for the large structural diversity of bioactive SLs found in plants (Yoneyama
et al.,, 20183, Wu and Li, 2021). Recent studies have provided insights into the
phylogeny of MAX1 genes in monocotyledonous plants, but most of the studies either
did not include wheat sequences or did not include all MAX1 genes present in wheat

(WuandLi, 2021, Marzec et al., 2020, Yoneyama et al., 2018a, Yoneyama et al., 2020a).

3.1.2 Chapter Objectives

The aim of this chapter was to identify the wheat SL biosynthetic and signalling genes
in the wheat RefSeq Annotation v1.1 and study their transcriptional regulation by N
supply. For that reason, the gene expression of most of the identified SL-related genes
was monitored in response to N limitation and N resupply in hydroponically grown
plants in both root and basal node tissue. In addition, by utilising data from different
RNA-seq experiments, the tissue-specific expression and regulation of the identified
MAX1 genes were examined, providing some indications about the functionality of the

different MAX1 genes present in wheat.
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3.2 Results

3.2.1 Identification of Wheat Homoeologue Genes Involved in SL Biosynthesis,
Perception and Signalling

The initial step for studying the involvement of SLs in tillering regulation in wheat was
to identify the wheat genes involved in different steps of SL biosynthesis, perception,
and signalling. Since the role of SLs as plant hormones regulating lateral shoot
formation has attracted considerable attention, SL-related genes are well
characterised in species like O. sativa and A. thaliana. Therefore, for the identification
of wheat genes, the protein sequences from O. sativa cv. Japonica were mainly used
due to its close phylogenetic relationship. For phylogenetic analysis, apart from rice
and Arabidopsis sequences, previously reported protein sequences from other
grasses, including maize, barley, sorghum and Brachypodium distachyon, were also

included where required.

For the identification of D27, the first enzyme of the SL biosynthetic pathway, BLASTP
revealed three amino acid sequences with high similarity, sharing around 70%
similarity to OsD27 (0s11t0587000) (Kobae et al., 2018). The wheat sequences
obtained are encoded by homoeologous genes located on chromosomes 7A, 7B and
7D, and according to the phylogenetic analysis, they are close to HvD27
(HORVU7Hr1G096970), previously identified in barley (Wang et al., 2018b). Therefore,
TraesCS7A02G418900, TraesCS7B02G319100 and TraesCS7D02G411500 were
assigned as TaD27-7A, TaD27-7B and TaD27-7D, respectively.

The second and third steps of SL biosynthesis are catalysed by CCD7 and CCD8
enzymes, members of the CCD family, which in rice are encoded by OsD17
(0Os04g0550600) and OsD10 (0s01g0746400), respectively. In Arabidopsis, CCD7 and
CCD8 are encoded by AtMAX3 (AT2G44990) and AtMAX4 (AT4G32810) genes,
respectively. Three homoeologous coding sequence were identified in chromosomes
2A (TraesCS2A02G414600), 2B (TraesCS2B02G433800) and 2D
(TraesCS2D02G411900), which encode proteins sharing around 77% similarity to
OsD17. All three amino acid sequences show typical domains of the CCD family,
suggesting that they are the most likely candidate for TaD17-2A, TaD17-2B and TaD17-

2D. On the other hand, in total, six protein sequences were most closely related to
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OsD10. The phylogenetic analysis revealed that all the identified wheat sequences
were grouped closely to OsD10 and HvD10 and were divided into two distinct
homoeologous subgroups (Figure 3.1). The protein sequences encoded by
TraesCS3A02G274300, TraesCS3B02G308000, TraesCS3D02G273500 were grouped
together forming subgroup a, therefore they were designated as TaD10a-3A, TaD10a-
3B and TaD10a-3D, respectively. The second D10 wheat subgroup (b) consist of two
genes located on chromosome 3A (TraesCS3A02G074200, TraesCS3A02G074100) and
one on chromosome 3B (TraesCS3B02G088400). The high amino acid similarity of the
latter protein sequences with the protein sequences of the TaD10a group suggests
that they might occur due to gene duplication. Therefore, they were named TaD10b
genes. However, TaD10b homoeologues are not expressed in most tissues, based on
publicly available wheat gene expression data available on Wheat eFP Browser
(Ramirez-Gonzalez et al., 2018), whereas TaD10a genes were found to be expressed
in various tissues. Thus, sequences of TaD10a homoeologues were only considered for

the gene expression analysis in this study and thereafter referred to as TaD10.
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Figure 3.1: Phylogenetic analysis of wheat D17 and D10 proteins. The tree was generated
using amino acid sequences of D17/MAX3 (CCD7) and D10/MAX4 (CCD8) from O. sativa (Os)
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and A. thaliana (At). The tree was constructed using MUSCLE sequence alignment and the
neighbour-joining method. TraesCS2A02G414600, TraesCS2B02G433800 and
TraesCS2D02G411900 were assigned as TaD17 homoeologues (in blue colour). Based on
publicly available gene expression data TraesCS3A02G274300, TraesCS3B02G308000,
TraesCS3D02G273500 were assigned as TaD10a and they were considered as functional
orthologues of D10 (in red colour).

Although only one gene is present in the Arabidopsis genome encoding cytochrome
P450 CYP711A known as MAX1, there are multiple homologues in grasses. More
specifically, five MAX1 homologues have been identified in the rice genome (Zhang et
al., 2014), while more recent studies showed that the presence of multiple MAX1
genes is a common characteristic in grasses. The number of MAX1 homologs present
varies among monocotyledons. Maize has three MAX1 genes (Yoneyama et al., 2018a),
sorghum four (Wu and Li, 2021) and B. distachyon five (Changenet et al., 2021). To
identify the MAX1 genes present in wheat, the five OsMAX1 proteins (Os1500,
0s5100, 0s1900, 0Os900 and 0s1400) were used to query wheat protein databases. In
total, 13 distinct wheat amino acid sequences were retrieved. To understand the
relationship of the identified proteins, a phylogenetic analysis was conducted, which
included all the known MAX1 sequences from other species (Figure 3.2). The
phylogenetic analysis revealed that MAX1 genes from monocotyledons formed four
clades (A-D). Six different wheat sequences were clustered to clade A, forming two
distinct subgroups. The first subgroup of clade A consisted of three genes located on
chromosome 4 (TraesCS4A02G412100, TraesCS4B02G312300, TraesCS4D02G309900)
along with BACYP711A29 and HYMAX1 (CYP711A29). The second subgroup of clade A
consist of TraesCS3B02G088700, TraesCS3D02G073900 and TraesCSU02G146300
wheat genes along with SbMAX1a and BACYP711A31. Noticeably, only sequences from
wheat and B. distachyon were found in both subgroups of clade A, whereas none of
the known rice sequences was found in clade A. Only TraesCS3A02G466400 was
present in clade B, along with three of the rice MAX homologs (0Os1500, Os900,
0s1400) and sequences from all the monocots included in the analysis. The clade C
consists of three wheat orthologues of 0s1900 located on chromosome 6
(TraesCS6A02G187200, TraesCS6B02G217300, TraesCS6D02G174100). Finally, the
protein sequences encoded by TraesCS7A02G360300, TraesCS7D02G362800 and
TraesCS7B02G267500 fall into clade D along with 0s5100. Therefore, wheat MAX1
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homoeologues were named after the clade they fall into (MAX1a-d). The genes of

clade A which fall into separate subclusters were named MAX1al and MAX1aZ2 (Figure

3.2).
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Figure 3.2: Phylogenetic analysis of wheat MAX1 homologs. The tree was generated using
amino acid sequences of the cytochrome P450 CYP711A family mainly from
monocotyledonous species such as O. sativa (0s), H. vulgare (Hv), B. distachyon (Bd), S. bicolor
(Sb), Z. mays (Zm), while only MAX1 sequence from A. thaliana (At) was included from
dicotyledonous species. The tree was constructed using MUSCLE sequence alignment and the
neighbour-joining method. Different colours correspond to the four different clades identified
(A-D). The accession number of sequences used for the phylogenetic analysis can be found in

Appendix C.
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For the identification of the wheat orthologues of the two main components of the SL
perception pathway, the protein sequences of OsD3 (0s06t0154200) and OsD14
(Os03t0203200) were used as templates. According to the BLASTP results, the wheat
proteins encoded by TraesCS7D02G106000, TraesCS7B02G008400,
TraesCS7A02G110500 showed the highest identity to OsD3 (approximately 70%),
hence they were assigned as TaD3-7D, -7B and -7A, respectively. Similarly, the proteins
encoded by TraesCS4A02G046700, TraesCS4B02G258200, and TraesCS4D02G258000
shared more than 86% protein similarity with the OsD14 and were assigned as the

putative TaD14 genes.
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Figure 3.3: Phylogenetic analysis of wheat D53 proteins. The tree was generated using amino
acid sequences of D53 from O.sativa (Os), S.bicolor (Sb) and Z.mays (Zm) and SMXL6/7/8
sequences of A.thaliana (At). The tree was constructed using MUSCLE sequence alignment and
the neighbour-joining method. TraesCS4A02G182800, TraesCS4B02G135800 and
TraesCS4D02G130600 were assigned as TaD53a homoeologues, and TraesCS5A02G155000,
TraesCS5B02G153200 and TraesCS5D02G159900 were assigned as TaD53b.

In rice, two genes have been identified encoding D53, the main repressor of the SL

signalling pathway. In Arabidopsis, AtSMXL6 (AT1G07200), AtSMXL7 (AT2G29970) and
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AtSMXL8 (AT2G40130) are considered as orthologues of OsD53. Both rice sequences,
OsD53 (0s11t0104300) and OsD53-like (0s12g0104300), were used as queries to
identify putative wheat genes encoding D53. In total, six wheat genes were found to
encode proteins with 70% similarity with both rice D53 proteins. The phylogenetic
analysis showed that the identified wheat sequences form two distinct homoeologous
subgroups (Figure 3.3). Based on publicly available wheat expression data, all six
wheat genes are expressed at similar levels, so they were assigned as putative TaD53
genes. Therefore, TraesCS4A02G182800, TraesCS4B02G135800 and
TraesCS4D02G130600 were assigned as TaD53a. Similarly, TraesCS5A02G155000,
TraesCS5B02G153200 and TraesCS5D02G159900 were named TaD53b.

In  addition, three homoeologous wheat sequences were identified
(TraesCS4A01G271300, TraesCS4B01G042700 and TraesCS4D01G040100) as putative
genes encoding TB1 transcription factor, a negative regulator of tillering and an
important component of the SL signalling pathway. The identified wheat sequences
shared 54% similarity with OsFC1/TB1 (0Os03t0706500). Thus, the respective
nucleotide sequences were assigned as TaTB1-4A, -4B and -4D. The given nucleotide
sequences are consistent with the sequences previously reported in wheat but with a

different accession number (Liu et al., 2017).

3.2.2 Effect on N Limitation on Wheat Tillering

N limitation triggers many changes in root and shoot architecture, and tillering is one
of the shoot architectural traits which are strongly affected by N availability. To explore
the effect of N limitation on tiller formation in wheat, T. aestivum cv. Cadenza plants
were hydroponically grown for 6 days under sufficient N supply. On 10 DAS, half of the
plants were provided with low N solution (0.1 mM N), while the rest continued
receiving high N nutrient solution (10 mM N). The number of outgrown tillers was
recorded at 4-day intervals at 4, 8 and 12 days after the N limitation. Only the number
of tillers that had emerged from the leaf sheath was recorded, and the data were
presented in Figure 3.4. A two-way ANOVA was performed to examine the effect of N
treatment and time on the number of outgrown tillers. There was a statistically

significant interaction between N treatment and time on the number of outgrown
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tillers (F(2,10)=27.34, p<0.01). The effect of N limitation on the different time points
was examined by applying Fisher’s LSD test (LSD (5%) = 0.68). Overall, tillering results
showed that low N supply significantly reduced the number of outgrown tillers. The
effect started to be apparent 8 days after the N limitation, while the effect became
more potent as time after the N limitation progressed. In fact, 12 days after the N
limitation, the number of tillers in the low N treated plants was 2-fold lower than in
the high N treated plants. In addition, the effect on tiller number at 22 DAS is mainly
attributed to the strong suppression of N limitation on the outgrowth of secondary

tillers.

To confirm the N limitation in low N plants, total N analysis was performed in the root
tissue of the plants at different time points. The results showed that N concentration
remained stable over time in the plants receiving high N nutrient solution, whereas
the N concentration gradually decreased after the introduction of the plants to the

low N conditions (2-way ANOVA, F(2,10)=10.34, p<0.01, LSD (5%) = 5.7).
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Figure 3.4: Effect of N limitation on wheat tillering. (A) Number of outgrown tillers per plant
at 4, 8 and 12 days after N limitation. Values are means of three biological replicates, and error
bars represent SE. Statistical analysis was conducted with 2-way ANOVA. * denotes statistically
significant difference between low N and high N plants at each time point based on Fisher’s
LSD test (p<0.05, LSD (5%) = 0.68). (B) Time-course analysis of the N concentration in the root
of low N and high N treated plants. Values are means of three biological replicates, and error
bars represent SE. Statistical analysis was conducted with ANOVA. * denotes statistically
significant difference between low N and high N plants at each time point based on Fisher’s
LSD test (p<0.05, LSD (5%) = 5.7). (C) and (D) representative plants grown under high N and
low N conditions at 8 days (18 DAS) and 12 (22 DAS) days after N limitation, respectively.

3.2.3 Time-course Analysis of SL Biosynthetic and Perception Gene Expression in
Root in Response to N Limitation

SL production in roots has been associated with inorganic nutrient stress and, more
specifically, with N and P limitations. However, there was no expression data available
of the SL biosynthetic and perception genes in response to N limitation in wheat.
Therefore, to examine the effect of N limitation on the transcription of SL-related
genes, the expression of TaD27, TaD17 and TaD10 genes was analysed by RT-qPCR in

roots of plants grown under N limitation for 4, 8 and 12 days (as described in section
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2.1.3). For the gene expression analysis, primers that amplify all the three wheat
homologues for each gene of interest were designed; thereby, the gene expression
values (NRQ) refer to the total expression of all the three homoeologues. This applies
to all the genes analysed by RT-gPCR. The results were analysed by 2-way ANOVA
followed by post hoc comparisons to examine the effect of N treatment at different
time points. Overall, the results showed that the expression of TaD27, TaD17, and
TaD10 sharply increased over time in N-limited plants, whilst in high N treated plants,

the expression of those genes remained constant at low levels.

Apart from the genes involved in the core SL biosynthetic pathway, the expression of
TaMAX1al, TaMAX1a2, TaMAX1c and TaMAX1d were also analysed. No available
expression data were obtained for TaMAX1b due to the lack of primers suitable for RT-
gPCR. The results in roots showed that TaMAX1al, TaMAX1a2 and TaMAX1d were
strongly induced by N limitation. TaMAX1a2 and TaMAX1ld showed the most
substantial upregulation by N limitation. In fact, both TaMAX1a2 and TaMAX1d
transcript levels were found to be 60-fold higher in low N roots 8 days after N
limitation. In high N plants, the expression of those genes remained stable at low levels
in all the three time-points examined, as also shown for the SL biosynthetic genes of
the core pathway (TaD27, TaD17 and TaD10). However, TaMAX1c was not found to
be affected by N treatment in roots (2-way ANOVA, F(2,10)=1.43, p=0.29). In fact, no
significant effect of N limitation was found at any of the time points examined. This
different response of TaMAXI1c compared to the other TaMAX1 genes indicates that
there are some differences in the regulation of MAX1 gene expression in response to

N limitation.

The gene expression results clearly demonstrated that SL biosynthetic genes are
strongly induced by N limitation. To examine the response of SL perception in the same
tissue, the expression of TaD3 and TaD14 was also analysed in roots. Unfortunately,
no primers for the gene expression analysis of TaD53 could be designed; hence TaD53
expression was not included in the gene expression analysis by RT-gPCR. In contrast
to SL biosynthetic genes, TaD3 and TaD14 showed significant downregulation in the

root of plants grown at low N availability. Under high N conditions, increases in TaD3
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and TaD14 mRNA levels were observed over time, which may be developmentally

related.
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Figure 3.5: Time-course analysis of the gene expression levels of SL biosynthetic (TaD27,
TaD17, TaD10, TaMAX1al, TaMAX1a2, TaMAX1c and TaMAX1d) and perception genes
(TaD3 and TaD14) in root of wheat 0, 4, 8 and 12 days after N limitation (0.1 mM N)
compared to high N treatment (10 mM N). Values are means of three biological replicates,
and error bars represent SE. Statistical analysis was conducted with ANOVA on log,(1/NRQ)
transformed data. * denotes a statistically significant difference in the gene expression levels
between low N and high N plants at each time point based on Fisher’s LSD test (TaD27 LSD
(5%) = 1.06, TaD17 LSD (5%) = 0.81, TaD10 LSD (5%) = 0.79, TaMAX1al LSD (5%) = 0.46,
TaMAX1a2 LSD (5%) = 0.59, TaMAX1c LSD (5%) = 0.98, TaMAX1d LSD (5%) = 0.46, TaD3 LSD
(5%) = 0.20, TaD14 LSD (5%) = 0.49).
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3.2.4 Time-course Analysis of SL Biosynthetic and Perception Gene Expression in
Basal Nodes in Response to N Limitation

The results in roots showed that N limitation strongly induced the expression of SL
biosynthesis, while the expression of TaD3 and TaD14 perception genes was
suppressed. Expression of SL biosynthetic genes has also been detected locally in
lateral buds and basal nodes. Therefore, the expression of biosynthetic and signalling
genes was examined in the basal node of wheat plants 0, 4, 8 and 12 days after N
limitation. In this study, the basal node is defined as the 0.5 cm of the main shoot base,

which includes the apical meristem, lateral buds, leaf meristems etc.

As observed in roots, the transcript levels of TaD27, TaD17 and TaD10 in the basal
node were gradually upregulated in response to N limitation. More specifically, TaD27
and TaD10 were found to be significantly induced in all the time points examined.
However, TaD17 was found to be significantly upregulated from day 8 after the N
limitation. TaD10 showed the strongest upregulation in all time points. For instance,
from 8 days after limitation, TaD10 mRNA levels were found to be at least 4-fold higher
in N-limited plants. In relation to TaMAX1 genes, no significant effect of N limitation
was found in the expression of TaMAX1al (2-way ANOVA, F(2,10)=0.07, p=0.80).
However, the transcript abundance of TaMAX1a2 increased in response to N limitation
and was significantly induced on days 8 and 12 after N limitation. TaMAXI1c and
TaMAX1d were found to be induced by N limitation from day 4 after N limitation

onwards.

Examination of the expression of genes involved in SL perception revealed that TaD3
was slightly induced by N limitation in the basal node, while TaD14 showed a
development-related decrease over time in both treatments. When compared to high
N treatment, TaD14 was downregulated in the N-limited plants 4 days after N
limitation. No difference was observed at 8 days after N limitation, while the mRNA

levels were found to increase at 12 days after limitation.
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Figure 3.6: Time-course analysis of the gene expression levels of SL biosynthetic (TaD27,
TaD17, TaD10, TaMAX1al, TaMAX1a2, TaMAX1c and TaMAX1d) and perception genes
(TaD3 and TaD14) in the basal node (0.5 cm of main shoot base) of wheat 0, 4, 8 and 12 days
after N limitation (0.1 mM N) compared to high N treatment (10 mM N). Values are means
of three biological replicates and error bars represent SE. Statistical analysis was conducted
with ANOVA in log>(1/NRQ) transformed values. * denotes statistically significant difference
in the gene expression levels between low N and high N plants at each time point based on
Fisher’s LSD test (TaD27 LSD (5%) = 0.56, TaD17 LSD (5%) = 0.44, TaD10 LSD (5%) = 0.68,
TaMAX1a1 LSD (5%) = 1.79, TaMAX1a2 LSD (5%) = 1.25, TaMAX1c LSD (5%) = 0.33, TaMAX1d
LSD (5%) = 0.49, TaD3 LSD (5%) = 0.15, TaD14 LSD (5%) = 0.49).

In addition, the expression of the transcription factor TaTB1 was examined in basal
node samples. TB1 is a bud-specific transcription factor involved in the suppression of
tillering and has been suggested to be one of the downstream targets of the SL
signalling pathway. As a result, the expression of TaTB1 was only monitored in basal
node samples and not in roots (Figure 3.7). Statistical analysis revealed that there is a
significant main effect of N treatment on the mRNA levels of TaTB1 (F(1,10)=42.5,
p<0.01, LSD (5%)=0.92). After 4 days of N limitation, the transcript levels of TaTB1 were
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increased, but no statistically significant difference was observed. However, the TaTB1
was significantly induced following 8- and 12-days of N limitation. The induced
expression of TaTB1 correlates well with the observed phenotype, given that the effect
of N limitation on tiller formation and bud outgrowth became more apparent from day
8 after N limitation. In the same tissue, the expression of another transcription factor,
TaGT1, was also monitored. GT1 expression has been associated with tiller
suppression, and it is considered a putative downstream target of TB1. The mRNA
accumulation of TaGT1 showed a developmentally related decrease in high N treated
plants over time. N supply had a strong effect on the expression of TaGT1 in the nodes
leading to a significant upregulation of TaGT1 expression in all the time points

examined (F(1,10)=189.4, p<0.01, LSD (5%)=0.59).
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Figure 3.7: Time-course analysis of the gene expression levels of transcription factors TaTB1
and TaGT1 in the basal node (0.5 cm of main shoot base) of wheat 4, 8 and 12 days after N
limitation (0.1 mM N) compared to high N treatment (10 mM N). Values are means of three
biological replicates and error bars represent SE. Statistical analysis was conducted with
ANOVA on log>(1/NRQ) transformed data. * denotes statistically significant difference in the
gene expression levels between low N and high N plants at each time point based on Fisher’s
LSD test (TaTB1 LSD (5%) = 0.92, TaGT1 LSD (5%) = 0.59).
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3.2.5 Transcriptional Response of SL Biosynthetic and Perception Genes in Root to N
Resupply

Based on the results presented in sections 3.2.3 and 3.2.4, the expression of SL
biosynthetic genes is strongly induced by N limitation in roots but also locally in the
nodes. To further examine the transcriptional response of SL biosynthetic genes to N,
gene expression was monitored after providing NOs to N-limited plants. More
specifically, wheat seedlings grown in low N conditions for 8 days were supplied with
high N nutrient solution and the expression of the gene of interest was examined
before, 24 and 72 h after the N resupply (Figure 3.8). High N and low N treated plants
were also included for comparison. Although the gene expression analysis had been
planned for both root and basal node tissue, data were only obtained from root

samples due to quality issues with the extracted RNA from basal node samples.

Before N resupply, the expression of SL biosynthetic genes (TaD27, TaD17, TaD10,
TaMAX1al and TaMAX1d) was significantly higher in low N plants compared to the
plants grown under high N conditions. This observation was consistent with previous
results, confirming that N limitation led to strong downregulation of SL biosynthesis in
roots (section 3.2.3). N resupply led to significant downregulation of all the SL
biosynthetic genes included in the study within 24 h, suggesting that the regulation of
the genes is controlled by N supply. In fact, a statistically significant difference based
on Fisher’s LSD test (p<0.05) was observed for all the SL biosynthetic genes at 24 h
between N-resupplied and N-limited plants. In addition, at 24 h after the N resupply,
the mRNA level of TaD27 and TaMAX1al dropped to the same levels as in high N
treated plants. Similarly, no significant difference was recorded between N-resupplied

plants and high N plants at 72 h for TaD10 and TaMAX1d.

A significant downregulation was recorded in the transcript abundance of SL
biosynthetic genes at 24 h, while the expression rose again by 72 h in the N-limited
plants. Despite this downregulation, the expression of SL biosynthetic genes was
higher compared to high N and N resupplied plants at all time points. The observed
downregulation might be related to the exchange of nutrient solution, which took
place at 0 h when all the plants received a fresh nutrient solution. Therefore, at 0 h,

low N plants were supplied with 1 L of 0.1 mM nutrient solution (1.4 mg of N), which
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might be responsible for the observed downregulation of SL biosynthetic genes. This
observation indicated that the regulation of SL biosynthetic gene expression is
regulated by local signals such as by NOs™ or by N metabolic products rather than the
plant N content, given that the 0.1 mM of N cannot significantly change the N status
of the plants. The transcript levels of those genes rose again at 72 h, presumably, as

the small amount of NO3™ provided was rapidly consumed.

The SL perception genes, TaD3 and TaD14, were significantly downregulated in low N
plants at 0 h, confirming the negative feedback regulation previously observed in roots
(section 3.2.3). Both genes were induced 24 h after N resupply and found to be
significantly higher compared to low N treated plants. More specifically, the mRNA
levels of TaD3 and TaD14 rose to the same levels as in high N plants within 24 h after
N resupply, while no further significant increase was observed at 72 h after the N
resupply. In plants treated with low N solution, the expression of TaD3 remained
stable, whereas TaD14 mRNA levels decreased over time. In addition, in low N roots,
no effect was observed at 24 h, as observed in SL biosynthetic genes, indicating that
the expression of TaD3 and TaD14 is not so sensitive to the N levels, but it is most

likely controlled by SL levels (feedback regulation) or other factors.
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Figure 3.8: Time-course analysis of the gene expression levels of SL biosynthetic (TaD27,
TaD17, TaD10, TaMAX1al, and TaMAX1d) and signalling genes (TaD3 and TaD14) in the root
of wheat before (0Oh), 24h and 72h after the N resupply. Values are means of three biological
replicates and error bars represent SE. Statistical analysis was conducted with an unbalanced
2-way ANOVA in logy(1/NRQ) transformed values. Different letters denote statistically
significant differences in the gene expression levels between the means based on Fisher’s LSD
test (TaD27 LSD (5%) = 0.85, TaD17 LSD (5%) = 0.40, TaD10 LSD (5%) = 0.59, TaMAX1al LSD
(5%) = 0.53, TaMAX1d LSD (5%) = 0.45, TaD3 LSD (5%) = 0.43, TaD14 LSD (5%) =0.57).
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3.2.6 Expression Pattern of Wheat MAX1 Genes in Root and Basal Nodes

The time-course analysis of the SL biosynthetic and signalling genes showed that N
limitation strongly induces the expression of SL biosynthetic genes in the root but also
locally in the basal nodes. However, the gene expression analysis presented in sections
3.2.3 and 3.2.4 also revealed that there was a tissue-specific regulation of MAX1
homologues in response to N supply. For instance, MAX1al was found to be induced
by N limitation only in roots, whereas the opposite was observed in MAX1c, whose
transcript abundance was affected by N limitation only in the basal node. Based on
that observation, it may be hypothesized that there might be a tissue-specific
expression or regulation of MAX1 genes. The expression data presented in the
previous sections were relative gene expression data obtained by RT-qPCR, which did
not allow for the direct comparison between the expression levels of different genes.
Therefore, to examine this hypothesis, data from different RNA-seq experiments
conducted as part of this project was utilised to compare the transcript abundance of
the different MAX1 genes. More specifically, the data were obtained from three
independent experiments conducted in either root or basal node tissue. Root data
were derived from 2 experiments, one conducted in T. aestivum cv. Graham at 15 DAS
and 24 h after N limitation (n=3) and an experiment performed in T. aestivum cv.
Cadenza plants at 18 DAS and 8 days after N limitation (n=6). Expression data for basal
nodes were retrieved from three independent experiments. The first and the second
experiment was conducted in T. agestivum Cadenza nodes at 18 DAS and 8 days after
N limitation (n=4 and 6, respectively), while the third experiment was performed in T.
aestivum cv. Graham nodes at 32 DAS and 18 days after N limitation (n=3). TPM values
of all the 13 identified wheat MAX1 genes were retrieved and presented as a heatmap
in Figure 3.9. Genes with TPM values below 0.5 (TPM<0.5) were considered as low

expressed.

Based on the heatmap, there was a distinct pattern of TaMAXI1s expression
distinguishing roots and basal nodes. TaMAX1a2-U and TaMAX1a2-3B are the
predominant MAX1 genes expressed in the root, showing the highest expression
values among all of the MAX1 homologues. This observation was consistent in both

cultivars, although some variation was observed in the two different experiments,
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probably related to the experimental condition and the different developmental
conditions. In high N treated roots, the average TPM value of TaMAX1a2-U and
TaMAX1a2-3B was ranging 5.96-6.43 and 5.05-11.71, respectively, depending on the
experiment. However, no expression of TaMAX1a2-3D, which also belong to the
MAX1a2 subgroup, was observed in the roots. TaMAXlal and TaMAX1d
homoeologues were also found to be expressed in roots, but the transcript abundance
was lower compared to TaMAX1a2 genes. On average, the total mRNA levels of
TaMAX1d homoeologues accounted for just 15% of the total MAX1 mRNA levels, while
TaMAX1a2 accounted for 73% in N-sufficient plants. In N-limited plants, due to
changes in the expression of MAX1 genes, the total transcript abundance of MAX1a2
homoeologues accounted for 97% of the total transcript abundance of MAX1 genes,
indicating that under N-limiting conditions, the MAX1a2 are responsible for the
biosynthesis of SLs in roots. No expression of MAX1b-3A and MAX1c homoeologues
was detected in roots in either high or low N conditions in any of the cultivars,

indicating that those genes are not expressed in roots.

TaMAX1c homoeologues were the predominant MAX1 genes expressed in basal
nodes. Depending on the experiment, the average TPM values of MAXlIc
homoeologues varied between 2.52-6.59 under high N conditions and between 5.12-
10.66 under N-limiting conditions. In addition, MAX1d homoeologues were expressed
in basal nodes, which accounted for 24-28% of the total TaMAX1 transcript
abundance. In some samples, low mRNA levels of TaMAX1a1-1D were also detected.
The expression balance of MAX1s in basal nodes did not drastically change in response
to N limitation, despite the upregulation of the genes by N limitation. No expression
of MAX1a2 homoeologues was detected in basal nodes in any of the samples included
in the analysis (TPM<0.5). As observed in roots, TaMAX1b-3A was not found to be

expressed in basal nodes.

The results demonstrated that there is a tissue-specific expression of the wheat MAX1
genes. MAX1a2 homoeologues are expressed only in roots, whereas MAXIc
homoeologues are only expressed in basal nodes. MAX1d genes are expressed in both
roots and basal nodes, but in none of the tissues were they the predominant form.

Low expression of MAX1al homoeologues was found in both tissues examined.
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MAX1b expression was not detected in any tissue either under high or low N

conditions.
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Figure 3.9: Expression data of wheat MAX1 genes from RNA-seq experiments in root and
basal nodes. (A) Heatmap comparison of wheat MAX1 gene expression values expressed as
TPM. Data were retrieved from five different RNA-seq experiments conducted as part of the
project in root and basal node tissue of T. aestivum cv. Cadenza or Graham, grown under high
N or low N conditions and at different time points (15, 18 or 32 DAS), depending on the study.
The values presented are means of biological replicates (n=3-6). (B) Percentage of each of the
MAX1 homoeologue group expression in the total wheat MAX1 expression in root and basal
node under high N or low N conditions. The percentages presented are mean values from
different experiments.

Page | 97



3.3 Discussion
3.3.1 SL Biosynthesis and Signalling Genes Regulated by N Supply

Nitrogen is an essential macronutrient for plant growth. Plant adaptation to N-limiting
conditions includes changes in root and shoot architecture in such a way as to increase
the use efficiency of available resources and maximize the chances of survival and
successful reproductive development. The results presented in this study
demonstrated that shoot architecture is strongly affected by N availability. N limitation
strongly suppressed tiller outgrowth resulting in a reduced number of tillers per plant.
As plant N levels decreased, the effect of N limitation on tillering became more
apparent by affecting the formation of higher-order tillers (Figure 3.4). In Arabidopsis,
branching is suppressed by the plant N status and not by the NO3 content of shoots,
as different sources of N had the same effect on branching. This suggests that tiller
suppression is controlled by systemic signals rather than by the local concentration of

NOs (de Jong et al., 2014).

In many species, N limitation has been found to promote SL biosynthesis and
exudation. This response has also been observed in wheat under N or P limitations
(Yoneyama et al.,, 2012). However, there are few studies focusing on the
transcriptional regulation of SL biosynthetic and signalling genes by N availability. To
investigate the interaction between N and SLs in wheat, the expression levels of the
major biosynthetic, perception and signalling genes were monitored in roots and basal
nodes of wheat grown under high and low N supply. The results showed that N
limitation strongly induces the expression of the examined biosynthetic genes. Thus,
it may be that the previously reported induction of SL levels under N-limiting
conditions in wheat is due to the strong upregulation of SL biosynthetic genes
(Yoneyama et al., 2012). Similar transcriptional regulation of D27 and D17 has also
been reported in rice roots upon N limitation (Sun et al., 2014). Moreover, the mRNA
levels of SL biosynthetic genes were found to be downregulated in roots after
transferring N-limited plants to high N conditions. These findings support the

conclusion that SL biosynthetic genes are tightly regulated by plant N status.
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SL perception genes, TaD3 and TaD14, were found to be strongly downregulated in
roots of low N plants. D3 and D14 expression has been reported to be regulated by a
negative feedback loop (Umehara et al., 2010, Sun et al., 2014, Marzec and Melzer,
2018). Therefore, this can explain the observed downregulation in low N roots and
further support that N limitation leads to elevated levels of SLs by upregulating the SL

biosynthetic genes.

SLs are thought to be predominantly produced in roots. However, the expression of
biosynthetic genes has also been detected in lateral buds. In fact, grafting experiments
in dicotyledonous species have demonstrated that locally produced SLs in shoots are
sufficient to control lateral branching. According to the results presented in this
chapter, expression of SL biosynthetic genes was detected in the basal nodes of wheat
plants, where N limitation induced their expression, as was also observed in roots.
Although TaMAXI1c did not show any response to N level in roots, it was induced in
nodes by N limitation. The opposite was true for MAX1al genes, suggesting a tissue-
specific regulation of those genes (further discussed in section 3.3.3). It is well
established that SLs are involved in tiller suppression under P limitation in rice and
Arabidopsis (Kohlen et al.,, 2011, Umehara et al.,, 2010). In fact, P limitation also
induces SL biosynthesis locally in rice buds (Umehara et al., 2010). Therefore, the
recorded induction of SL biosynthesis in basal nodes might contribute to tiller
inhibition under N limiting conditions. Wang et al. (2018) also showed a link between
N uptake and SL biosynthesis. More specifically, rice NPF7.2 overexpressing lines
showed enhanced tillering and NOs uptake, while the gene expression of SL
biosynthetic genes was strongly downregulated in tiller buds. The opposite effect was
observed for npf7.2 mutant lines, where the SL biosynthetic genes (D27, D17 and D10)
were suppressed in the tiller nodes within 3 h after N supply (Xu et al., 2015b).
Consequently, local SL biosynthesis in nodes is regulated by N availability and possibly
participates in the tiller regulation. However, de Jong et al. (2014) showed that N-
mediated bud outgrowth regulation is at least partly dependent on SLs in Arabidopsis.
SL mutants were found to form more branches than WT plants under low N conditions,
but SL mutants could still respond to N availability. Similar results were later reported

in rice d3 and d10 mutants (Luo et al., 2018b). However, less is known about other

Page | 99



roles of the elevated SL levels in the basal node under N limitation if SLs are not

necessary for tiller inhibition.

3.3.2 TB1 Induction by N Limitation in Wheat

TB1/BRC1/FC1 is a transcription factor that plays a central role in tillering/lateral
branching. Suppression of tillering has been associated with the high expression of TB1
in many species. In fact, overexpression of TB1 from maize in wheat suppressed
tillering, confirming that the role of TB1 is conserved among grasses (Lewis et al.,
2008). TB1 expression has been found to be regulated by many signals; therefore, TB1
has been suggested to act as a hub integrating hormonal and environmental cues
(Wang et al., 2019c). Based on the results presented in this chapter, TBI mRNA levels
were upregulated in the low N-treated plants. The induced expression of TB1 in N-
limited wheat plants correlated well with the observed tiller suppression, suggesting
that TB1 is also regulated by nutritional signals, such as N, to control tillering. In rice
tiller buds, N supply has also been shown to lead to downregulation of TB1 within 12
h, further supporting that TB1 facilitates the bud outgrowth control in response to N
availability (Xu et al., 2015b). Nevertheless, there is no clear evidence that N itself
affects TB1 expression directly; hence the effect of N supply on TB1 expression might
be controlled by other signals. Several studies have shown that TB1 expression is
regulated by SLs, CKs, sugar availability and other stimuli. TB1 is considered a
downstream target of the SL signalling pathway controlled by the D53 transcriptional
repressor. In wheat, it has been shown that TB1 transcription is controlled by IPA1 and
D53 (Liu et al., 2017). In the present study, N limitation induced the expression of SL
biosynthesis in nodes. As a result, the induction of TB1 under the same conditions can
be assumed that is controlled by the elevated levels of SLs. Other studies have shown
that TB1 is also negatively regulated by CKs. It is known that CK levels in plants are
strongly correlated with N supply. This might be another way in which N limitation

regulates TB1 expression leading to tiller suppression.

The exact mechanism by which TB1 controls tiller bud outgrowth remains elusive. GT1
is a homeodomain leucine zipper (HD-ZIP) transcription factor, which modulates shoot

branching. In maize, GT1 has been found to act downstream of TB1, controlling
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tillering under low-light conditions (Whipple et al., 2011). In Arabidopsis, it was shown
that under low light conditions, BRC1/TB1 directly regulates the expression of three
HD-ZIP TFs, orthologues of GT1 (Gonzalez-Grandio et al., 2017). These factors are
responsible for locally regulating ABA biosynthesis leading to bud dormancy. Based on
the expression analysis, TaGT1 expression is strongly induced in basal nodes by N
limitation. GT1 and TB1 showed a similar expression pattern indicating that the
association between TB1 and GT1 may also be the case in wheat. This mechanism of
tiller suppression has been demonstrated under low light conditions; however, the
expression data suggest that a similar mechanism might be involved in tiller

suppression under N-limiting conditions.

3.3.3 Distinct Expression Profiles of Wheat MAX1 genes

In Arabidopsis, there is only one MAX1 gene that catalyses the conversion of CLto CLA,
which is subsequently used as a substrate by a recently identified SABATH-
methyltransferase, and which produces Me-CLA (Wakabayashi et al., 2021). Me-CLA is
further metabolised by LBO for the synthesis of 1’-OH-MeCLA (Brewer et al., 2016,
Yoneyama et al.,, 2020a). Both Me-CLA and 1’-OH-MeCLA have shown activity as
branching inhibitors indicating that non-canonical SLs might be responsible for the
branching inhibition activity of SLs (Abe et al., 2014, Brewer et al., 2016). However, in
monocotyledons, it has been shown that there are multiple MAX1 homologues that
have been suggested to catalyse different steps in the conversion of CL to bioactive SL
molecules. Despite the progress in understanding the function of the different MAX1
genes in rice, their functional role in wheat remains elusive. Based on the phylogenetic
analysis, wheat has 13 distinct MAX1 genes. Phylogenetic analysis also showed that
MAX1s from grasses form four different clades. The results here are consistent with
Marzec et al. (2020), who reported the presence of four distinct clades, but in their
study, only eight out of the 13 identified wheat MAX1 sequences had been included
(Marzec et al., 2020). In clade B, only a single MAX1 wheat gene was found along with
three rice orthologues and one representative from all the other monocotyledons
included in the study. Interestingly, two different homoeologous subgroups were
found in clade A, while only B. distachyon was found to have closely related sequences

to both subgroups of clade A. No rice orthologue was present in clade A.
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Recent studies have shown that both 0s900 and Os1400 convert CL to CLA, while each
one show an additional specific activity (Yoneyama et al., 2018a). However, 0s1500
does not show enzymatic activity, which has been attributed to a premature stop
codon. More specifically, 0s900 convert CLA to 4DO, and 0s1400 convert 4DO to
orobanchol (Zhang et al., 2014). Orobanchol is one of the main SLs found in root
exudates, indicating that it acts as a rhizosphere signal. Similarly, Yoneyama et al.
(2018) also showed that ZmMAX1b, which belongs to the same clade (clade B), also
have activity similar to Os1400. According to Umehara et al. (2010), the expression of
0Os1400 was only found in rice roots, while mRNA was undetected in lateral buds
(Umehara et al., 2010). Based on the current RNA-seq data, TaMAX1b-3A, which is
closely related to 0s1400, Os900 and Os5100, was not found to be expressed in any of
the examined tissues. In comparison, members of the TaMAX1a2 subgroup were
found to be expressed exclusively in roots, and their expression was strongly induced
by N limitation. A similar, root-specific expression of BACYP711A31, which also belongs
to clade A2, has been reported in B. distachyon (Changenet et al., 2021). Therefore,
based on the expression pattern, it is assumed that members of subgroup A2 have a
similar function to 0s1400 and Os900 and are therefore involved in the biosynthesis
of canonical SLs such as orobanchol in roots. In wheat and other species, N limitation
stimulates the biosynthesis of orobanchol in roots (Yoneyama et al., 2012).
TaMAX1a2-3B and TaMAX1a2-U showed 48- and 37-fold induction, respectively, after
8 days under N-limiting conditions, while they accounted on average for 96% of the
total MAX1 transcript abundance under N-limiting conditions, indicating that they play
a predominant role in SL biosynthesis in roots. In fact, SbMAX1a, which is
phylogenetically close to TaMAX1a2, has been shown to be involved in the production

of orobanchol in sorghum, further supporting our hypothesis (Wu and Li, 2021).

051900 and 0s5100, which belong to clades C and D, respectively, have shown weak
conversion of CL to CLA based on yeast microsome studies (Yoneyama et al., 2018a).
In the same study, Yoneyama et al. (2018) also showed that ZmMAX1c and ZmMAX1a,
which are phylogenetically close to 0s1900 and 0s5100, respectively, showed also
weak conversion of CLto CLA, indicating that CL is not the preferred substrate of MAX1

enzymes belonging to those clades. The gene expression data in the present study
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revealed that TaMAX1c homoeologues are orthologues of 0s1900 and are only
expressed in nodes. More specifically, TaMAX1cs were the predominant MAX1 genes
expressed in basal nodes, while no expression was detected in roots. This observation
can explain why TaMAX1c mRNA levels were found to be upregulated by N limitation
only in basal nodes and not in roots, based on the time-course gene expression
analysis. This finding is consistent with expression analysis in B. distachyon, in which
transcript levels of BdCYP711A5 were higher in leaves compared to roots. SbMAX1c,
which is closely related to TaMAX1c, apart from the conversion of CL to CLA, also
catalyses the production of an unknown peak, indicating the production of an as yet
unidentified SL-like compound with a similar molecular weight of 18-hydroxy-CLA.
Marzec et al. (2020), based on in silico analysis, speculated that 0s1900 might be
involved in the biosynthesis of non-canonical rather than in the biosynthesis of
canonical SLs. Our expression analysis supports the hypothesis that TaMAXIc
homoeologues might be involved in the production of a yet unknown SL molecule or

SL intermediate, which is produced and act in shoots as tiller inhibitors.

Expression of TaMAX1d homoeologues was found in both tissues suggesting that
MAX1d function is required in both root and shoots. However, the expression levels

(TPM) were higher in nodes compared to roots.

In conclusion, the results showed a clear tissue-specific expression and regulation of
MAX1 genes in response to N limitation, suggesting different functionalities and roles
of wheat MAX1 genes. Further studies manipulating specific MAX1 genes are required

in order to better understand the functional diversity and the role of MAX1 in wheat.
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Chapter 4 Transcriptional and Phytohormonal Changes in
Basal Nodes of Wheat Grown under Low Nitrogen and
Low Phosphorus Conditions

4.1. Introduction
4.1.1 Background

Nitrogen is an essential macronutrient for plants as it is a fundamental component of
DNA, amino acids, proteins, chlorophyll, hormones, and cell structural components
(Ueda et al., 2017). As a result, N nutrition has a substantial impact on plant
metabolism, growth, and productivity. N is predominantly taken up from the soil as
inorganic N, mainly in the form of NOs and additionally in the form of NH4*. Nitrate
uptake is facilitated by members of the nitrate transporter 1/peptide family (NPF) and
high-affinity nitrate transporters (NRT2). Nitrate transporters are not only responsible
for N uptake from the soil but are also involved in the internal translocation of N and
also as N sensors (Noguero and Lacombe, 2016, Tegeder and Masclaux-Daubresse,
2018). Some members of the NPF family are also involved in the transport of proteins,
hormones, and other compounds (Buchner and Hawkesford, 2014). Following uptake,
NOs is assimilated into amino acids. N assimilation takes place either in roots or in
mature leaves after transport of the absorbed NOs through the xylem. Necessary
enzymes for the 2-step reduction of NO3™ to NH4* are nitrate reductase (NR) and nitrite
reductase (NiR). NR catalyses the reduction of NO3™ to nitrite, which is subsequently
reduced to NH4* by NiR. NH4* originated from NOs™ assimilation or directly absorbed
NH4* is then used by glutamine synthetase (GS) and glutamate synthase (GOGAT) to
produce glutamine (GIn) and glutamate, respectively. GIn is further converted into
asparagine (Asn) by asparagine synthetase (ASN). GIn and Asn are the main long-
distance transport forms of N, while ASN has been shown to play an essential role in
N assimilation, remobilisation, and recycling (Gaufichon et al., 2015). Those amino
acids are further used for the biosynthesis of other amino acids and N-containing
compounds. After the assimilation of NOs™ in source tissue (roots and mature leaves),
reduced N is transported to sink tissue, such as developing tissue, where they are used

to support growth (Tegeder and Masclaux-Daubresse, 2018). Amino acids are the main
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form of N transported within the plants from N source to sink tissues, while ureides
contribute to N distribution but to a lesser extent compared to amino acids in non-
legume species. The transport of amino acids to the sink organs is facilitated by amino
acid transporters (Yao et al., 2020). Some enzymes involved in N assimilation have also
been shown to have an essential role in N remobilisation, such as GS1 and glutamate

dehydrogenase (Bernard and Habash, 2009).

Due to the importance of N for cell function and plant growth, plant adaptation to N
limitation includes a plethora of morphological, physiological, and transcriptional
changes. Those changes as a whole are referred to as N-response, and they allow
plants to cope with N-limiting conditions. The development of high throughput RNA-
sequencing techniques has allowed genome-wide studies of N-response, providing a
fundamental understanding of the regulation of N responsive genes by N supply and
plant N status. In fact, several studies in wheat have shown that N status strongly
affects N uptake and assimilation genes, nutrient remobilisation, and also other
pathways such as central metabolism and photosynthesis, highlighting the pleiotropic
effect of N limitation on plant metabolism and growth (Meng et al., 2021, Wang et al.,
2019a). More recent studies in model plant species Arabidopsis and rice using systems
biology approaches provided evidence of transcription factors that act as master
regulators of N-response upon exposure of plants to NOsz or under N limiting
conditions (Gaudinier et al., 2018, Ueda et al., 2020). Those studies provided useful
information about the regulation of N-responsive genes but also emphasised the
complexity of the N-response. However, most of the studies conducted in wheat, but
also in model species, have focused on root tissue on how N affects N uptake and
assimilation and on changes that govern root architectural adaptation. In addition, a
great number of studies in wheat have also focused on leaf tissue, mainly on flag leaves
during reproductive development or grain filling, studying the effect of plant N status
on photosynthesis and N remobilisation (Curci et al., 2017, Meng et al., 2021, Sultana
et al., 2020). Meanwhile, no studies have focused on molecular pathways involved in
shoot architectural changes induced by N limitation during vegetative plant growth in

wheat.
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As shown in Chapter 3, N limitation strongly reduces tiller number. Tiller formation is
divided into two steps; the first step is the initiation of the lateral meristems, and the
second step is the bud outgrowth (Kebrom et al., 2013). Meristem initiation has been
shown not to be affected by N limitation in rice, whereas formed buds remained
dormant under N-limiting conditions (Luo et al., 2017). This observation suggests that
signals related to N limitation control the fate of the lateral buds, which remain
dormant under N limitation. Transcriptomic studies have provided evidence about the
molecular mechanism of bud dormancy in response to other signals that lead to
dormancy in other species (Kebrom and Mullet, 2016, Tarancén et al., 2017). However,
less is known about the underlying molecular mechanism of N limitation mediated bud
dormancy. The fate of a developed bud is known to be controlled by plant hormones,
while sugars have been shown to play an essential role as a signal controlling bud
outgrowth (Barbier et al., 2019). The response to nutrient-limiting conditions requires
not only sensing mechanisms but also local and systemic signals in order to coordinate
plant growth at a whole plant level. Plant hormones are likely candidates for
facilitating the systemic response to N status to modulate tillering. In fact, CK levels
are known to be associated with plant N status; therefore, they are considered long-
distance signals of N status (Sakakibara et al., 2006). In addition, as shown in Chapter
3, SL biosynthesis is strongly induced under N-limiting conditions in roots and locally
in the basal nodes, suggesting that they might be involved in N-mediated tiller

suppression.

The role of SLs under N limitation remains not well understood. More specifically, SL
production and exudation are mainly associated with P limitation and, to a lesser
extent, with N limitation (Yoneyama et al., 2012). Therefore, SL upregulation under N
limiting conditions has been attributed to the lower P uptake by N-limited plants
rather than directly to plant N status. In addition, less is known about the signals that
control the transcriptional regulation of SL biosynthetic genes. In split-root
experiments, it has been demonstrated that N or P themselves are not the signals
controlling SL biosynthesis in sorghum and rice under N or P limiting conditions,
respectively, but possible shoot-derived signals of N and P status are responsible for

SL production regulation (Yoneyama et al., 2015, Yoneyama et al., 2020b).
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4.1.2 Chapter Objectives

The aim of this chapter was to provide a better understanding of the transcriptional
and phytohormonal changes that govern N response in basal nodes and may be
associated with tiller suppression under N limitation. This was achieved by performing
RNA-sequencing and phytohormonal analysis in basal nodes of wheat grown for 8 days
under N-limiting conditions. Finally, the P limitation effect was also included in the
study, mainly focusing on the comparative impact of N and P limitations on SL

biosynthesis, signalling and perception.
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4.2. Results
4.2.1 Effect of N and P Limitations on Tillering

Both N and P limitations are known to negatively affect tillering. The results under N
limiting conditions showed that N limitation strongly induces SL biosynthesis in nodes
(section 3.2.4). To further explore the transcriptional changes under N limitation that
may be associated with tiller suppression, the basal nodes of wheat grown under N
limitation for 8 days were harvested for RNA-sequencing. In this trial, samples from P-
limited plants were also included. Based on the tillering data, N limitation had a greater
and more rapid effect on tiller outgrowth than P limitation (Figures 4.1A-B). The P
limitation effect was apparent 12 days after the P limitation, whereas 8 days after the
N limitation, a strong suppression of the second tiller outgrowth was observed. In
addition, 15 days after the nutrient limitation, the number of tillers in low N plants was
4-fold lower compared to the WT, whereas low P plants showed a 2-fold decrease in

tiller number.

4.2.2 Effect of N and P Limitations on Plant N and P Concentration

Total N and P analyses were performed to examine the effect of N and P limitation on
the macronutrient concentration of root and shoot (Figure 4.1C). The analysis was
conducted in sample material 8 days after initiation of the macronutrient limitation
(from the same plants as used for the RNA-sequencing). N limitation strongly reduced
the N concentration of both roots and shoots. The reduction in N concentration was
more substantial in roots than in shoots, with N concentration reduced by 60% in roots
and by 50% in shoots. A statistically significant decrease in the N concentration was
also observed in low P plants, but the reduction was only by 7-8% in both tissues

examined.

In relation to P concentration, a significant decrease in P levels was observed in the
root and shoot of low P plants. P concentration dropped by approximately 50% in both
tissues 8 days after P limitation. However, a decline in the P concentration was also
found in low N-treated plants. The effect of N limitation on P concentration was more
prominent in roots, where P levels declined by 20%, while in shoots, P concentration

was 8% lower in low N plants compared to the control. Although the decrease in P
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concentration was observed in low N plants, low N plants still showed 2-times higher
P concentration than the low P treated plants. This decrease in P levels in N-limited
plants may be associated with reduced P uptake by N-limited plants to maintain the

balance between N and P levels within the plant tissue.
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Figure 4.1: Effect of N and P limitation on wheat tillering. (A) The number of outgrown tillers
per plant at 4, 8, 12 and 15 days after N or P limitations. Values are means of four biological
replicates, and error bars represent SE. Statistical analysis was conducted with repeated
measures ANOVA (LSD (5%) = 0.998). (B) Representative plants grown under Control (10 mM
Nand 1 mMP), Low P (10 mM N and 0.01 mM P) and Low N (0.1 mM N and 1 mM P) conditions
at 12 days (22 DAS) days after the introduction of the plants to the nutrient limitation. (C) N
and P concentration in the root and shoot of low N- and low P-treated plants. Values are
means of four biological replicates, and error bars represent SE. Statistical analysis was
conducted with ANOVA. Different letters denote statistically significant difference between
treatment means based on Fisher’s LSD test (N Shoot LSD (5%) = 2.20, N Root LSD (5%) = 2.93,
P Shoot LSD (5%) = 0.24, P Root LSD (5%) = 0.43).

4.2.3 RNA-sequencing Results in Basal Nodes

Total RNA was extracted from basal nodes of plants grown under N and P limiting
conditions for 8 days and submitted for standard RNA-sequencing. In total, four
biological replicates were included per treatment. On average, each sample had 39 M
paired-end reads. The number of reads varied between 30 and 56 M for most of the

samples, apart from sample “LN4-8”, which yielded only 9 M reads. The low number
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of reads of this particular sample could indicate that this sample was problematic.
Quality control and downstream analysis were performed on all the raw data as
described in section 2.4.4. The quality of the potential problematic sample was
assessed at later steps. After the quality control check, raw data were mapped to the
T. aestivum reference genome IWGSC RefSeq v1.0 using the tool HISAT2. On average,
85.6% of the reads were aligned to the reference genome. The alignment rate ranged
from 82.7% to 93.6% among the samples. Subsequently, mapped reads were assigned
to exons, and the number of reads mapped to annotated genes was counted using the
featureCounts tool. On average, 52% of the reads were assigned to genes; that is, 23
M assigned reads to genes per sample, which provided adequate coverage of the
wheat transcriptome. Count data were then used for differential gene expression
analysis performed by the DESeq2 tool. Transcript abundance was also calculated by
utilising the kallisto tool and IWGSC RefSeq v1.0 annotation v1.1. Subsequently, the
gene abundance was also calculated by summing up the TPM values of the transcripts

that correspond to the same gene.

Prior to the differential gene expression analysis, a prefiltering of low expressed genes
was applied. Genes which had less than three samples with more than five counts
were removed from the analysis. After the prefiltering, in total, 86970 genes were
included in the analysis, which corresponds to approximately 32% of the annotated
genes. However, the number of genes was not evenly distributed between high
confidence (HC) and low confidence (LC) genes. In fact, among the 86970 genes, there
were 64401 HC and 22569 LC genes, which accounted for 60% and 14% of the
annotated genes of each category, respectively. LC genes are genes with partially
supported gene models or gene fragments, while there is evidence of transcription for
only 49% of the LC genes. Therefore, the low number of LC in the prefiltered dataset
was anticipated. Borill et al. (2019) have reported that around 49% of the HC genes

were found to be expressed in wheat leaves.
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Table 4.1: RNA-sequencing raw data analysis statistics.

sample Block Treatment Reads Alignment Assignment Assigned Pseudo-

(M) Rate (%) Rate (%) Reads (M) aligned (%)
C1-1 1 Control 331 84.89% 51.1% 19.6 80.8
C2-2 2 Control 42.6 86.10% 51.6% 26.0 81.1
C3-3 3 Control 30.2 84.93% 51.3% 17.8 81.2
Ca-4 4 Control 42.7 84.46% 51.7% 25.2 80.5
LN1-5 1 LowN 55.6 85.27% 51.4% 32.8 80
LN2-6 2 LowN 351 84.36% 49.9% 20.0 79.5
LN3-7 3 LowN 35.8 82.71% 49.6% 20.3 78.5
LN4-8 4 LowN 88.1 93.14% 64.6% 65.0 79.3
LP1-9 1 LowP 40.9 84.31% 50.7% 23.8 79.6
LP2-10 2 LowP 56.2 87.14% 54.2% 35.3 79.3
LP3-11 3 LowP 44.4 84.85% 50.6% 259 80.7
LP4-12 4 LowP 43.1 85.00% 51.6% 254 79.9

PCA plot analysis was also performed to assess the quality and the repeatability of the
data (Figure 4.2). Based on the PCA plot, biological replicates were found clustering
into three distinct clusters. Each cluster corresponded to each of the three treatments
included in the present study, suggesting good biological and sequencing repeatability.
PC1 accounted for 60% of the variance and separated samples based on their N supply,
whereas PC2 accounted for 26% of the variance and separated plants based on their
P status. In addition, from the PCA plot, it is suggested that the N limitation effect on

the transcriptome was stronger than the P limitation effect.

Based on the PCA analysis results (Figure 4.2) and the mapping statistics (Table 4.1),
sample “LN4-8” performed similarly to the other biological replicates; therefore, it was
finally included in the differential gene expression analysis despite the low number of
reads. Analysis was also carried out without including sample “LN4-8", and this did not

substantially affect the output of the differential gene expression analysis.
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Figure 4.2: Principal component analysis based on the differential gene expression analysis
results of N and P limitation effect in the basal node. PCA was based on the 500 most variable
genes. Biological replicates of each treatment (n=4) form distinct clusters. PC1 and PC2
account for 60% and 26% of the total variance, respectively.

4.2.4 Transcriptional Changes in Response to N and P Limitations

Genes with p-adjusted value corrected for multiple comparisons (padj) < 0.01 and fold
change difference (FC) > 1.5 (|log2FC| > 0.58) were considered as significantly
differentially expressed (DE) in this experiment. Overall, the N limitation had a
stronger effect than the P limitation on the gene expression in the basal node. In total,
5171 genes were found to be DE in nodes under low N compared to high N. N
limitation led to the downregulation of 2591 (2335 HC and 256 LC) genes, while 2580
genes (2247 HC and 333 LC) were upregulated (Figure 4.3A). On the other hand, P
limitation significantly altered the transcript abundance of 674 genes, among which

214 were downregulated and 460 upregulated (Figure 4.3B).
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Figure 4.3: Volcano plot of the differential gene expression analysis of the effect of (A) N and
(B) P limitations compared to the control. After prefiltering low expressed genes, in total,
86970 genes were included in the analysis. Each dot corresponds to a single gene. Red dots
represent significantly DE genes (padj < 0.01 and |FC|>1.5). Overall, 5171 genes were found
differentially expressed by N limitation and 674 by P limitation.

4.2.5 Validation of RNA-sequencing Results

RNA-seq results were also confirmed by comparing the gene transcript abundance
(TPM) with the relative gene expression value (NRQ) obtained from RT-qPCR. Three
different genes were used for the RNA-seq validation, TaD27, TaD17 and TaCKX3
(TraesCS1A02G159600, TraesCS1B02G176000, TraesCS1D02G157000). For all the
three genes, there was a good correlation (R > 0.9) between the expression values
obtained from the RNA-seq and the RT-qPCR, while the effect of the treatment was
also found to be consistent in both methods (Figure 4.4). Consequently, it is suggested

that the RNA-seq data were reliable.
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Figure 4.4: RNA-seq validation test results. Three genes were included in the validation test
(TaCkX3, TaD17 and TaD27). (Top) Pearson correlation analysis of TPM values obtained from
the RNA-seq and NRQ expression values obtained from RT-qPCR. (Bottom) Comparison
between average treatment effects (n=4) based on RNA-seq (TPM) and RT-qPCR data (NRQ).

4.2.6 Functional Annotation Enrichment Analysis

For the biological interpretation of the transcriptional changes by N and P limitation in
the nodes, GO enrichment analysis was carried out. GO enrichment analysis was
performed in GO: profiler separately for the upregulated and downregulated genes,
while only HC genes were included in the calculation, as LC genes are not included in
the GO wheat reference. Enriched biological process (BP) and molecular function (MF)
GO terms with padj < 0.05 were retrieved. Subsequently, redundant GO terms were

removed using the REVIGO tool.

After removing redundant terms, 51 MF and 46 BP GO terms were found enriched in
the list of downregulated genes by N limitation. Genes upregulated under N limiting
conditions were enriched in 25 and 21 MF and BP GO terms, respectively. Among the
genes downregulated by P limitation, 12 MF and 13 BP GO terms were

overrepresented. For P limitation, there were 12 and 10 MF and BP enriched terms,
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respectively, in the list of the upregulated genes. The top 10 enriched terms for the
upregulated and downregulated BP and MF GO terms are shown in Figure 4.5 for the

N limitation and in Figure 4.6 for the P limitation.

According to GO enrichment analysis, N limitation downregulated genes enriched for
housekeeping functions such as translation (GO:0006412), structural constituent of
ribosome (GO:0003735), RNA binding (GO:0003723) and processes related to central
metabolism and energy production such as carboxylic acid metabolic process
(G0O:0019752), carbohydrate catabolic process (GO:0016052), tricarboxylic acid (TCA)
cycle (G0O:0006099) and generation of precursor metabolites and energy
(GO:0006091). Moreover, BP GO term vegetative meristem growth (GO:0010448) was
among the enriched terms in the downregulated DE genes. On the other hand, the
upregulated genes by N limitation were enriched for terms such as plant cell wall
biogenesis (GO:0009834) and terms related to plant responses to biotic stress such as
immune system response (G0:0002376), systemic acquired resistance (GO:0009627).
In addition, carbohydrate transporters (G0:0008643) and transporter activity
(G0O:0005215) were among the top GO enriched terms in the upregulated genes
indicating changes in resource allocation under N-limiting conditions. Ureide
catabolism (G0:0010136) and allantoinase activity (GO:0004038) were also enriched
in N-limited nodes. Ureide catabolism is part of the N recycling in plants. The second
and third top GO enriched terms for the upregulated genes in response to N limitation
were the sesquiterpenoid biosynthetic process (G0O:0016106) and strigolactone
biosynthetic process (G0:1901336), pointing out that N limitation strongly affected SL
biosynthesis. Shoot system development (GO:0048367) was also found to be enriched
in the upregulated genes. Finally, the top MF GO term was DNA binding TF activity
(G0:0003700), indicating strong changes in the expression of transcription factors

(TFs) involved in the modulation of N-response.
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Figure 4.5: GO term enrichment analysis of the differentially expressed genes in the basal
node of wheat grown under N limitation for 8 days. (Top) Top 10 enriched GO terms in
Biological Process (BP) and (Bottom) Molecular Function (MF) in the upregulated (red) and

downregulated (blue) DE genes.
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Figure 4.6: GO term enrichment analysis of the differentially expressed genes in the basal
node of wheat grown under P limitation for 8 days. (Top) Top 10 enriched GO terms in
Biological Process (BP) and (Bottom) Molecular Function (MF) in the upregulated (red) and
downregulated (blue) DE genes.

On the other hand, terms related to response to P starvation (GO:0016036), inorganic
diphosphate activity (GO:0004427) and dephosphorylation (GO:0016311) were found
to be enriched in the list of upregulated genes due to P limitation. In addition, the GO
terms lipid metabolic process (G0:0006629) and sulfolipid metabolic process
(G0O:0046505) were also enriched, indicating induction of cell phosphate recycling

mechanisms by retrieving P from phospholipids of the cell membrane (Kobayashi et
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al., 2006, Nakamura, 2013). This observation confirmed that P starvation responses
had been initiated in low P plants, although the observed response on tillering was not
so strong. Carbohydrate transport (GO:0008643) and DNA binding transcription factor
activity (G0O:0003700) were also found enriched in the upregulated genes under P
limitation, but the number of genes contributing to these terms was much lower
compared to the low N conditions. Downregulated genes by P limitation were
enriched for terms related to phosphate (G0:0010966) and zinc transport
(GO:0006829). Finally, protein synthesis and ribosome-related terms (G0:0042254)
were also enriched among the upregulated genes by P limitation but to a lesser extent

compared to the effect of N limitation on the respective terms.

To further examine which metabolic pathways were mainly affected by N and P
limitation, KEGG enrichment analysis was conducted using a custom wheat KEGG
reference containing more than 46000 wheat genes annotated to KEGG pathways and
BRITE hierarchies. Similarly to GO enrichment analysis, KEGG enrichment analysis was
performed separately for downregulated and upregulated genes. The top five
enriched terms for each nutrient limitation effect can be found in Figure 4.7. For N
limitation, 13 and 49 terms were enriched in the upregulated and downregulated
genes, respectively. Among the DE by P limitation, nine and 10 pathways were

overrepresented in the list of upregulated and downregulated genes, respectively.

Downregulated genes under N limitation were enriched in terms related to translation
and central metabolism, consistent with the results from GO enrichment analysis. On
the other hand, “transcription factors” was the top KEGG term, while “plant hormone
signal transduction” and “carotenoid biosynthesis” were enriched in the list of
upregulated genes under N limitation. Finally, upregulated genes were also enriched
in the term “transporters”, suggesting that N limitation has a substantial impact on
resource allocation. “Translation” and “ribosome” were found to be overrepresented
in the list of downregulated genes by P limitation, as also shown under N limiting
conditions. Moreover, distinct terms were found enriched among the upregulated
genes by P limitation that are mainly related to glycerolipid metabolism. As also

mentioned above, dephosphorylation of lipids and replacement of P with S has been
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previously reported under P limitation as a way of recycling cell P pools (Nakamura,

2013).
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Figure 4.7: KEGG pathway enrichment analysis of the differentially expressed genes (Top) by
N limitation and (Bottom) by P limitation in the basal node of wheat grown under the
respective nutrient limitation for 8 days. Top five enriched KEGG terms in the upregulated
(red) and downregulated (blue) genes.

4.2.7 N Limitation Effect on Genes involved in Dormancy

DORMANCY-ASSOCIATED PROTEIN-LIKE 1 (DRM1) encoding protein has been
associated with bud dormancy in many plant species (Finlayson et al., 2010, Kebrom
et al.,, 2012). The exact function of DRMs remains not well understood, but high
expression of DRM1 has been recorded in dormant buds, while its expression is

decreased soon after bud outgrowth. As a result, DRM1 is considered a conserved
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molecular marker of bud activity in several plants (Tarancén et al., 2017). Rice presents
four DRM genes (DRM1-4). Based on orthology search, wheat has three homoeologues
orthologous to each of the OsDRM genes (in total nine genes), apart from OsDRM_2,
for which no wheat orthologues were found. DRM2 in rice has been found to have
very weak expression compared to the rest of the DRMs (Luo et al., 2019). In the basal
node, TaDRM4 homoeologues showed the strongest expression (higher TPM)
compared to TaDRM1 and TaDRM3. Under N-limiting conditions, the expression of all
wheat DRM genes was found to be significantly induced in basal nodes (Appendix D).
This observation was consistent with the observed phenotype and the function of the

genes as dormancy markers.

In addition, as suggested by GO enrichment analysis, many genes involved in
translation and genes encoding ribosomal proteins were strongly suppressed under
low N conditions in the basal nodes. This finding indicates strong suppression of
protein synthesis in response to N limitation. Transcriptomic studies in other species,
like sorghum and Arabidopsis, have also linked bud dormancy with the suppression of
translation-related genes (Kebrom and Mullet, 2016, Gonzéalez-Grandio et al., 2017).
Similarly, ribosomal genes are strongly downregulated in dormant buds of rice (Luo et

al., 2019).

Apart from a strong downregulation in ribosomal genes, other genes which are
required for growth and proliferation were found to be significantly suppressed by N
limitation, such as genes involved in DNA replication and cell cycle progression
(Appendix D). In fact, genes encoding proliferating cell nuclear antigen, essential for
DNA replication, were suppressed by N limitation in the basal nodes. Similarly, the
wheat orthologues of rice FLATTENED SHOOT MERISTEM, which plays an important
role in regulating cell cycle progression and vegetative meristem growth, were
downregulated by N limitation. Many genes encoding histones (H2A, H2B, H3) and
cyclins were also suppressed by N limitation in basal nodes. These results suggested
that N limitation strongly suppressed processes related to cell proliferation and DNA
replication. Bud outgrowth is a process that requires actively proliferating cells;
therefore, suppression of those processes by N limitation contributed to growth

suppression. Luo et al. (2017) demonstrated that in actively grown buds after N supply,
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the expression of genes involved cell proliferation and DNA replication are induced in

buds leading to bud outgrowth (Luo et al., 2017).

4.2.8 N Limitation Effect on Genes involved in N Metabolism and Transport

A large number of genes affected by N limitation in basal nodes were genes involved
in N transport, assimilation and recycling. In total, 34 genes encoding nitrate
transporters were found to be significantly DE (Appendix D). Among them, there was
only one high-affinity nitrate transporter, TaNRT2.16-2D, which was found to be
significantly downregulated by N limitation. In addition, 25 genes encoding NPF
transporters were upregulated in nodes by N limitation, whereas eight NPFs were
strongly downregulated. Apart from nitrate transporters, the transcript abundance of

TaAMT1.2 homoeologues increased in low N plants.

Furthermore, the expression of many genes involved in nitrate assimilation was
suppressed under N limitation (Appendix D). Those affected genes included TaNR1,
TaNR2 and TaNiR involved in nitrate reduction to ammonium. In fact, TaNiR
homoeologues showed a 34-fold downregulation, while the expression of TaNR2
encoding genes was found 8-fold lower. Strong downregulation was also observed for
homoeologous genes encoding GS enzyme (TaGSr), which were 4-fold downregulated.
Downregulation was also observed in one of the wheat genes encoding NADPH-
dependent glutamate synthase (TraesCS3A02G266300) and Fd-GOGAT glutamate
synthase (TraesCS2D02G132900). Among the N assimilation genes, only TaGS1
homoeologues were found to be upregulated by N limitation. It is known that cytosolic
GS, apart from the role in N assimilation, also plays an essential role in N recycling and
remobilisation (Bernard and Habash, 2009). Previous studies have also reported
upregulation of some cytosolic GS gene members under N limiting conditions, while
others are downregulated (Bernard and Habash, 2009). The significant upregulation of
TaGS1 homoeologues in nodes under N limitation suggests that the encoded GS

isoform might be involved in nitrogen remobilization.

Apart from genes involved in primary N metabolism, RNA-seq analysis revealed that N
limitation had a strong impact on N recycling by stimulating ureide catabolism. Ureides

comprise one of the primary forms of N transported within the plant from source to
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sink tissues, along with amino acids (Tegeder and Masclaux-Daubresse, 2018). The
main form of ureides found in plants is allantoin. Accumulation of allantoin has been
reported under stress conditions suggesting that allantoin might be a regulator of the
stress response (Kaur et al., 2021). In addition, under N stress, allantoin degradation
contributes to N recycling and reassimilation into amino acids in sink tissue to support
critical physiological processes and growth (Lee et al., 2018). Three homoeologues
encoding ureide permease (UPS) were induced in basal nodes under N limitation,
whereas four orthologous genes of rice UPS1 were downregulated. OsUPS1 has been
shown to play an important role in rice plant adaptation to N-limiting conditions by
affecting ureides partitioning within the plants (Redillas et al., 2019). Consistent with
observations in the present study, the expression of OsUPS1 was downregulated in
shoots on rice plants under low N conditions (Lee et al., 2018). N limitation also led to
strong induction of genes encoding enzymes involved in allantoin catabolism,
allantoinase, and allantoate deiminase. Those changes indicated that under low N
conditions, ureide catabolism and utilization as an N source for N reassimilation into
amino acids were induced in wheat basal nodes, while ureide catabolism played a less

important role under N-sufficient conditions.

4.2.9 N Limitation Effect on Amino Acid Transporters

Amino acid is the predominant form of reduced N transported within the plants
(Tegeder and Masclaux-Daubresse, 2018). Under stress conditions, amino acid
transport plays an important role in N partitioning and redistribution. Amino acid
transport is facilitated by amino acid transporters (AATs). The major subfamily of AATs
is the amino acid permease (AAP) family. Wheat amino acid transporters have been
shown to play an essential role in N remobilisation during senescence and also during
stress conditions. In total, 34 genes annotated as AATs were significantly affected in
the basal nodes by N limitation (Appendix D). Among the AAP members, six members
were downregulated (orthologous genes of OsAAP7 and OsAAP5). On the contrary,
orthologues of rice AAP6 and AAP8 were significantly upregulated. The expression of
OsAAP6 orthologues was very low (TPM < 0.2), while their expression rose under N
limitation, indicating that they are involved in amino acid remobilisation under N

limiting conditions. Similarly, all the three homologues of wheat TaAAP13 were
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significantly upregulated in nodes by N limitation. Recently Wan et al. (2021)
demonstrated expression of AAP13 is involved in sink strength for nitrogen transport
in wheat (Wan et al., 2021). In addition, N had a negative effect on the mRNA
accumulation of genes encoding amino acid transporter-like (ATL) proteins. In
addition, eight wheat genes encoding glutamine dumper transporters showed 8-fold
downregulation in response to N limitation. GDU transporters have been found to be
involved in amino acid export in Arabidopsis cells (Yu et al., 2015). Moreover, five
members of proline transporters were strongly upregulated under N-limiting
conditions. The effect of N limitation on amino acids transporters locally in the nodes
indicated strong changes in N redistribution under N-limiting conditions and diversion

of amino acids to growing tissue.

4.2.10 N Limitation Effect on Genes involved in Central Metabolism

As identified by the functional annotation enrichment analysis, several pathways and
biological processes related to central metabolism and energy production were
overrepresented in the list of DE genes. Further examination showed that N limitation
suppressed the expression of several genes involved in glycolysis, TCA cycle and
others. More specifically, genes encoding 6-phosphofructokinase, fructose-
bisphosphate aldolase, glyceraldehyde-3-phosphate dehydrogenase,
phosphoglycerate kinase and downstream genes of the glycolytic pathway were
strongly downregulated. Those enzymes are essential for the maintenance of
glycolysis and carbon (C) metabolism. Similar strong downregulation in the basal
nodes of N-limited plants was observed in genes encoding enzymes of the TCA cycle
such as pyruvate dehydrogenase, malate dehydrogenase, citrate synthase, 2-
oxoglutarate dehydrogenase and many others. For the majority of the above-
mentioned genes, the negative effect of N limitation on transcript abundance was
consistent in all the three homoeologues, indicating a consistent and robust effect of
N supply in energy production through glycose utilisation. Tiller bud outgrowth is an
energy-consuming process; therefore, the N limitation effect on processes like
glycolysis and the TCA cycle could lead to low sugar utilisation in basal nodes, which in

turn leads to growth arrest.
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4.2.11 N Limitation Effect on Genes involved in Sugar Transport and Signalling

Apart from the observed changes in glucose utilisation, many genes involved in
sucrose transport and metabolism were among the DE genes indicating that N
limitation did not only affect changes in carbon use but also in the assimilate
partitioning (Appendix D). Cell wall invertases (cwINV) catalyse the breakdown of
sucrose into Glc and Fru in the apoplast; therefore, their function is required for
sucrose unloading and partitioning. Many genes annotated as cwINVs and orthologues
to OsCIN1, OsCIN2 and OsCIN7 were found to be significantly downregulated by N
limitation in the basal nodes. A similar response was also recorded for the three
homoeologues encoding cytosolic INV. Invertase activity is associated with the C sink
strength of the tissue since it reflects the ability of the tissue to absorb and utilise
sucrose. In sorghum, bud outgrowth is accompanied by upregulation of cwINVs,
increasing the sugar sink strength of the developing bud (Kebrom and Mullet, 2016).
Downregulation was also recorded for three genes encoding proteins with putative
fructokinase activity (FPK). According to recent studies, FPKs are also related to the
sink strength of the tissue along with sucrose synthetase (SUC) (Stein and Granot,
2018). Wheat orthologues of OsSUC2 and genes encoding sucrose-phosphate
synthase (SPS) were also strongly downregulated in low N nodes. Those changes might
reflect the strong impact of N limitation in sugar partitioning to basal nodes and

subsequently to developing buds.

In addition to the downregulation of genes involved in sucrose metabolism, the KEGG
term “sucrose metabolism” was also enriched in the genes induced by N limitation.
Additional examination showed that the majority of those genes encode proteins with
hydrolase activity such as cellulase, glycoside hydrolase, and beta-glucosidase activity,
suggesting that N deprivation induces break down of polysaccharides and cell wall
components to simple sugars to be utilised in situ or to be loaded into the phloem and

transported in other tissue.

Sugars will eventually be exported transporters (SWEETs) across the plasma
membrane. Many orthologous genes of SWEET transporters (23) from other species
were found to be differentially expressed by N limitation. In fact, 17 wheat orthologues

of AtSWEET11, 12, 13 and 14 were induced by N limitation. On the contrary,
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orthologous genes of AtSWEET6, 7 and AtSWEET10, 15 showed the opposite response
(downregulation). The induction of several SWEET genes has been previously reported
in dormant buds. In Arabidopsis and other plant species, SWEET11, 12 are induced in
dormant buds (Tarancén et al., 2017). SWEET11, 12 are involved in phloem loading of
sucrose for long-distance transport within the plants (Chen et al., 2012). Higher
expression in the nodes of N-limited plants might reflect strong loading of sucrose into
phloem and remobilisation into other tissue, like roots, rather than the use of sugars
locally in nodes for secondary shoot formation. Similar downregulation was also
observed in genes encoding sucrose transporter 1 (SUT1), which also facilitates sugar

transport across the plasma membrane.

Tre6P is considered an important signalling molecule that coordinates plant growth
and development based on the available C resources (Fichtner and Lunn, 2021). More
specifically, Tre6P has been found to be positively correlated with sucrose levels.
Therefore, it has been suggested that it acts as a signal of sucrose levels and regulates
the metabolic status of the tissue (Fichtner and Lunn, 2021). In sink organs such as
lateral (tiller) buds, the levels of Tre6P act as a signal affecting developmental
decisions, such as the bud outgrowth acting as a signal of the plant capacity to provide
the developing tissue with the required sugars. Consistent with that, reduction in
Tre6P levels leads to growth suppression. According to the RNA-seq data, N limitation
affected the expression of some genes of Tre6P metabolism. All three homoeologues
of TaTPP4, encoding trehalose-6-phosphate phosphatase (TPP), were found to be
significantly upregulated more than 2-fold in the basal nodes of low N plants. The same
response was found for TaTPP8-7D. On the other hand, N limitation decreased mRNA
abundance of TaTPP1 homoeologues. Opposite regulation of TPP family members in
dormant buds has been previously reported in sorghum (Kebrom and Mullet, 2016).
Consistent with the observations in this thesis, the orthologues of TaTPP4 and TaTPP8
have been found to be upregulated in sorghum dormant buds, while the opposite was
true for the orthologues of TaTPP1. Moreover, members of the trehalose-6-phosphate
synthase family (TPS) were included on the list of the significantly DE genes. Therefore,
it is suggested that N limitation affected Tre6P homeostasis, which might be

responsible for the observed changes in metabolic reprogramming (C utilization and
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sugar transport), leading to growth arrest. Another essential component of the energy
signalling pathway is SnRK1. SnRK1 controls the expression of thousands of genes and
the function of many enzymes by post-translation modifications (Sakr et al., 2018).
SnRK1 suppresses resource partitioning for growth leading to growth arrest. The
expression of two wheat genes encoding SnRK1A protein kinase was significantly
induced in basal nodes of wheat plants grown under N limitation. Therefore, it is
suggested that N status influenced the C signalling mechanisms to control C

partitioning and growth.

4.2.12 N Limitation Effect on Transcription Factors

Both GO and KEGG enrichment analyses showed that N limitation had a strong effect
on genes which encode proteins with transcription factor activity. TFs are an important
component of plant responses since they regulate the expression of several
downstream genes to coordinate metabolic and development responses. Therefore,
to identify the TFs affected by N limitation in wheat basal nodes, DE transcription
factors were identified and classified into different TF families. Initially, wheat TF
reference was obtained from Ramirez et al. (2018), which has also been used and
utilised more recently by Borrill et al. (2019). This reference contained 4956 genes
annotated as TFs and classified into 58 different families (Ramirez-Gonzalez et al.,
2018, Borrill et al.,, 2019). The list of genes was based on the RefSeql.0 wheat
annotation, so the gene IDs were converted to the RefSeql.1. Six genes were not
present in RefSeql.1 gene annotation, so they were removed from the list. To identify
additional TFs and transcriptional regulators not included in the original list, genes
annotated with the GO term “DNA-binding transcription factor activity” (GO:0003700)
were retrieved from Biomart. Additionally, 615 genes annotated as TFs were found in
RefSeql.1 wheat annotation with a putative TF activity. Subsequently, the tools iTAK
(Zheng et al., 2016), PlantTFDB (Jin et al., 2016) and PlantTFcat (Dai et al., 2013) were
used to classify the TFs into different families and to confirm their TF activity. Among
the 615 protein sequences, 533 were predicted to be putative TFs or transcriptional
regulators based on the results from the above-mentioned tool. After combining both
lists, a new wheat TF reference was compiled, including 5483 genes classified into 67

TF families.
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After creating the new wheat TF reference, the TFs affected by N limitation were
further examined to understand how N limitation coordinated transcriptional changes
in nodes. In total, 3063 TFs were found to be expressed in nodes (TPM > 0.5) in at least
one of the treatments included in the RNA-seq experiment. N limitation significantly
affected the expression of 258 TFs (8.4%) in basal nodes. The majority of the DE TFs,
196 (76%), were upregulated by N limitation, whereas only 62 were found to be
suppressed by N limitation. Subsequently, the percentages of the differentially
expressed TFs per TF family were calculated and presented in Figure 4.8. Thirty-seven
TF families were found to have at least one member that was affected by N limitation
in the basal nodes. Some TF families like NF-YA, GARP-ARR-B, EIL, C2C2-CO-like,
CAMTE and others were exclusively upregulated, while TF families such as whirly, SWI-
SNF had only members that were downregulated by N limitation. However, some
families, namely bZIP, GARP-G2-like, and others, had members that showed either

upregulation or downregulation in response to N limitation (Figure 4.9).
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Distrubition of Differentially Expressed TF across TF families
in response to N limitation
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Figure 4.8: Percentage of expressed TFs that were significantly DE in N-deficient basal nodes
per TF family. The number of TF expressed (TPM > 0.5) per family is in brackets. Only families
with more than two significantly DE members are included. Significantly enriched families are
indicated with asterisks.

Among the TF families affected by N limitation, NF-YA showed the most changes
proportionally compared to other families. More than 60% of the NF-YA family
members expressed in nodes were found to be significantly induced under N-limiting
conditions. NF-YA are part of the Nuclear Factor Y (NF-Y) complex, which binds to the
CCAAT box in the promoter regions of genes controlling their expression. NF-YAs have
been found to be induced by nutrient stress, and their role has been mainly associated

with prolonged exposure to stress conditions. NF-YAs suppress genes involved in cell
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elongation and C partitioning leading to the suppression of plant growth (Leyva-
Gonzalez et al., 2012). NF-YA encoding genes are induced by N starvation in both
above- and below-ground tissues (Zhao et al., 2011). Recent studies in Arabidopsis
showed that some members of the NF-YA family, such as AtNF-YA5, are essential
components of the transcriptional network responding to N status (Gaudinier et al.,
2018). Moreover, in Arabidopsis, NF-YA8 was also found to be affected by sugar levels
indicating NF-YAs might also integrate sugar signals (Zhao et al., 2020). Therefore, the
observed upregulation of NF-YAs under N limitation in basal nodes might contribute

to tiller suppression by repressing genes involved in C utilization for growth.

GARP-ARR-B was the second TF family with the highest proportion of DE members. In
total, 16 type-B RRs were found to be expressed in nodes, among which six were found
to be significantly upregulated (Figure 4.9). Type-B RRs are known to be involved in
the CK signalling pathway, being responsible for the transcriptional response to CKs.
Arabidopsis loss-of-function mutants of different type-B ARRs are insensitive to CK
signals and show an abnormal growth (Argyros et al., 2008, Ishida et al., 2008). The
strong effect of N limitation on the expression of type-B RRs indicates the involvement

of CK signalling in the N limitation response in nodes.

The C2C2_CO-like family was also found to be enriched in the list of the genes
upregulated by N limitation. In total, six members of the CO gene family were found
to be upregulated. Two wheat orthologues of AtBBX16 were significantly induced by
N limitation. AtBBX16 was part of the TF network of N response (Gaudinier et al.,
2018). In addition, AtBBX7 orthologues were among the genes induced by N limitation

in nodes.
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Figure 4.9: Heatmap of differentially expressed transcription factors in the basal node of
wheat grown under N limitation for 8 days based on the RNA-seq data. (Left) Heatmap of
258 DE TFs by N limitation. (Right) Expression patterns of DE TFs which been identified as key
N-response regulators based on previous studies. Each row corresponds to a different gene,
while columns correspond to different samples grouped by treatment. Row annotation
corresponds to the TF family. Data are Z-scores of regularised log normalised counts (rlog) as
generated by DESeq2. Red colour corresponds to higher transcript levels while green to lower.
Row names consist of the GenelD and the name of A. thaliana or O. sativa orthologue.

In nodes, the MYB-related family was the most commonly expressed TF family, with a
total of 339 members to be expressed in the basal node. N limitation induced the
expression of many MYB family members (39), indicating that MYB transcription
factors are an important part of the N response in wheat. MYB family is one of the
most widespread families of TFs in plants. Several studies have demonstrated that
MYBs are necessary for plant responses to abiotic stress such as drought, salinity, and
others, while their functions have been associated with changes in secondary
metabolism (Wang et al., 2021). In durum wheat, MYB genes were strongly
differentially expressed by N limitation in roots and leaves (Curci et al., 2017). A strong

effect of N limitation on MYB TFs has been reported in wheat seedlings growing under
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N-limiting conditions (Wang et al., 2019a). Moreover, three orthologues of OsPHR4
showed a more than 2-fold increase in response to N limitation (Figure 4.9). OsPHR4
in rice is induced by P starvation and governs transcriptional changes of P limitation
response along with other PHRs (Ruan et al., 2017). Consistent with the results
presented in this thesis, other studies have also shown that PHRs are induced under N
limitation; thus, PHRs are considered to take part in coordinating N and P homeostasis

under nutrient stress (Sun et al., 2018).

Furthermore, N-limiting conditions led to changes in the expression of WRKY TFs.
WRKY is one of the most prominent families of TFs in plants. WRKYs have a diverse
role in plant response to biotic and abiotic stress, while they interact with many
hormonal pathways (Jiang et al., 2017). Plant exposure to stress conditions leads to
the induction of many WRKY members. Consistent with that, 28 WRKYs were induced
in nodes under N limitation. Wang et al. (2019) reported that N starvation response
includes upregulation of many members of WRKY family members in roots. On the

contrary, four WRKY TFs were suppressed in N-limited nodes.

Certain TF families were downregulated by N limitation. In fact, the TAZ family of TFs
was significantly enriched in the list of downregulated genes. N limitation suppressed
the mRNA levels of five members of the TZ family, which accounted for 28% of the
expressed TAZ TFs in nodes. The affected genes were orthologues of AtBT1, 2 and
showed, on average, a 4-fold downregulation in response to N limitation (Figure 4.9).
BTs are NOsz inducible genes controlled directly by the NLP master regulator,
suggesting that transcriptional regulation of BTs is a crucial step of the plant nitrate
response (Sato et al., 2017). BTP acts as a negative regulator of NO3 uptake under
sufficient conditions. Moreover, BT2 expression has been linked to nitrogen use
efficiency (NUE) in rice since mutation in OsBT2 improved NUE (Araus et al., 2016). In
addition, in the same study, it was shown that manipulation of BT genes also affected

tiller number during vegetative stages in rice.

AS2/LOB was another TF family which was found to be enriched in the list of
downregulated genes. Further examination revealed that six members of this family
were strongly downregulated by N limitation, and they were divided into two
homoeologous groups. All the genes were orthologues of Arabidopsis LATERAL
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ORGAN BOUNDARIES (LBD) 37, 38, 39. AtLBD37, 38, 39 have been identified in many
studies as regulators of N response. In rice, a recent coexpression network analysis
revealed that OsLBD38 connects major N deficiency modules, playing a pivotal role in
maintaining N deficiency response (Ueda et al., 2020). TraesCS4A02G236200,
TraesCS4B02G078800, and TraesCS4D02G077600 showed more than 16-fold
downregulation, while the transcript abundance of TraesCS2A02G194500,
TraesCS2B02G212400, TraesCS2D02G193400 were on average 4-fold lower in the
nodes of N-limited plants compared to plant provided with high levels of N (Figure
4.9). LBD37, 38, 39 act as a transcriptional repressor of many genes involved in N
response, including nitrate transporters and N assimilation enzymes (Rubin et al.,
2009). LBO37, 38, 39 expression is induced by N supply leading to suppression of N
limitation response. Rubin et al. (2019) also demonstrated another role of LBOs in
growth since manipulation of LBD37, 38, 39 expression strongly affects N-dependent

lateral branching in Arabidopsis.

The bZIP family was significantly enriched in the list of downregulated genes. However,
many members of this family were found to be significantly upregulated in N-limited
nodes, highlighting the functional diversity of the members of this family. N limitation
downregulated the expression of 13 members of bZIP TFs, whereas 18 members of
this family were upregulated. Orthology search revealed that eight of the
downregulated bZIP TFs encode proteins with high sequence similarity to AtbZIP53, 44
and AtbZIP42. Moreover, two orthologues of AtbZIP10, 25 were also found to be
negatively affected by N limitation. All three homoeologues of TabZIP9 were also
suppressed by N limitation. AtbZIP44, 53 belong to the group of S1-bZIP TFs whose
function is linked with the energy status of the cell (Baena-Gonzalez et al., 2007). S1-
bZIP play an important role in transcriptional reprogramming in response to C and N
limitation through being targeted by SnRK1, which is a master regulator of C utilization
and partitioning. On the other hand, bZIP9, 10 and 25 belong to group C of bZIP and
function along with S1-bZIP. The strong downregulation of these bZIP TFs by N
limitation in basal nodes suggested that they are also involved in the coordination of
C and N metabolism in wheat under N-limiting conditions. On the contrary, the

majority of the upregulated bZIP TFs were annotated as involved in ABA response
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(Figure 4.11). Wheat orthologues of AtTGA1 were also induced in nodes (Figure 4.9).
TGA1 has been found to be an essential component of N response in Arabidopsis roots.
TGA1 is downregulated in roots soon after N supply, while it is important for root
architectural changes in response to N levels (Alvarez et al., 2014). In addition to that,

three genes encoding orthologues of AtVIP1 were also induced in nodes.

GARR_G2_like was another family which had some members that were upregulated
and others that were downregulated, indicating the functional diversity of this family
members. In fact, five members of this family were significantly downregulated by N
limitation in the basal nodes. Those genes were orthologues of rice HRS1 HOMOLOG
3 (OsHHO3) and OsHHO4. As suggested by their name OsHHO3 and OsHHO4 are
homologues of Arabidopsis HRS1/NIGT1. NIGT1 expression is positively regulated by
N supply, and it acts as a transcriptional repressor of N-deficiency response genes,
such as the transporter NRT2.1 and other genes of the N metabolism (Maeda et al.,
2018). Similarly, the members of the same family, OsHHO3 and OsHHO4, were
identified as key regulators of the N-deficiency response in rice (Ueda et al., 2020). In
N-limited nodes, wheat orthologous genes to OsHHO3 showed a more than 10-fold
decrease, whereas two orthologues of OsHHO4 were 3-fold lower (Figure 4.9). The
downregulation of NIGT1/HHO TFs might contribute to the repression release and the
induction of genes involved in N assimilation, recycling, and remobilization under N-
limiting conditions (Kiba et al., 2018). On the other hand, other members of the GARP-
G2-like family were upregulated by N limitation. These genes included orthologues of

rice OsPCL1, which is involved in the photoperiodic control of flowering time.

Lastly, wheat TaGT1 homoeologues and two other orthologous genes of AtHB21, 40,
53 were induced in nodes under N-limiting conditions. Those TFs are members of the
HD-ZIP family, and their expression has been associated with tiller suppression
(Gonzélez-Grandio et al., 2017, Whipple et al., 2011). The observed induction is

consistent with the data presented in section 3.2.5.
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4.2.13 N Limitation Effect on Hormone-Related Genes

Genes affected by N limitation were enriched for KEGG term “plant hormone signal
transduction”, indicating a strong effect of N limitation on different hormonal
pathways. Consistent with that, GO terms related to various hormones were also
enriched among the upregulated and/or downregulated genes. Hormones are known
to play an important role in regulating tiller bud outgrowth and in long-distance
signalling under nutrient limitations. The GO term “sesquiterpenoid biosynthetic
process” (GO:0016106) was among the top 10 BP enriched terms in the upregulated
genes. Similarly, the carotenoid biosynthetic pathway was among the top five enriched
pathways according to the KEGG enrichment analysis. Both terms include genes
involved in the SL biosynthesis, indicating a strong effect of N limitation in SL
metabolism locally in the basal nodes. This finding is in accordance with the results
presented in Chapter 3. Among the SL-related genes affected were all the three
homoeologues of TaD27 and TaD10 and two homoeologues of TaD17, supporting that
there was a strong induction of the genes involved in the core SL biosynthetic pathway
(Figure 4.10). TaMAX1d-7B was the only member of the MAX1 family which was found
to be significantly differentially expressed. Other MAX1 genes, such as MAXIcs,
showed an increased transcript abundance in N-limited nodes, however, the effect
was not found to be significant. The RNA-seq allowed the examination of the
expression of other genes not included in the expression analysis by RT-gPCR. The
wheat orthologues of OsLBO and AtLBO were also among the genes upregulated in
response to N limitation. LBO catalyses the biosynthesis of bioactive SL molecules
downstream of MAX1s. In addition, one homoeologue of TaD14 (TaD14-4D) was found
to be downregulated in nodes. In addition, three genes encoding the D53
transcriptional repressor of the SL signalling pathway were found to be upregulated in
N-limited nodes. mRNA accumulation of D53 is positively correlated with the levels of
SL; thus, the recorded upregulation supported that the SL signalling pathway was
activated under N-limiting conditions. Therefore, the consistent effect of N limitation
on the regulation of most of the genes in the SL pathway supported the idea that SLs

may be part of plant N response to regulate lateral branching.
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Figure 4.10: Heatmap of differentially expressed SL- and CK-related genes in the basal node
of wheat grown under N limitation for 8 days based on the RNA-seq data. Each row
corresponds to a different gene, while columns correspond to different samples grouped by
treatment. Data are Z-scores of regularised log normalised counts (rlog) as generated by
DESeq2. Red colour corresponds to higher transcript levels while green to lower. Row names
consist of the GenelD and the gene annotation.

Apart from the SL pathway, other hormonal pathways were found to be affected by N
limitation. It is well-known that plant N status is strongly associated with CKs, which
have been suggested to play an important role in coordinating plant response to N
limitation. Among the hormone-related genes found enriched in N-limited nodes,
there were many genes involved in CK biosynthesis and signalling (Figure 4.10). N
limitation led to strong downregulation of genes encoding CK biosynthetic genes in
basal nodes. In fact, the expression of orthologue genes of rice CYP735A3 involved in
tZ biosynthesis was downregulated by N limitation. Wheat genes encoding LOG3 were
also found to be suppressed, indicating that N limitation suppressed the expression of
CK biosynthetic genes locally in nodes. Apart from CK biosynthesis, genes involved in

CK homeostasis were differentially expressed. In fact, cytokinin-N-glucosyltransferase
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one homoeologues involved in CK deactivation were induced by N limitation. On the
other hand, wheat orthologues of OsCKX3 were downregulated in nodes. A strong
down-regulation of type-A RRs was also found locally in N-limited nodes. Type-A RRs
are CK-inducible genes and are important for the negative feedback regulation of the
CK response (Miller and Sheen, 2007). Six genes encoding type-A RRs were found to
be at least 2-fold lower in N-limited plants. In contrast, type-B RRs are TFs involved in
the regulation of genes downstream of the CK. As also shown in section 4.2.12 (Figure
4.8), the GARP-ARR-B TF family was among the enriched upregulated TF families, with

seven members of this family being significantly upregulated by N limitation.

ABA has also been reported to act as a negative regulator of tillering, and there are
indications that ABA might act downstream of the SL and TB1/BRC1 pathways (Luo et
al., 2019, Gonzalez-Grandio et al., 2017). ABA is known to be involved in abiotic stress
responses such as drought and physiological processes like senescence. However,
there are only a few studies reporting involvement in N limitation responses. Analysis
of the differentially expressed genes in the basal nodes revealed that several genes
involved in ABA biosynthesis and signalling were affected by N limitation. Two
orthologues of a rice gene encoding 9-cis-epoxycarotenoid dioxygenase (NCED2) were
found to be 16-fold higher expressed under N limitation. Similarly, the expression of
two genes encoding putative abscisic-aldehyde oxidase (AAQO), which catalyses the last
step of ABA biosynthesis, was induced by N limitation. A strong effect on N limitation
was observed in ABA signalling genes. Protein phosphatases 2C (PP2Cs) are important
components of the ABA signalling pathway, acting as negative regulators. Twelve
genes encoding putative PPC2s were found to be upregulated in response to N
limitation. PPC2 expression is positively regulated by ABA. Moreover, eight bZIP TFs
encoding orthologues of Arabidopsis abscisic acid-responsive element binding factors
(ABFs) were also induced in basal nodes under N-limiting conditions. Those TFs
mediate transcriptional responses to ABA controlling the expression of downstream
genes and acting as positive regulators of abiotic stress responses. The ABA-inducible
wheat orthologues of OsbZIP77 were significantly upregulated under low N. In rice,
bZIP77 has been found to promote flowering time in rice by affecting the floral

transition (Brambilla et al., 2017).
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" o TraesCSS5D02G038800 9-cis-epoxycarotenoid dioxygenase (NCED2)
ABA blosynthes1s TraesCSSD02G436200 abscisic-aldehyde oxidase (AAQ) 1 LowN

TraesCS7D02G498300 Putative abscisic-aldehyde oxidase (AAQ)

TraesCS1B02G145800 ABA receptor (ABAR) 0
TraesCS3A02G249000 Protein phosphatase 2C

TraesCS3B02G277900 Protein phosphatase 2C

TraesCS3D02G249000 Protein phosphatase 2C 1
TraesCS1B02G375100 Similar to Protein phosphatase 2C
TraesCS3A02G209200 Similar to Protein phosphatase 2C
TraesCS3B02G394600 Similar to Protein phosphatase 2C 2
TraesCS3D02G212100 Similar to Protein phosphatase 2C
TraesCS2A02G428500 Similar to Protein phosphatase 2C
TraesCS2B02G449200 Similar to Protein phosphatase 2C
TraesCS2D02G426600 Similar to Protein phosphatase 2C
TraesCS7D02G492000 Similar to Protein phosphatase 2C
TraesCS1D02G079600 Similar to Protein phosphatase 2C
TraesCS2A02GS66700 ABA-activated protein kinase

TraesCS4A02G235600 ABA-activated protein kinase

TraesCSSB02G075800 ABA-activated protein kinase

TraesCSSD02G081700 ABA-activated protein kinase

TraesCSSB02G235600 bZIP transcription factor ABIS
TraesCS5D02G244500 bZIP transcription factor ABIS
TraesCS5A02G332000 bZIP transcription factor (bZIP77)
TraesCS5B02G332300 bZIP transcription factor (bZIP77)
TraesCSSD02G338000 bZIP transcription factor (bZIP77)
TraesCS7TA02G170600 bZIP transcription factor (bZIP46)
TraesCS7D02G171300 bZIP transcription factor (bZIP46)
TraesCS6A02G333600 bZIP transcription factor (bZIP23)
TraesCS5D02G150700 bZIP transcription factor ABIS

ABA perception
and signalling

ABA-related TFs

TraesCSSD02G351700 Auxin responsive SAUR protein family
TraesCSSB02G346700 Auxin responsive SAUR protein famiy
TraesCS5B02G346800 Auxin responsive SAUR protein family
TraesCSSB02G346500 Auxin responsive SAUR protein famiy
TraesCS6D02G307600 Auxin responsive SAUR protein family (SAUR21)
TraesCS6B02G359900 Auxin responsive SAUR protein famiy (SAUR21)
TraesCS7D02G072600 Auxin responsive SAUR protein family (SAUR24)
TraesCS7B02G287200 Auxin responsive SAUR protein famiy (SAUR29)
TraesCSSA02G341700 Auxin responsive SAUR protein family (SAUR41)
TraesCSSB02G346100 Auxin responsive SAUR protein famiy (SAUR41)
TraesCS7D02G436800 Similar to Auxin response factor (ARF)
TraesCS2B02GS519200 Similar to Auxin response factor (ARF)
TraesCS1B02G424700 Similar to Auxin response factor (ARF)
TraesCS3B802G190100 Similar to Auxin response factor (ARF)
TraesCS3D02G166700 Similar to Auxin response factor (ARF)
TraesCS6A02G112000 Similar to Auxin response factor (ARF)
TraesCS1B02G356600 Similar to Auxin-responsive protein lAA
TraesCS3A02G108400 Similar to Auxin-responsive protein IAA
TraesCS4B02G108600 Similar to Auxin-responsive protein (IAA27)
TraesCS4D02G105700 Similar to Auxin-responsive protein (IAA27)

Auxin-related
genes

Figure 4.11: Heatmap of differentially expressed ABA- and auxin-related genes in the basal
node of wheat grown under N limitation for 8 days based on the RNA-seq data. Each row
corresponds to a different gene, while columns correspond to different samples grouped by
treatment. Data are Z-scores of regularised log normalised counts (rlog) as generated by
DESeq2. Red colour corresponds to higher transcript levels while green to lower. Row names
consist of the GenelD and the gene annotation.

Moreover, some genes involved in auxin responses, such as SMALL AUXIN
UPREGULATED RNAs (SAURs) and ARF TFs, were differentially expressed in N-limited
nodes (Figure 4.11). Most of the SAURs are auxin-inducible genes which are involved
in cell elongation. Studies in Arabidopsis have demonstrated that SAURs are required
for normal plant growth but also in other processes like senescence and response to

environmental stimuli (Stortenbeker and Bemer, 2018). In N-limited basal nodes, the
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expression of 9 SAUR genes was suppressed, indicating suppression of cell elongation.
Among the DE genes, only one member of the SAUR family was upregulated, which
was an orthologue of AtSAUR30 and OsSAUR29. AtSAUR30 has been shown to be
involved in senescence (Wen et al., 2019). Moreover, the expression of two wheat ARF
encoding genes orthologous to AtARF18 and AtARF9 were found to be 2-fold higher
under N limitation. Recent studies have shown that ARF18 and ARF9 9 have a central
role in the regulation of plant N-response in Arabidopsis, indicating a conserved
response of those genes in both Arabidopsis and wheat (Gaudinier et al., 2018). Some
members of Aux/IAA family, another component of the auxin response, were also

found to be affected by N limitation.

Other hormonal pathways were also found to be affected but to a lesser extent (Figure
4.12). Some of the jasmonic acid (JA) biosynthetic and signalling genes, including
allene oxide synthase and the JA receptor protein, coronatine-insensitive protein
homolog 1a, were upregulated by N limitation. JA acts as a signalling molecule for plant
responses by activating defence mechanisms. GO enrichment analysis showed that N
limitation triggered plant responses to biotic stress and plant immunity, possibly
through the JA signalling pathway. In addition to JA, some genes related to
brassinosteroid (BR) metabolism were differentially expressed. GAs are known to play
an important role in stem elongation but have also shown an inhibition effect on
tillering. GA biosynthetic genes TaGA3ox2 and TaGA20ox2 were found to be
significantly downregulated in N-limited plants. GAs control tillering by promoting the
degradation of TF monoculm 1 (MOC1), which controls tiller number in rice (Liao et
al., 2019). N-mediated tiller growth response (NGR5) is an APETALA2 (AP2) TF, which
was recently suggested to control tillering in response to N supply in a GA-dependent
manner (Wu et al., 2020). NGR5 is negatively affected by GA levels, while under high
N supply, NGRS is suggested to suppress the expression of tiller inhibitory genes D14
and SPL14 leading to higher tillering. Wheat orthologues to OsNGR5
(TraesCS1A02G242800, TraesCS1B02G254300, TraesCS1D02G242800) showed no
response to N supply at the transcriptional level, and neither did the mRNA abundance
of TaSPL17 (TraesCS7A02G246500, TraesCS7B02G144900, TraesCS7D02G245200),

therefore not supporting the presence of the same mechanism in wheat. Finally,
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ethylene-related genes were also found to be affected by N limitation, such as ACC

oxidase and genes involved in ethylene signalling.

The RNA-seq data provided insights into the transcriptional regulation of hormone
biosynthesis and signalling as part of the N limitation response. The observed effect of
N limitation on various hormonal pathways highlighted the complexity of plant

responses to N supply.

[T Treatment 2 Treatment
TraesCSSB02G408000 Allene oxide synthase (CYP74A1) Control
TraesCSSD02G413200 Allene oxide synthase (CYP74A1

4 i : : 1 LowN

TraesCS3A02G367500 Coronatine-insensitive protein homolog 1a (COIMA)
TraesCS3B02G399200 Coronatine-insenstive protein homolog 1a (CONA)
TraesCS3D02G360400 Coronatine-insensitive protein homolog 1a (CONA) 0
TraesCS4A02G294400 BTB/POZ domain and ankyrin repeat-containing protein NPR3
TraesCS4B802G018900 BTB/POZ domain and ankyrin repeat-containing protein NPR3
TraesCS4D02G017500 BTB/POZ domain and ankyrin repeat-containing protein NPR3
TraesCS1802G208000 Transcription factor MYC2

TraesCS1D02G196900 Transcription factor MYC2

TraesCS3A02G103800 Cytochrome P450 90D2 -2
TraesCS3B02G121200 Cytochrome P450 90D2
TraesCS3D02G106100 Cytochrome P450 90D2

TraesCS1A02G259600 BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1
TraesCS1802G269900 BRASSINOSTEROIDD INSENSITIVE 1-associated receptor kinase 1
TraesCS3A02G139000 BZR1, transcriptional repressor family protein

TraesCS3A02G122600 GA 3 beta-hydroxylase2
TraesCS3B02G141800 GA 3 beta-hydroxylase2
TraesCS3D02G124500 GA 3 beta-hydroxylase2
TraesCS7B02G180300 Simiar to gibberelin 20 oxidase 2
TraesCS7D02G279500 Simiar to gibberelin 20 oxidase 2

TraesCS1A02G255100 Soluble gibberellin receptor
TraesCS1B02G265900 Soluble gibbereliin receptor
TraesCS1D02G254500 Soluble gibbereliin receptor
TraesCS1D02G270300 Simiar to Gibbereliin-regulated protein 2 precursor
TraesCS7A02G208100 Simiar to Gibberelin-stimulated protein

TraesCS7D02GS16200 ACC oxidase
TraesCSS5A02G234200 ACC oxidase
TraesCSSA02G234300 ACC oxidase

JA-related
genes

=

BR-related
genes

GA-related
genes

Ethylene-related
genes

TraesCS4A02G129400 Posttive regulator of ethylene response signalling
TraesCS4B02G175100 Positive regulator of ethylene response signalling
TraesCS4D02G177000 Postive regulator of ethylene response signalling
TraesCS2A02G099900 Response to ethylene stimulus
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Figure 4.12: Heatmap of differentially expressed other hormone-related genes in the basal
node of wheat plants grown under N limitation for 8 days based on the RNA-seq data. Each
row corresponds to a different gene, while column corresponds to different samples grouped
by treatment. Data are Z-scores of regularised log normalised counts (rlog) as generated by
DESeq2. Red colour corresponds to higher transcript levels while green to lower. Row names
consist of the GenelD and the gene annotation.

4.2.14 Comparative Analysis of N and P Limitation Effects on SL Biosynthetic,
Perception and Signalling Gene Expression in Basal Nodes

The phenotypic results presented in section 4.2.1 demonstrated that both N and P
limitations negatively affect tillering. However, the results suggested that N limitation
had a more prominent effect on suppressing tillering than P limitation. Both the gene
expression data (section 3.2.4) and the analysis of the DE genes from the RNA-seq

(section 4.2.13) revealed that N limitation strongly induced SL biosynthetic genes in
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the basal node of wheat plants, indicating that SLs might play an important role in
plant adaptation to N-limiting conditions. In rice, it has been demonstrated that tiller
suppression by P limitation is mediated by SLs (Umehara et al., 2010). SL biosynthesis
is strongly induced in rice roots and shoot bases of plants grown under P limitation
leading to tiller suppression. In contrast, SL induction by N limitation has been
speculated to be due to the reduced P uptake by N-deprived plants rather than the
direct effect of N limitation (Yoneyama et al., 2012). However, those studies have
mainly referred to SL levels in root exudates or in root tissue where P limitation has a
predominant impact on SL production. Less is known about the transcriptional

regulation of SL-related genes in the upper part of the plants.

Therefore, the RNA-seq data were utilised for the comparative analysis of the effect
of N and P limitation on SL induction (Figure 4.13). As described in section 4.2.13, N
limitation strongly induced the expression of TaD27, TaD17 and TaD10 homoeologues.
TaD10 showed the highest fold-change increase, more than 4-fold in N-limited nodes.
Similarly, significant overexpression was observed for MAX1d-7B, while other MAX1d
and MAX1c homoeologues showed higher transcript accumulation; however, the fold
change difference or padj values failed to meet the applied thresholds. Finally, mRNA
accumulation of TaD53a-4A, TaD53b-5B and -5D rose under N limitation in the basal
nodes. Analysis of the differentially expressed genes in P-limited plants showed that
only TaD27-7B and two homoeologues of TaD10 were upregulated in nodes. In
addition, the recorded upregulation of TaD10s by P limitation was just 2.3-fold higher,
while the same genes were 5-fold higher in N-limited nodes. As a result, it is suggested
that N limitation had a more substantial effect on SL biosynthesis and signalling genes
compared to P limitation in the nodes. To further confirm this observation, differential
gene expression analysis was performed between Low N and Low P plants using the
DESeq2 tool to identify genes with significant differences between the two
treatments. The differential gene expression analysis results confirmed that the mRNA
abundance of some SL biosynthetic genes was significantly higher (padj < 0.01 and
|FC| > 1.5) in low N nodes compared to low P, such as TaD10. Significant differences

were observed in the case of TaD53a-4A and TaD53b-5B between low N and low P
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nodes, indicating that under N limitation, the levels of SLs were indeed higher in this

tissue, given that TaD53 expression is regulated by the levels of SLs.

Treatment Treatment
2 Control

1 . Lowh

LowP
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Figure 4.13: Heatmap comparison of SL biosynthetic and signalling gene transcript levels in
the basal node of wheat grown under N and P limitation for 8 days based on the RNA-seq
data. Each row corresponds to a different gene, while column corresponds to different
samples grouped by treatment. SL-related genes that were found to be expressed (TPM > 0.5)
in the basal node were only included in the heatmap. Data are Z-scores of regularised log
normalised counts (rlog) as generated by the DESeq2 tool. Red colour corresponds to higher
transcript levels while green to lower. Row annotations represent the padj values of each
comparison according to the differential gene expression analysis.

4.2.15 Comparative Analysis of N and P Limitation Effects on SL Biosynthetic,
Perception and Signalling Gene Expression in Root

The findings in basal nodes showed that N limitation led to stronger induction of SL
biosynthesis compared to P limitation. To examine the same response in roots, the
gene expression of SL biosynthesis and signalling genes was performed in roots
samples from the same trial (plants grown under N- and P-limiting conditions for 8

days). The analysis was conducted with RT-qPCR. Overall, the results demonstrated
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that SL biosynthetic genes were strongly induced by both nutrient limitations in roots,
while the examined SL signalling genes showed a significant downregulation,
confirming the negative feedback regulation of TaD3 and TaD14, as also observed in
section 3.2.3. Among the SL biosynthetic genes, only TaMAXI1c did not show any
response. As shown in section 3.2.6, MAX1c homoeologues have shown low
expression in roots compared to the other MAX1 homoeologues, which may explain

the difference in the regulation of MAX1c compared to the other MAX1 homologues.

Subsequently, the expression levels of SL-related genes were compared between N-
and P-limited plants in roots (Figure 4.14). Although in basal nodes, N limitation led to
stronger induction of SL biosynthesis compared to P limitation, the mRNA
accumulation of SL biosynthetic genes in roots was as high or even higher in low P
roots compared to low N. In fact, no significant difference was observed between the
MRNA accumulation of TaD27 and TaD17 between low N and low P treatments. A
stronger expression of TaD10 was recorded under low P conditions. However, no
significant difference was observed between the two nutrient limitations. The main
differences in the effect of N and P limitation on the SL biosynthesis were observed in
MAX1 gene expression. P-limited plants showed higher mRNA levels of TaMAX1a1 and
TaMAX1d in roots compared to low N plants. A similar trend was also observed for the
predominant MAX1 homologue, TaMAX1a2, whose NRQ value was higher in low P. In
terms of SL biosynthesis, both conditions strongly downregulated the expression of
TaD3 and TaD14 in roots. TaD3 and TaD14 were found to be significantly lower in low

N roots compared to low P.

Therefore, the results presented suggested that P limitation triggered a stronger
induction of SL biosynthesis compared to N limitation in roots, especially in the case
of MAX1 genes. Yoneyama et al. (2012) reported that SL exudation is stronger in wheat
plants growing under P-limiting conditions compared to low N, which is also supported

by the transcriptomic data.
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Figure 4.14: Gene expression levels of SL biosynthetic (TaD27, TaD17, TaD10, TaMAX1al,
TaMAX1a2, TaMAX1c and TaMAX1d) and signalling genes (TaD3 and TaD14) in the root of
wheat grown under N and P limitation for 8 days based on RT-qPCR data. Values are means
of four biological replicates and error bars represent SE. Statistical analysis was conducted
with ANOVA in log2(1/NRQ) transformed values. Different letters denote statistically
significant difference between treatment mean based on Fisher’s LSD test (p<0.05, TaD27 LSD
(5%) = 0.56, TaD17 LSD (5%) = 0.44, TaD10 LSD (5%) = 0.68, TaMAX1al LSD (5%) = 1.79,
TaMAX1a2 LSD (5%) = 1.25, TaMAX1c LSD (5%) = 0.33, TaMAX1d LSD (5%) = 0.49, TaD3 LSD
(5%) = 0.15, TaD14 LSD (5%) =0.49).

4.2.16 Phytohormonal Changes in Basal Nodes in Response to N and P Limiting
Conditions

RNA-seq experiment in basal nodes showed that tiller suppression by N limitation is
accompanied by extensive transcriptional changes in genes involved in different

hormone biosynthesis and signalling (section 4.2.13). Plant hormones are known to
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serve the role of long-distance signals coordinating plant response to growing
conditions at a whole plant level, while they play an essential role in modulating plant
architecture. To examine the effect of N and P limitation on the phytohormonal
profile, the levels of major phytohormones were determined using UHPLC-MS/MS.
The phytohormone analysis was performed in the pooled root, shoot and basal node
samples from plants growing hydroponically under N or P limiting conditions for 8 days

in a similar experiment to the one used for the RNA-sequencing.

The targeted phytohormones included in this study can be classified into three main
categories: CKs, auxin and ABA. Among the natural cytokinins, the levels of isopentenyl
adenine (iP), isopentenyl adenosine (iPA), trans-zeatin (tZ), cis-zeatin (cZ), dihydro-
zeatin (DHZ) and their riboside (-R) were determined in all the tissues. The
concentration of DHZ was below the limit of quantification in all the tissues examined,
so it was considered to be not detected (ND). DHZR was only detected in node samples
and not in roots and shoots, and the level was lower than the rest of the CKs. The
amount of IAA was determined as the primary type of auxin found in plants. Apart
from ABA, ABA catabolism products were also determined, namely phaseic acid (PA)
and dihydrophaseic acid (DPA). The SL orobanchol and strigol were attempted to be
quantified in wheat root samples by UHPLC-MS/MS and by trying different extraction

techniques, however, this was not successful.

Phytohormone data were analysed with one-way ANOVA to test if nutrient limitation
significantly affected phytohormone levels in each of the examined tissues (Tables 4.2
and 4.3). Overall, nutrient limitation had a strong impact on many phytohormones,
and the majority of the changes were observed in basal nodes. Out of the 11
phytohormones quantified in nodes, eight showed a statistically significant effect of
the treatment, indicating that nutrient limitation strongly affected hormonal balance
in basal nodes. Those changes are most likely to be essential for the regulation of
developmental processes in basal nodes, including tillering. To identify which nutrient
limitation had a significant effect compared to the control, pair-wise comparisons
were conducted between low N and control plants and low P and control plants

(Tables 4.2 and 4.3).
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Overall, the N limitation had a significant effect on the majority of the phytohormone
tested in the different tissues, while the P limitation was found to affect only the
concentration of DPA in the basal nodes. This result suggested that low P conditions
for 8 days did not trigger changes in the phytohormonal profile of the analysed
phytohormones, which was also consistent with the observed phenotype and the
RNA-seq results, given that differentially expressed genes under P limitation were not

enriched for hormone-related pathways.

To depict the phytohormonal changes under nutrient-limiting conditions, heatmaps
were generated for all the phytohormones analysed in the three different tissues. The
data presented are standardised (z-scores) per row per tissue (Figure 4.15). The
absolute concentration of the phytohormones in the different tissue is shown (Tables

4.2 and 4.3).

N limitation strongly reduced the levels of iPA, tZ and tZR in roots, basal nodes, and
the main shoot. In roots, tZ and tZR showed the highest fold change, with a decrease
of more than 5-fold. tZ is considered the most active type of CK in many species. In
basal nodes, tZR showed the highest concentration among the other CKs, followed by
tZ. This observation indicates that the tZ-type of CKs are the predominant type of CKs
in wheat basal nodes. In nodes, N limitation decreased the concentration of tZ-type of
CK by more than 10-fold. The concentration of CKs was also reduced by N limitation.
tZR was found to be below the limit of quantification in shoots of N-limited plants,
indicating that it was downregulated. In addition, tZR concentration in nodes was 16-
fold higher than in shoots, demonstrating that the tZ-type of CKs are accumulated in
basal nodes. As a result, it is suggested that the N limitation caused a systemic
downregulation of iP and tZ-type of CK in wheat. CK act as a positive regulator of
tillering; thus, the lower levels of CK locally in nodes might contribute to tiller
suppression under N-limiting conditions. The results support the hypothesis that CK
can act as a signal of N status. The effect of N limitation on CK levels was also consistent
with the RNA-seq data as described in section 4.2.13, which also suggested strong

suppression of CK biosynthesis and signalling.
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Table 4.2: Concentration of different CKs (pg/mg) in the root, basal node and shoot of wheat
grown under Control (10 mM N and 1 mM P), Low N (0.1 mM N) and Low P (0.01 mM P)
conditions. Data are means = SE (n=4). Statistical analysis was conducted with ANOVA
followed by t-tests between the treatments.

(p;ﬁ g P (pg/mg) (p;; g Y (pg/mg) (p;;:; g (pg/mg)
Root
Control 0.40+0.045 0.09+0.016 0.35+0.040 0.10+0.011 0.45+0.021 0.10+0.013
LowN 0.16+0.034 0.04+0.003 0.07+0.034 0.01+x0.006 0.40%0.022 0.18+0.022
LowP 0.42+0.035 0.10+0.021 0.29+0.045 0.07+0.020 0.50+0.036 0.12+0.032
p-value 0.002 0.052 0.002 0.003 0.086 0.118
LowN vs Control 0.002 0.078 <0.001 0.001 0.185 0.052
LowP vs Control 0.642 0.431 0.296 0.124 0.294 0.613
LSD (5%) 0.123 0.049 0.128 0.043 0.088 0.076
Basal Node
Control 0.66+0.034 0.16+0.016 5.24+0.397 1.28+0.074 0.49%0.049 0.19%0.037
LowN 0.22+0.044 0.09+0.006 0.41+0.092 0.11+0.020 0.64+0.070 0.31+0.069
LowP 0.63+0.014 0.15+0.021 5.45+0.384 1.35+0.186 0.49+0.092 0.21%0.077
p-value <0.001 0.018 <0.001 <0.001 n.s n.s
LowN vs Control <0.001 0.0114 <0.001 <0.001 - -
LowP vs Control 0.671 0.905 0.662 0.672 - -
LSD (5%) 0.112 0.050 1.034 0.371 0.230 0.203
Shoot
Control 0.12+0.019 0.06+0.006 0.31+0.113 0.74+0.099 0.20+0.038 0.17+0.030
LowN 0.04 +0.003 0.04 +0.003 ND 0.06+£0.012 0.39+0.013 0.15+0.015
LowP 0.12+0.008 0.07+0.003 0.15+0.010 0.60+0.074 0.16+0.020 0.12+0.026
p-value <0.001 0.001 - <0.001 <0.001 n.s
LowN vs Control <0.001 0.008 - <0.001 <0.001 -
LowP vs Control 0.713 0.052 0.228 0.191 0.356 -
LSD (5%) 0.038 0.014 0.278 0.230 0.083 0.079

However, among the CKs analysed, the cZ-type of CKs did not show the same response
to the N limitation. N-limited plants tended to accumulate cZR and cZ in nodes,
although no statistically significant difference was observed. In shoots, cZR
concentration was found to be 2-fold higher than in high N treated plants, while the
cZR concentration was also higher in roots under N limitation. The role of the cZ-type
of CKs is not very well understood. In the past, cZ was considered to be biologically
inactive since its activity has been found to be much weaker compared to tZ. However,
accumulations of cZ in plant tissues under stress conditions have been previously
reported for many species (Schafer et al., 2015). Given that cZ is the stereocisomer of
tZ, it has been proposed that cZ(R) plays the role of the tZ(R) replacement under

growth-limiting conditions, and in this way, plants keep CKs in a less active form. After

Page | 147



the introduction of plants to stress conditions, tZ levels declined and were followed by

an increase in cZ. A similar pattern was also observed in N-limited nodes.

Table 4.3: ABA, PA, DPA and IAA concentration (pg/mg) in the root, basal node and shoot of
wheat grown under Control (10 mM N and 1 mM P), Low N (0.1 mM N) and Low P (0.01 mM
P) conditions. Data are means * SE (n=4). Statistical analysis was conducted with ANOVA

followed by t-tests between the treatments.

ABA (pg/mg)  PA(pg/mg)  DPA(pg/mg) IAA (pg/mg)
Basal Node
Control 2.43+0.101 1.31+0.209 3.74£0.254 2.94+0.240
LowN 5.10+£0.071 2.81+0.286 2.45+0.545 1.47+£0.100
LowP 2.36+0.160 1.94+0.218 1.46+0.261 3.10+0.128
p-value <0.001 0.005 0.004 <0.001
LowN vs Control <0.001 0.00163 0.0318 <0.001
LowP vs Control 0.689 0.0973 0.00109 0.523
LSD (5%) 0.334 0.769 1.059 0.535
Shoot
Control 3.44 +0.033 2.95+0.252 2.79+0.489 6.04 £ 0.767
LowN 5.57+0.342 9.12+0.400 4.08+0.461 5.62+0.111
LowP 4.00+£0.276 3.52+0.474 3.38+0.722 4.67 £0.499
p-value <0.001 <0.001 n.s n.s
LowN vs Control <0.001 <0.001 - -
LowP vs Control 0.159 0.333 - -
LSD (5%) 0.814 1.235 1.821 1.702

IAA concentrations were determined in basal nodes and shoots of wheat plants. The
results showed that N limitation had a significant effect on the IAA concentration of
basal nodes. More specifically, N-limited nodes had 2-fold lower levels of IAA.
However, the concentration of IAA in shoots remained unaffected by the N limitation.

In addition, the concentration of IAA in shoots was higher compared to that in nodes.

A strong negative correlation between ABA and N supply was observed in basal nodes
and shoot tissue. In fact, ABA concentration was 2-fold higher in nodes and 1.6-fold
higher in shoots of N-limited plants. Similarly, a 2-fold and 3-fold increase in PA levels
was recorded in nodes and shoots, respectively. These results clearly demonstrated
that ABA biosynthesis is strongly induced by N limitation. ABA also acts as a negative
regulator of tillering. Therefore, the ABA accumulation under N-limiting conditions
might contribute to tiller suppression. ABA is also associated with stress responses and

senescence. Although some studies have reported a link between N limitation and ABA
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biosynthesis, the correlation is not universal. N-limited wheat plants have been shown
to accumulate ABA (Teplova et al., 1998); however, the opposite pattern has been
reported in other species (Kiba et al., 2010). In this study, N limitation was found to
strongly induce ABA accumulation in the above-ground plant tissue, which was further
supported by the RNA-seq data based on which there was strong upregulation of

genes involved in ABA biosynthesis, signal transduction and ABA-responsive TFs.
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Figure 4.15: Heatmap comparison of analysed phytohormones in roots, basal node and shoot of wheat grown under N and P limitation for 8 days. Each
row corresponds to a different phytohormone grouped based on their type (CKs, ABA, and auxin) in three different plant tissue. Each column represents a
different sample grouped by treatment (C: Control, LN: Low N (0.1 mM N), LP: Low P (0.01 mM P)). Data were standardised per row by subtracting the
population mean from each value and dividing the difference by the standard deviation. The standardisation was performed in each tissue separately. The
green colour corresponds to lower phytohormone levels, whereas the red colour to higher. In root tissue, only CKs were analysed. tZR concentration in the
shoot of LowN plants was below the detection limit. DHZR was only detected in basal node samples. Abbreviations: isopentenyl adenine (iP), isopentenyl
adenosine (iPA), trans-zeatin (tZ), cis-zeatin (cZ), dihydro-zeatin (DHZ) and their riboside (-R), abscisic acid (ABA), phaseic acid (PA), dihydrophaseic acid (DPA),
indole-3-acetic acid (IAA) and non-detected (ND).
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4.3. Discussion

4.3.1 Wheat Plant Adaptation to N-limiting Conditions Through Transcriptional
Changes

N is an important macronutrient for wheat growth and productivity. As presented in
section 3.2.2, N limitation has a strong impact on wheat seedling growth. Suppression
of tillering is part of plant adaptation to low N availability along with other
morphological, physiological and molecular changes. N limitation responses are
regulated by a complex network of transcriptional responses leading to physiological
and architectural changes allowing the plant to adapt to the N-limiting conditions
(Ueda et al., 2020, Gaudinier et al., 2018). Although many studies have focused on the
molecular changes underlying the N limitation response, they have mainly focused on
roots or leaves. As a result, the transcriptional changes that lead to tiller suppression
have not been extensively studied, especially in wheat. To address this question, an
RNA-seq experiment was conducted in the basal nodes of wheat grown under N-
limiting conditions for 8 days. N limitation for 8 days led to a strong reduction in tiller
number, suggesting a strong effect of N limitation on tiller bud outgrowth. The
observed tiller suppression by N limitation was accompanied by dramatic changes in
the expression of genes from various pathways. In fact, 2591 and 2580 genes were
found to be significantly down- and upregulated, respectively, by N limitation in the
basal nodes. GO enrichment analysis showed that N limitation regulated pathways
related to central metabolism, mRNA translation and protein synthesis, N metabolism
and resulted in differential expression of genes involved in hormonal pathways and
genes encoding TFs. Those changes set the foundation for understanding how N
limitation affects other metabolic and hormonal pathways related to tiller suppression

(Figure 4.16).

Transcriptional changes in dormant buds have been characterized in response to other
signals that lead to bud dormancy in other species, providing marker genes for bud
dormancy (Tarancén et al., 2017). DRM is a well-known marker associated with bud
dormancy in many species. All homoeologues of TaDRM1, 3, 4 were found to be
significantly upregulated under N-limiting conditions suggesting that N limitation led

to tiller bud dormancy. Further examination of the DE genes revealed that many genes

Page | 151



involved in protein synthesis and genes encoding ribosomal proteins were strongly
downregulated, suggesting that the rate of protein synthesis was strongly suppressed
in nodes under low N. Moreover, N limitation had a negative effect on genes involved
in the cell cycle progression and DNA replication, indicating a negative impact of N
limitation on cell growth and proliferation. Similar changes have been reported before
in dormant buds (Tarancon et al.,, 2017, Kebrom et al., 2006, Luo et al., 2019). The
transcriptomic analysis showed that N limitation had a strong impact on glucose
utilization for energy production. This was reflected by the strong downregulation of
genes encoding enzymes necessary for glycolysis and the TCA cycle. Bud outgrowth is
an energy-consuming process that requires energy for protein synthesis, cell wall
biogenesis and cell proliferation. Therefore, changes in these pathways suggest a

strong growth arrest under N limitation leading to bud dormancy.

Many sugar-related genes were found to be affected in the basal nodes under N-
limiting conditions. N limitation regulated the expression of genes involved in sugar
transport and sucrose metabolism, such as sugar transporters, cwINV and FPK. The
function of cwINV has been linked to the sugar sink strength of the tissue, while the
same is true for FPKs. In addition, N limitation led to changes in the expression of many
SWEET transporters indicating that N limitation had a strong effect on both C
partitioning and utilization. As a result, N limitation reduces the sugar sink strength of
the bud by altering the expression of genes involved in sucrose metabolism and
transport, leading to less sugar transport into the developing buds resulting in bud
outgrowth suppression. Tarancén et al. (2017) reported similar changes in dormant
buds of Arabidopsis and other woody plant species, which were attributed to low C
availability in the buds, known as C-starvation response. N and C metabolisms are
known to be tightly regulated based on many studies. From the results reported here,
the N limitation effect on tiller bud outgrowth is at least partly regulated through

modulation of C partitioning and utilization.
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Figure 4.16: Summary of changes observed in the basal nodes of N-limited plants, which
might be associated with tiller suppression and the general plant adaptation to N-limiting
conditions.

Many genes involved in sugar signalling were found to be affected by N limitation,
which provided evidence on how N limitation might control C metabolism. Recent
studies have shown that sugar signalling involves Tre6P, which has also been shown to
play a central role in controlling bud outgrowth by acting as a metabolic marker of C
status. Many genes involved in Tre6P metabolism were differentially expressed by N
limitation, strongly supporting the hypothesis that N limitation causes changes in C
status signals or at least in cell sensitivity to C signals. It is known that under N
limitation, more sugars are diverted into roots where they sustain root growth, while
fewer sugars are used in the upper part of the plant for shoot growth. Many genes
related to C utilization have been found to be induced in roots of wheat grown under
N starvation (Curci et al., 2017). The opposite was observed in nodes suggesting that
indeed under N limitation, fewer sugars might be delivered in nodes for bud
outgrowth. Consistent with that hypothesis, some genes encoding SnRK1, which is a
master regulator of C availability, were also downregulated by N limitation. Some bZIP

TFs have been identified as important components of the metabolic reprogramming
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downstream of Tre6P and SnRK1 (Wang et al., 2022a, Pedrotti et al., 2018). In fact,
many members of the S1-bZIP group are targeted by SnRK1 to control C and N
metabolism (Pedrotti et al., 2018). S1-bZIPs have also been found to interact with C-
bZIP TFs to control the expression of downstream genes. Wheat genes showing high
protein similarities with S1-bZIP and C-bZIP TFs were found to be significantly
downregulated under N-limiting conditions, suggesting that they are also involved in
the metabolic reprogramming under N limitation. Therefore, it is apparent that the N
starvation response shares a similar gene regulatory network as the C-starvation

response leading to bud dormancy.

Bud outgrowth is known to be controlled by the hormonal balance between different
hormones. The transcriptomic and phytohormonal analysis highlighted that N
limitation regulates many different hormonal pathways providing useful information
about hormonal changes under N limitation, which might be associated with tillering
control. As also shown in section 3.2.4, the N limitation strongly induced SL production
in the basal nodes, which was also confirmed by the RNA-seq data. The SL biosynthetic
pathway was a highly enriched GO and KEGG term in the upregulated gene set,
indicating a strong involvement of SL in plant adaptation to N-limiting conditions. RNA-
seq allowed the exploration of more genes in the pathway and each one of the
homoeologues separately. For most of the genes in the biosynthetic pathway, the
effect was consistent in all the three homoeologues. In addition, some of the TaD53
genes were found to be significantly upregulated. It has been shown that D53
expression is induced by SLs forming a negative feedback loop. Therefore, it is
suggested that not only the expression of SL biosynthetic genes is induced, but also N
limitation leads to transcriptional activation of downstream genes, presumably due to
the accumulation of SLs locally in the basal nodes. SLs have been suggested to control
tillering either by the D53-mediated control of TB1 expression or/and by affecting

auxin transport.

Based on the RNA-seq data, TaTB1 homoeologues were not differentially expressed.
However, this was mainly due to the fact that TB1 expression was below the applied
threshold; therefore, TB1 genes were filtered out during the prefiltering of low

expressed genes. Exploration of the transcript abundance of TB1 homoeologues (TPM
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values) showed that TB1 expression was 1.5-fold higher in nodes in the low N
treatment. The same increase was also found by RT-qPCR, although the results were
not statistically significant. Kebrom and Mullet (2016) have reported that SbTB1
transcripts were not detected by RNA-seq in sorghum buds. This was mainly attributed
by the authors to the lack of a long poly-A tail in the TB1 transcripts, which might lead
to unsuccessful cDNA synthesis of TB1 transcripts when oligo-dt primers were used
(Kebrom and Mullet, 2016). This observation has also been reported for the transcript
of ZmTB1 (Vega-Arreguin et al., 2009). TB1 has been found to regulate the expression
of HD-ZIP TFs, the expression of which has been associated with tiller suppression. The
expression of wheat orthologous genes to the identified HD-ZIP targets of TB1 (among
which is TaGT1) was significantly induced in wheat nodes under N limitation,
suggesting that the same pathway is also involved in tiller suppression under N-limiting
conditions. Those HD-ZIP TFs have been proposed to control the expression of ABA
biosynthetic genes leading to local accumulation of ABA (Gonzalez-Grandio et al.,
2017). ABA plays an important role in abiotic stress responses, and it additionally
promotes bud dormancy (Felemban et al., 2019). In the present study, N supply was
found to have an effect on ABA content. A significant increase in the levels of ABA was
found in basal nodes and shoots of N-limited plants. This increase in ABA levels was
accompanied by changes in ABA biosynthetic genes and ABA signalling genes such as
PP2C involved in ABA signal transduction. Recently ABA was identified as an important
hormone for the negative regulation of tillering by acting downstream of the SL
signalling pathway (Luo et al., 2019). However, ABA was found to be induced not only
in basal nodes, but also in shoots indicating that it might play a broader role in plant
response to N-limiting conditions. ABA is known to control processes such as
senescence and autophagy. N and C recycling are both known to be an important part
of the N-response; thus, the induction in ABA biosynthesis might control catabolic

processes related to N and C remobilization.

The second proposed model for the action of SLs is by affecting auxin transport
(Bennett et al., 2006). Phytohormonal analysis revealed that IAA content was reduced
in nodes under N limitation. Moreover, SAURs, which play an essential role in IAA

response, were downregulated in N-limited nodes. N limitation also regulated the
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expression of some ARFs, suggesting that N limitation causes changes in auxin
signalling to control N deficiency responses. The amount of IAA was 2-fold lower in N-
limited nodes compared to the control plants. The role of auxin in the regulation of
tillering is known due to its involvement in apical dominance. However, as has been
suggested in other monocotyledonous plants, apical dominance might not be
apparent during the vegetative stage, as the apical meristem is located at the base of
the shoot; thereby, the effect of the growing shoot apex might not be so strong.
Consistent with the present data, Xu et al. (2015) reported that N limitation decreased
the amount of IAA in nodes. Similar results have been reported in rice (Sun et al.,
2014). This observation is in contradiction with the results from dicotyledonous
species such as Arabidopsis, where IAA concentration increases in response to N
limitation, contributing to the suppression of lateral bud outgrowth (de Jong et al.,
2014). With regards to the present data, the higher amount of IAA in the shoot base
under N-sufficient conditions might reflect the higher export of auxin from the actively
growing emerging tiller, in contrast to N-limiting conditions where due to the tiller
suppression, less auxin is exported to the PATS. Thereby, IAA might not play a
significant role in N-mediated tiller suppression in monocotyledonous as in
dicotyledonous species because we would expect a higher concentration in shoot base

to suppress bud outgrowth.

The N limitation response included downregulation in nodes of CK biosynthetic genes
such as CYP735A3 and LOG3. Similarly, type-A RRs, which are an essential part of the
CK signalling pathway, were suppressed by N limitation (Mdller and Sheen, 2007). In
contrast, type-B RRs were upregulated, possibly as a feedback regulation to the low
levels of CKs. Indeed, the levels of the most abundant type of CKs, tZ and tZR, were
strongly reduced under N limitation. tZ is known to be the most active form of CK in
plants. N limitation led to a systemic downregulation of CK content in all the tissues
examined, confirming the strong link between N and CK levels, which act as a signal of
N-status. Other studies have also shown that N limitation leads to a reduction in the
levels of CKs (Xu et al., 2015b). CKs act as positive regulators of tillering. As a result,
the decline in the levels of CK under N limitation might contribute to the observed

tiller suppression.
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Under N-limiting conditions, many genes involved in N assimilation, transport and
remobilization were found to be affected. Under N-limiting conditions, there was a
strong downregulation of N assimilation enzymes such as NR and NiR. Among the N
assimilation enzymes, TaGS1 homoeologues were found to be induced by N limitation.
GS1, apart from its role in N assimilation, also plays an important role in the
reassimilation of NH4* regenerated by amino acid recycling (Bernard and Habash,
2009). In addition, the expression of many oligo-peptide transporters (NPF) was
regulated by N limitation. Similarly, many genes encoding amino acid transporters
showed a strong response to N supply, indicating significant changes in N
remobilization from N source to N sink tissues. In addition, N limitation was found to
promote ureide metabolism. Ureide is one of the main forms of nitrogen transported
within the plants, which has a low C/N ratio compared to amino acids from which it is
derived. N limitation strongly induces allantoin catabolism which further supports
strong upregulation of the N recycling mechanism as part of plant adaptation to
growing conditions. Those changes indicate the strong reduction of nitrate

assimilation, whereas there is a strong reassimilation of N.

Finally, N limitation, apart from controlling tillering by suppressing bud outgrowth,
may influence the final number of formed tillers by affecting developmental tiller
cessation. Although no phenotypic data were recorded to support this hypothesis,
based on the gene expression data, N limitation has an effect on genes involved in
flowering. In fact, N limitation induced the expression of three homoeologous genes
encoding GARP G2-like TFs, which are orthologues of OsPCL1. In addition, bZIP77
orthologous genes were induced in wheat nodes under N limitation. Both PCL1 and
bZIP77 have been found in rice to promote flowering and heading time. The
orthologues of AtWRKY12, which is also involved in flowering regulation in
Arabidopsis, were regulated by N limitation. Similarly, five genes encoding flower
promoting factors (FPF) were strongly induced by N limitation. In contrast, the
orthologue of rice terminal flower 1 (TFL1) and other genes associated with repression
of flowering were downregulated. These results suggest that N limitation promotes
flowering and the transition from the vegetative to the reproductive phase, which in

turn leads to early cessation of tillering. In rice, early flowering has been associated
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with a lower number of tillers. It is known that N limitation stimulates flowering;

however, this depends on the severity of N limitation.

Finally, 258 TFs classified into 36 different families were found to be differentially
expressed. Among the TF families which were identified responding to N limitation,
MYB, WRKY and bZIP were the most abundant, with more than 30 members
differentially expressed. The majority of WRKY and MYB members were upregulated
by N limitation. Previous transcriptomic studies reported a strong impact of N
limitation on MYB and WRKY TFs in roots and leaves of wheat plants, suggesting that
members of this family play important roles in plant adaptation to N-limiting
conditions. The expression of many MYB TFs is linked with plant resilience to abiotic
stress (Roy, 2016). Other studies on wheat and rice have reported a strong influence
of N availability on MYB expression (Curci et al., 2017, Wang et al., 2019a). The bZIP
family had members which were upregulated or downregulated by N limitation. Most
of the upregulated bZIP TFs were ABA-inducible TFs associated with ABA signalling,
such as orthologues of OsbZIP72 and OsbZIP46. Downregulated bZIP TFs had protein
similarity with AtbZIPs associated with sugars utilization, such as members of the S1-
and C-bZIP subfamily. Among the DE TFs families, NF-YA showed proportionally the
most striking response to N-limiting conditions. In fact, more than 60% of the
expressed NF-YA TFs in nodes were found to be upregulated. In durum wheat, NF-Y
TFs are regulated in roots (Curci et al., 2017). Induced expression of NF-Y genes has
been associated with increased prolonged exposure to stress conditions, including N
stress (Zhao et al., 2011, Leyva-Gonzdélez et al., 2012). In addition, induced expression
of NF-Y genes increases N uptake and grain yield in wheat (Qu et al., 2015). Other
families which were regulated by N supply were LOB, TAZ and GARP-ARR-B. Type-B
RRs are involved in the CK signalling pathway, which, as discussed above, may have a
role in plant response to N limitation, as CK levels and metabolism were negatively
affected by N limitation. Members of the AS2/LOB family, also known as LOB-domain
TFs (LBD), had been initially identified to control plant organ development but are also
involved in plant responses to different cues (Zhang et al., 2020). Similarly, the TAZ

family was the family with the highest percentage of downregulated TFs. Some
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members of the TAZ family, such as BT2 and BT1, were recently found to act as

repressors of the nitrate response in Arabidopsis (Sato et al., 2017).

The plant N-response is known to involve complex transcriptional networks. Recent
studies utilizing system biology analyses have identified important TFs controlling the
expression of downstream genes acting as master regulators of the N response (Ueda
et al., 2020, Gaudinier et al., 2018). Those TFs control different modules of genes
leading to morphological and physiological changes as part of plant adaptation to N-
limiting conditions. Many of the previously identified TFs related to plant response to
N availability were found to be differentially expressed in basal nodes in this study.
LBD37, 38, 39 homoeologues were strongly downregulated by N limitation. LBD37, 38,
39 have been previously established as N status regulators acting as repressors of
genes involved in N uptake (Gaudinier et al., 2018, Rubin et al., 2009). In rice, LBD38
was found to connect different N-deficiency response modules, highlighting the
importance of LBD38 in regulating the N response (Ueda et al., 2020). NIGT1 TFs are
N-inducible and act as negative feedback regulators suppressing the expression of
nitrate-inducible genes (Maeda et al., 2018). Furthermore, Ueda et al. (2020) showed
that OsHHO3 and OsHHOA4, which are functional orthologues of AtNIGT1, are
important components of the N response in rice. The expression of OsHHO3 and
OsHHO4 orthologues was strongly downregulated in nodes. The expression of BTs has
also been linked with NUE and N response in rice and Arabidopsis (Araus et al., 2016,
Sato et al., 2017). The expression of genes encoding proteins orthologous to AtBT1, 2
were suppressed by N limitation. In contrast, orthologous genes of previously
identified N-inducible TFs, which play central roles in maintaining the coexpression
network of the N response, such as TGA1, NFYAS and BBX16, were found to be strongly
upregulated in N-limited nodes (Gaudinier et al., 2018, Alvarez et al., 2014). Finally,
the TaNAC2 homoeologues were also found to be significantly induced by N limitation.
In wheat, NAC2 is involved in the N response by binding to the promoter region of
genes for N transporters and N assimilation enzymes. Furthermore, overexpression of
TaNAC2-5A has been associated with higher N uptake and grain yield (He et al., 2015).
The observed effect of N limitation on previously identified key transcriptional

regulation of the N response in other species showed that there is a conserved
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mechanism of N response among species, while it also provided a good reference for

their regulation under low N conditions in wheat nodes (as presented in Figure 4.9).

4.3.2 Tissue-specific Regulation of SL Biosynthetic and Signalling Genes by
Nutritional Signals

Results from Chapter 3 showed that N limitation strongly induced SL biosynthesis in
basal nodes and roots of wheat plants grown under N limitation. P supply is considered
the primary signal controlling SL biosynthesis, and furthermore, SLs are responsible for
tillering regulation by P availability (Umehara et al., 2010, Yoneyama et al., 2012).
Therefore, a comparative analysis of the transcriptional effect of N and P limitation on
SL biosynthetic and signalling genes was carried out. Based on the RNA-seq data in the
basal nodes, the N limitation led to a more substantial upregulation of many SL
biosynthetic genes compared to the P limitation. P limitation was found to have a
significant effect on the mRNA abundance of TaD10 homoeologues, but the induction
was weaker compared to the N limitation response. Differential gene expression
analysis between low N and low P plants showed that the transcript levels of many SL
biosynthetic and signalling genes were significantly different between the two
treatments. Assuming that shoot P status is the primary signal controlling SL
biosynthesis in nodes, one explanation could be that the internal concentration of P
was not low enough to trigger a low P response. However, the elemental analysis
showed that low P plants had a 2-fold lower concentration of P in shoots. N-limited
plants also showed reduced P concentration in shoots, but the concentration was
much higher than in low P plants. As a result, the P concentration in the shoot cannot
explain the strong upregulation of SL biosynthesis in nodes. However, gene expression
analysis in roots by RT-gPCR revealed that P limitation had a more substantial effect
on SL biosynthesis genes than N limitation. More specifically, the low P effect on most
of the MAX1 genes in roots was stronger compared to the low N effect. Combining
these results, it is suggested that SL biosynthesis is regulated by different signals
between roots and shoots in response to plant nutritional status. SLs are known to
have a dual role as a rhizosphere signal and as plant hormones. In roots, SL production
and exudation have been associated with AMF colonization. AMFs are known to

facilitate P uptake under P deficiency. In contrast, in nodes, SL act as a negative
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regulator of bud outgrowth. Therefore, the distinct role of SL biosynthesis might also
explain the presence of distinct mechanisms that control SL biosynthesis in different
tissues. Consequently, it may be hypothesised that in roots, P limitation strongly
induced SL biosynthesis to increase SL exudation to facilitate AMF colonisation and
increase P uptake, while in nodes, SLs act mainly as phytohormone coordinating bud

suppression and possible N limitation signalling.

In many species, the recorded increase in SL production and exudation is much
stronger under P-limiting conditions compared to N limitation (Yoneyama et al., 2012).
However, no previous study has compared the effect of the two nutrient limitations
on basal nodes or buds, where SLs act as repressors of tillering. Yoneyama et al. (2012)
hypothesised that the N limitation effect on SL biosynthesis is attributed to the lower
P uptake observed in N-limited plants. Based on the P analysis performed in this study,
N limitation negatively impacted P concentration in both roots and shoots, but the
concentration found in N-limited plants was significantly higher compared to the one
observed in P-limited plants. Combining those two observations, the P content
appears not to be the signal controlling SL biosynthesis in nodes because if this were
the case, the induction of SL biosynthesis would be stronger under P limitation.
Therefore, there must be other factors, such as N content or other hormones, which
regulate SL biosynthesis, at least locally in the nodes. In split root experiments in
sorghum, it was shown that N or P were not the signals directly controlling the
expression of SL biosynthetic genes in roots (Yoneyama et al., 2015, Yoneyama et al.,
2020b). In addition, in the same studies, it was suggested that neither IAA nor CKs are
responsible for controlling SL biosynthesis in response to nutritional signals, although
both hormones affect the expression of SL biosynthetic genes when applied externally.
In fact, the levels of most of the CKs were strongly downregulated in N-limited roots,
while no effect was observed under the P limitation. Therefore, CKs cannot be the
signal leading to strong upregulation of SL biosynthetic genes under P-limiting

conditions.
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Chapter 5 Generation and Functional Characterisation of
a Strigolactone-deficient Mutant

5.1 Introduction
5.1.1 Background

Strigolactones play an important role in regulating shoot branching in many species.
Most of our knowledge about the involvement of SLs in tillering regulation comes from
studies in rice. However, there is limited information about the role of SLs in other
grasses, such as wheat. Only recently, Zhao et al. (2020) showed that TaD27-RNAi lines
and TaD27 overexpressing lines showed higher and lower numbers of tillers,
respectively, confirming that SLs play a major role in tillering regulation in wheat. In
the same study, the transcriptomic analysis showed that TaD27 silencing triggers
changes in axillary buds, affecting bud development (Zhao et al., 2020). Based on the
results presented in Chapters 3 and 4, SL biosynthetic genes are strongly induced by N
limitation locally in the basal nodes. Therefore, SLs might play an important role in
regulating tiller formation by N limitation and generally in plant adaptation to N-
limiting conditions. In addition, fewer studies have focused on the potential role of SLs

as signals affecting plant N limitation responses.

5.1.2 Carotenoid Cleavage Oxygenase/Dioxygenase

SLs, based on their nature, belong to the group of apocarotenoids - carotenoid
cleavage products. The class of apocarotenoids includes not only SLs but also ABA.
Both are biologically important compounds — phytohormones — controlling ubiquitous
developmental processes and regulating plant stress responses. As a result,
apocarotenoid biosynthesis is considered an essential biosynthetic pathway in plants
(Felemban et al., 2019). Apocarotenoid biosynthesis is mainly catalysed by members
of the carotenoid cleavage oxygenase (CCO) family, which are commonly referred to
as carotenoid cleavage dioxygenases (CCDs). Whether the members of this family have
monooxygenase or dioxygenase activity remains elusive. For this reason, both terms,
CCOs or CCDs, are used in the literature to describe this protein family. The members
of this family are non-haem iron enzymes, in which catalytic iron (Fe?*) is chelated by

four histidine residues, a characteristic only found in a handful of enzymes.
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Phylogenetic studies have shown that the presence of these four histidines is
conserved among CCOs from different species, indicating that there are essential for
Fe?* coordination (Harrison and Bugg, 2014). Most of the CCOs show high substrate
specificity, catalysing the oxidative cleavage of specific double bonds of their
substrates. CCOs in plants are divided into two main types, namely, 9-cis epoxy
carotenoid dioxygenases (NCEDs) and CCDs (Harrison and Bugg, 2014). The former
class is involved in ABA biosynthesis, whereas the main representatives of CCDs, CCD7

and CCDS, are involved in SL biosynthetic pathway (Figure 5.1).

In Arabidopsis, the CCO family consists of nine enzymes, five NCEDs (NCED2, 3, 5 and
6) and four CCDs (CCD1, 4, 7 and 8). The number of CCOs in other plant species varies
mainly due to the different number of NCED encoding genes present in their genome.
NCED enzymes cleave neoxanthin into xanthonin, which is the precursor of ABA. On
the other hand, CCDs catalyse the oxidative cleavage of double bonds in various
positions in different carotenoids. For instance, CCD1 is responsible for the
biosynthesis of volatile compounds responsible for the scent and aroma of certain
plant species. CCD4 function has been linked with carotenoid homeostasis in different
tissues or biosynthesis of volatile compounds and pigments (Bruno et al., 2016).
Finally, CCD7 and CCD8 are part of the core SL biosynthetic pathway working in concert
to produce CL, the precursor of bioactive SLs. Phylogenetic and evolutionary studies
have revealed that plant CCDs share high amino acid and nucleotide sequence
similarity allowing the identification of important domains and amino acid residues
(Harrison and Bugg, 2014). Among the plant CCOs, only Viviparous14 (VP14/NCED1)
from maize has been crystallised and structurally characterised, providing important
information about the active site and substrate specificity of CCOs (Messing et al.,

2010).
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Figure 5.1: Simplified biosynthetic pathway of the main apocarotenoid signalling molecules,
SLs and ABA. Carotenoid cleavage dioxygenases (CCDs) catalyse the cleavage of B-carotene,
the precursor of SLs and ABA. 9-cis-epoxycarotenoid cleavage dioxygenases (NCEDs) initiate
the formation of ABA, whereas CCD7 and CCD8 are key enzymes of SL biosynthesis. The
formation of 9-cis-B-carotene, which is the substrate of CCD7, from B-carotene is catalysed by

the isomerase DWARF27.
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5.1.3 Expression Pattern of TaD17 in Wheat

SL biosynthesis was initially thought to predominately occur in the root based on the
initial discovery of SLs acting as rhizosphere signals. Several studies have shown that
SLs are transported from root to shoot to control lateral branching (Mashiguchi et al.,
2021). However, the expression of SL biosynthetic genes has also been detected by
gene expression studies in basal nodes and axillary buds in different species, such as
in rice (Xu et al., 2015b, Umehara et al., 2010). Similarly, grafting experiments in
dicotyledonous species have demonstrated that locally synthesized SLs in the shoot
are sufficient to regulate branching, further suggesting that apart from the root, SLs
are also biosynthesized in above-ground tissue. As presented in sections 3.2.4 and
4.2.13, mRNA of the main biosynthetic genes was detected in basal nodes of wheat
plants based on both RT-qPCR and RNA-seq experiments. Zhao et al. (2020) showed
that TaD27-2B is expressed in axillary meristems of wheat using in situ hybridization
(Zzhao et al., 2020). Similarly, expression of TaD17 was also detected in dormant lateral
buds and the surrounding lead primordia in wheat, as shown in Figure 5.2E-F
(unpublished data). These observations indicate that TaD27 and TaD17 expression in
lateral buds might play a role in tiller bud inhibition in response to different signals.
The expression of TaD17 overlaps with the expression of dormancy-associated genes
and cell-cycle genes found to be affected by the SL-mediated bud dormancy (Luo et
al., 2019), indicating that SLs, apart from acting as mobile signals, are also
biosynthesized in situ to control bud dormancy. In situ hybridization in wheat roots
also showed that TaD17 expression is localized in the endodermis and the pericycle

cells (Figure 5.2A).
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Figure 5.2: In situ hybridization analysis of TaD17 in root and the basal node of wheat. (A)
Cross-section of root (anti-sense probe), (B) cross-section of root (sense probe — control), (C)
cross-section of root stained with Safranin and fast Green staining. (D) Longitudinal section of
basal node at tillering stage stained with Safranin. The arrow indicates the dormant lateral
bud. (E-F) Longitudinal section of basal node at tillering stage (antisense probe). Scale bars: A-
C, 50 um; D-E, 500 um. Abbreviations: epidermis (Ep), cortex (Co), endodermis (End), xylem
(Xy). This work is part of unpublished data®.

5 Petros Sigalas would like to thank Dr Yongfang Wan for kindly performing the in situ hybridization,
sectioning and microscopy.
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5.1.4 Targeting Induced Local Lesions in Genomes (TILLING)

The generation of an SL-deficient plant is a promising way of investigating the role of
SLs on wheat architecture and particularly on tillering. This can be achieved by
generating a loss-of-function mutant for genes involved in SL biosynthesis. TILLING is
an ideal non-transgenic method for this purpose in wheat because different mutant
lines with missense mutations in different homoeologues can be identified and

stacked for the generation of a triple knock-out (null) plant.

TILLING is a reverse genetic approach for inducing and identifying mutations in specific
genes. In principle, TILLING combines chemical mutagenesis, such as the use of the
chemical mutagen ethyl methanesulfonate (EMS), with sensitive mutation detection
techniques. EMS induces random point mutations in the genome resulting in G/C to
A/T substitutions. Those changes provide a great source of genetic variation as they
can lead to loss of encoding protein function due to a premature stop codon or an
abnormal splicing site. Nucleotide substitutions could also alter protein function due
to missense mutations on important amino acid residues in the active site of the
encoded protein (Uauy et al., 2017). Several different methods have been historically
used for detecting the introduced mutations in genes. Most of the techniques were
based on PCR screening of the candidate gene region. However, those methods were
expensive and labour-consuming, making TILLING less exploited. The recent
development of sequencing technologies along with bioinformatic tools paved the

way for utilising TILLING for functional genomic studies.

In plants, the first TILLING population was described in Arabidopsis (McCallum et al.,
2000), while since then, TILLING populations have been developed in many species,
including crop plants such as rice, maize and wheat (Chen et al.,, 2014). TILLING
provides an excellent source for functional studies but also for crop breeding programs
as the mutations are non-transgenic and are inherited from one generation to the
other. In addition, TILLING is especially suited for polyploid species, such as wheat,
since the latter show a higher mutation tolerance rate compared to diploid species
(Uauy et al., 2017). The higher tolerance of polyploid species to higher mutation load
is attributed to the presence of multiple homoeologues, which compensate for the

effect of a truncation mutation in a gene. However, for the same reason, the
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generation of knock-out mutant in wheat is a time-consuming process since it requires

knocking out all the three homoeologues of the gene of interest.

Wheat TILLING populations have been developed in tetraploid durum wheat cv
‘Kronos’ and in hexaploid bread wheat cv ‘Cadenza’ as part of a joint project between
the University of California Davis, Rothamsted Research, The Earlham Institute, and
the John Innes Centre (Krasileva et al., 2017). The EMS TILLING population of wheat
includes more than 2700 mutant lines, 1535 and 1200 in tetraploid and hexaploid
wheat, respectively. All the mutant lines have been sequenced by exome capture and
initially aligned to the reference genome, IWGSC CSS assembly. All the data became
publicly available through www.wheat-tilling.com. In total, more than 10 million
mutations have been identified in protein-coding regions. This corresponds to an
average of 23-24 mutant alleles per gene. Based on the predicted mutational effect,
knock-out mutations have been identified in around 90% of the captured genes
(Krasileva et al., 2017). The identification of the mutation sites and the prediction of
their effect was also performed based on the RefSeql.1 gene annotation after
alignment to the IWGSC RefSeq v1.0 genome assembly. The updated data have been

deposited on Ensembl Plants and are publicly accessible.

5.1.5 Chapter Objectives

The aim of this chapter was first to generate an SL-deficient mutant in hexaploid wheat
and, secondly, to understand the role of SLs as a signal under N-limiting conditions. To
address the second objective of this chapter, the generated triple knock-out mutant
Tad17 (aabbdd) was used for a transcriptomic study in nodes under two different N

regimes.
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5.2 Results

5.2.1 Identification of Wheat Candidate Genes for the Generation of an SL-deficient
Mutant

The first step for the generation of an SL-deficient mutant was the in silico analysis of
all the SL biosynthetic genes and the identification of the targeted gene. For the
generation of a triple knock-out mutant, mutant lines from the TILLING population of
the hexaploid wheat, T. aestivum cv. Cadenza, were used (Krasileva et al., 2017). The
orthologues of wheat genes involved in the SL biosynthesis and signalling have been
identified as described in the previous section 3.2.1. Among the SL biosynthetic genes,
D27, D17/CCD7 and D10/CCD8 were putative genes for the generation of a triple
knock-out mutant based on our approach. As there are multiple MAX1 genes in wheat,
the generation of a mutant line for all the copies would be complicated and time-
consuming. Therefore, MAX1s were excluded as candidate genes for the generation
of SL-deficient mutants. All the available mutant lines in the TILLING population of
TaD27, TaD17 and TaD10a homoeologues were retrieved from the EnsemblPlants
database (Table 5.1). No available mutations in the protein-coding region (CDS) of any
of TaD27 homoeologues were found, so TaD27 was also excluded as a candidate gene.
In contrast, for the homoeologues encoding D17/CCD7, 53 mutations were identified
in the coding region of TaD17-2A, while there were 96 and 57 in TaD17-2B and TaD17-
2D CDSs, respectively. Among the available mutation types, for the purpose of this
study and for functional studies, predicted loss-of-function mutations were required.
Loss-of-function mutations are the mutations that lead to a premature stop codon in
the open reading frame, also known as nonsense mutations. In fact, three, four and
one mutant lines were identified with a stop gained mutation in the A-, B- and D-
genome copies of TaD17, respectively. Finally, two nonsense mutations were found in
the CDS of both TaD10a-2A and TaD10a-2B, whereas none were found in TaD10a-2D.
The absence of available premature stop codon mutation was also confirmed by
accessing wheat.tilling.com, the legacy database for wheat TILLING population
mutants. Another type of mutation that might result in abnormal protein is mutation
resulting in different splicing of the exons. However, neither TaD27 homoeologues nor

TaD10-3D were found to have any mutant line annotated into this category. Another
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important consideration was the presence of three wheat homoeologues (TaD10b)
with high sequence similarity with TaD10a genes (section 3.2.1). Those genes
potentially have a similar function to TaD10a and might mask the effect of TaD10a

knock-out.

Hence, due to the presence of available TILLING mutant lines with stop codon gained
mutations in all three copies of TaD17, this gene was selected for the generation of a

Tad17 triple knock-out mutant.

Table 5.1: Summary of the available hexaploid wheat TILLING mutants in the protein-coding
region of SL core biosynthetic genes, TaD27, TaD17 and TaD10a. For the generation of a triple
knock-out mutant, mutant lines with stop gained mutation in the protein-coding region of all
three homoeologues are required.

DS Stop

Gene Encoded Protein Gene ID mutations co.don

gained
TaD27-7A Beta-carotene isomerase D27 TraesCS7A02G418900 0 0
TaD27-7B Beta-carotene isomerase D27 TraesCS7B02G319100 0 0
TaD27-7D Beta-carotene isomerase D27 TraesCS7D02G411500 0 0
TaD17-2A Carotenoid cleavage dioxygenase 7 (CCD7) TraesCS2A02G414600 53 3
TaD17-2B Carotenoid cleavage dioxygenase 7 (CCD7) TraesCS2B02G433800 96 4
TaD17-2D Carotenoid cleavage dioxygenase 7 (CCD7) TraesCS2D02G411900 57 1
TaD10a-3A  Carotenoid cleavage dioxygenase 8 (CCD8) TraesCS3A02G274300 73 2
TaD10a-3B  Carotenoid cleavage dioxygenase 8 (CCD8) TraesCS3B02G308000 92 2
TaD10a-3D  Carotenoid cleavage dioxygenase 8 (CCD8) TraesCS3D02G273500 76 0

5.2.2 Identification of Mutations within TaD17 Homoeologous Sequences

Among the available mutants with a loss-of-function mutation, one mutant line for
each of the TaD17 homoeologues was selected for the generation of the triple knock-
out mutant (Table 5.2). Mutant lines with predicted larger deletions were preferable
because it is more likely to result in non-functional proteins. More specifically,
Cad1738, Cad1271 and Cad0880 lines were selected for crossings. Although Cad1247
carries longer deletion compared to Cad1217, Cad1271 was finally selected based on
the initial zygosity of the TILLING mutants in the population. More specifically, the

Cad1271 line was listed as homozygous in the M2 population; therefore, it was
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preferred compared to the heterozygous Cad1247. However, finally, it was proven

that even Cad1271 was also heterozygous in the M4 population.

Table 5.2: Mutant line IDs with a stop-gained mutation in the protein-coding region of TaD17
homoeologues. For each mutant line, the respective mutation site is also reported, along with
the position of the premature codon in the protein-coding region (CDS) and in the protein.

Variant ID Chr  Mutation Type AA ';:::;::;: POS(':tg)Sn n i::i:lt?eri]n
Cadenzal738 2A Cc/T Stop-gain GIn/* 539/2058 469/1836 157/ 611
Cadenzal271 2B G/A Stop-gain Trp/* 1275/1848 1275/1848 425/615
Cadenza0880 2D G/A Stop-gain Trp/* 1448/1950 1448/1845 483/614
Cadenza0676 2A G/A Stop-gain Trp/* 1243/2058 1173/1836 391/ 611
Cadenza2070 2A G/A Stop-gain Trp/* 1243/2058 1173/1836 391/611
Cadenzal247 2B G/A Stop-gain Trp/* 1185/1848 1185/1848 395/615
Cadenza0596 2B G/A Stop-gain Trp/* 1274/1848 1274/1848 425/615
Cadenza0908 2B G/A Stop-gain Trp/* 1614/1848 1614/848 538/615

Line Cad1738 carries a C to T change at nucleotide 539 in the TaD17-2A transcript
(TraesCS2A02G414600). This mutation results in a change of Glul57 to stop codon,
hence in deletion of 455 amino acids. Similarly, mutant line Cad1271 carriesa G to A
substitution at nucleotide 1275 of TaD17-2B (TraesCS2B02G433800), leading to a
premature stop codon at position 425 out of 615 in D17-2B. Finally, line Cad0880
shows a deletion of 132 amino acids from the C-terminus end of D17-2D due to a G to
A substitution at position 1448 of the protein-coding region. The mutation sites in the
genomic sequences are shown in Figure 5.3, whereas the nucleotide sequences
compared to the wild-type sequence are shown in Figure 5.4. Based on the above-
mentioned deletions, it is likely that the encoded proteins are non-functional. Hence,
homozygous plants carrying all three mutations are not expected to produce SLs. The

functionality of the mutated proteins is also discussed in section 5.3.1.
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Figure 5.3: Position of the selected mutations within the genomic sequence of TaD17
homoeologues. Yellow arrows correspond to the exon sequences. The selected mutations
that introduce a premature stop codon are indicated by a purple arrow below the exon
annotations, along with the name of the corresponding TILLING mutant line.
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Figure 5.4: Nucleotide and amino acid sequence alignment of the WT TaD17 homoeologues
with the corresponding selected loss-of-function mutant lines. The highlighted nucleotides
correspond to the C/T or G/A substitution sites. The premature stop codons are indicated by
the black highlight.

5.2.3 Identification of Conserved Amino Acid Residues in Wheat D17/CCD7

After selecting the mutant lines carrying a nonsense mutation in TaD17
homoeologues, the predicted functionality of the mutated proteins was examined in
silico. D17/CCD7 belongs to the family of CCOs. The members of this protein family are
involved in the specific cleavage of terpenoids having a central role in apocarotenoid
biosynthetic pathways, such as in ABA and SL biosynthesis. To identify highly
conserved motifs and amino acid residues, a protein alignment of various CCOs from
many plant species was conducted. The conservation of regions or specific amino acid
residues throughout evolution among different organisms usually indicates the
importance of those conserved regions in the structure and functionality of the
proteins. Such conserved motifs may act as active sites or binding sites of the protein
receptors etc. The amino acid sequence of D17/CCD7, D10/CCD8, and CCD1 from O.
sativa var Japonica, Z. mays, H. vulgare, B. distachyon and A. thaliana were included
in the analysis along with all known AtNCEDs (Figure 5.5). ZmVP14 (NCD1) is the only

member of this protein family in plants that has been previously crystalised and
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structurally characterised (Messing et al., 2010); therefore, ZmVP14 was used as a

prototype for the identification of important conserved amino acid residues in CCDs.

Based on previous studies and the sequence alignment of CCOs, four histidine residues
(His) are conserved across all the examined plant species (Figure 5.5). Previous
functional studies have shown that those four His are binding sites for the catalytic
Fe?* (Messing et al., 2010). Similarly, Harrison and Bugg (2014) also reported that the
presence of His is conserved across taxa suggesting that coordination of Fe?* by His
residues is essential for the functionality of the CCOs (Harrison and Bugg, 2014).
Therefore, the lack of the His residues involving the chelation of catalytic Fe?* could
negatively affect the functionality of the enzyme. In addition, previous studies have
shown that three glutamic acid (Glu) residues are important for the stereochemistry
of ZmVP14. More specifically, Glu264, Glu477 and Glu530 have been suggested to be
essential for the positioning of the above-mentioned His residues. According to the
protein alignment, Glu264 and Glu530 are conserved across all the examined CCOs.
On the other hand, Glue477 was found to be conserved in all NCEDs, while it has been
replaced by aspartic acid (Asp) in the CCDs (CCD1, CCD8 and CCD7). The presence of

the Asp residue in this position was conserved in all the examined CCDs.
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Figure 5.5: Protein alignment of members of the CCD/CCO family from various plant species, including TaD17-2A, -2B and -2D. The protein sequence of
ZmVP14 (NCD1), which has been previously crystalised, was used for the identification of conserved amino acid residues. The annotated amino acid residues
correspond to conserved amino acids involved in Fe? position (His), substrate positioning (Phe, Leu, Met) and the protein structure (Glu, Asp) according to
previous studies.
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Substrate positioning in ZmVP14 is coordinated in the active site by three
phenylalanine (Phe) residues, Phel71, Phe411 and Ph589. Those Phe residues are
generally conserved in plant CCOs; however, some substitutions have been found in
different locations among plant CCO enzymes, which presumably alter the
stereospecificity of the enzyme (Figure 5.5). More specifically, in CCD7, Phel71 has
been substituted by leucine (Leu). Substitution of the Phe has also been reported in
AtCCD4, in which Phe411 is replaced by isoleucine (lle, lle411) (Bruno et al., 2016).
Finally, the substrate specificity of CCOs has been attributed to amino acid residue at
position 478. In NCEDs, valine (Val), alanine (Ala) or lle is found in this location, while
CCDs were found to carry Phe or methionine (Met). Consistent with that, TaD17/CCD7
was found to have Phe in this position based on the protein alignment, while Met was

found in CCD8s.

In  addition to the protein alignment, the SWISS-MODEL tool
(https://swissmodel.expasy.org/) was also used for the prediction of the overall
structure and the important amino acid residues of wheat D17/CCD7 encoded by
TaD17-2A based on homology modelling (Waterhouse et al., 2018). The results
highlighted four His residues in the protein sequence of TaD17-2A (His226, His316,
His394 and His605), which were predicted to be involved in the tetradentate
coordination of the catalytic Fe?*. This is consistent with the position of the four His
residues identified by the protein alignment. Finally, the Phe486 was also identified as

a putative substrate-binding site (Figure 5.6).
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Figure 5.6: (A) Predicted overall structure and (B) active site of TaD17-2A (D17/CCD7)
enzyme. The highlighted amino acid residues correspond to the four His residues [His226,
His316, His394 and His605] predicted to be involved in the coordination of the catalytic iron
(Fe?*) and the Phe486 as substrate binding site. The 3D model was generated using the SWISS-
MODEL tool based on homology modelling.

5.2.4 Genotyping of the M4 Generation

After the in silico analysis and the selection of mutant lines, Cad1738, Cad1271 and
Cad0880, seeds for each line were obtained from Rothamsted’s TILLING population
seed bank. All the selected mutants were listed as homozygous for the mutations of
interest in the M2 generation. Therefore, only four seeds were screened per line. The
presence of the mutation and the zygosity state of the lines was confirmed prior to
crossings. This was achieved by performing genotyping by sequencing. For this
purpose, homoeologue-specific primers were designed for the amplification of the

region containing the mutation of interest.

On the grounds that high specificity in terms of amplification was needed for
genotyping purposes, gradient PCR was conducted to determine the optimum
annealing temperature for each set of primers (Figure 5.7). Based on the gel
electrophoresis results, primers TaD17 For2Al and TaD17_RevAl successfully
amplified the 156 bp fragment of TaD17-2A. According to the quality of the bands, the
best annealing temperature was at 64.6 °C, while it is important to note that successful
amplification was achieved without the use of Q5 GC enhancer. For TaD17_ForB1 and

TaD17-RevB1, the best band was found at 63.8 °C, which corresponded to a fragment
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of 471 bp, as anticipated. TaD17_ForD1 and TaD17_RevD1l showed better
amplification of the 447 bp fragment at 66 °C. Q5 GC enhancer significantly improved

the amplification of the two latter sets of primers.

TaD17-For2A1/RevA1l (0.5 uM) TaD17-ForB1/RevB1 (0.5 uM) TaD17-ForD1/RevD1 (0.5 uM)

Figure 5.7: Gel electrophoresis of gradient PCR products for the identification of the best
annealing temperature for each pair of primers.

Genomic DNA was first extracted from the TILLING mutant plants and was used for
PCR amplification of the respective region of interest. PCR products were then purified
and sequenced. The sequencing results were then aligned against the WT Cadenza
sequence to confirm the presence of the mutation and identify the genotype of the
mutant plants. Sequencing results were in accordance with the in silico analysis and
confirmed the presence of the mutation in TaD17 homoeologues. All the screened
plants of Cad1738 and Cad0880 were found to be homozygous for the targeted SNPs,
which was quite convenient for the downstream step of mutant generation (Figures
5.8A and C). Although Cad1271 was listed as homozygous in the TILLING population
database, all the three mutant plants, which were screened, were found to be
heterozygous for the targeted SNP, as is suggested by the double peak on the

sequencing chromatograph (Figure 5.8B).
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Figure 5.8: (A) Cad1738, (B) Cad1271 and (C) Cad0880 genotyping by sequencing results.
Genomic DNA was extracted from M4 mutant plants for each selected line and used for the
homoeologue-specific amplification of the region that contains the mutation of interest. The
fragment was then sequenced to identify the presence of the SNP based on nucleotide
sequence alignment against the WT sequence. The zygosity of the plants was determined
based on the SNP base calls in the sequencing chromatograph. The purple annotation
corresponds to the mutation of interest.
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5.2.5 Design and Optimisation of KASP Assays for the Targeted Mutation Sites

The generation of a triple knock-out mutant in hexaploid wheat required the
segregation of three mutations in the same plant, which is achieved by many rounds
of crossing. For the high-throughput screening of the plants during the crossing
process, a KASP genotyping assay needed to be designed for each of the three selected
mutant alleles. KASP is a gel-free fluorescence-based PCR assay for genotyping of
SNPs. KASP is preferable compared to other genotyping methods because it is an
affordable method which delivers high throughput, highly accurate and effective
genotyping of DNA samples (Semagn et al., 2014). The main component of a KASP
assay is the assay-specific primers appropriate to distinguish the two alleles (WT,
mutant). In total, three primer sequences are required for each studied SNP, one
common reverse (forward) homoeologue-specific primer and two SNP-specific
forward (reverse) primers. The targeted SNP (mutation site) should be located at the
3’ end of the SNP-specific primer sequence allowing specific amplification of the
targeted sequence over the non-targeted. At the 5’ end, each SNP-specific primer
contains a unique tail sequence that corresponds to a universal fluorescence resonant
energy transfer (FRET) cassette, one labelled with FAM and the other with VIC
fluorescent dyes. At the end of the PCR reaction, the bi-allelic discrimination was
achieved based on the generated fluorescent signals due to the competitive binding

of the two allele-specific forward primers.

Therefore, the first step in designing the assay-specific primers was to retrieve the
genomic sequence of all three genes encoding TaD17/CCD7 of the WT and of the
selected mutant lines. Next, the sequences were aligned, and the targeted SNP and
the intergenomic SNPs downstream or upstream of the mutation sites were located.
Inter-genomic SNPs are single nucleotide variations that exist between genomes (A, B
and D). The latter SNP was used for designing primers that amplify specifically the
respective genome (A, B or D), whereas two primers that contained the mutation site
on their 3’ end were designed (Figure 5.9). In total, three different KASP assays were

developed, one for each of the SNP of the selected mutant lines (Table 2.3).

To test the efficiency and the specificity of the designed KASP primers, different DNA

samples from already known genotypes (genotyped by sequencing) were used as
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positive controls. At least 10 different samples for each genotype
(homozygous/heterozygous/WT) were used for testing purposes, including two
negative controls. Based on the allelic discrimination plots, all the designed KASP
assays showed good clustering and clear separation between the clusters (Figure
5.10). Moreover, the genotyping results were consistent with the known genotypes
without any mismatch. Those two observations suggest that Cad1738-KASP, Cad1271-

KASP, and Cad0880-KASP primers were reliable for genotyping of the targeted SNPs.

A

' slnpcmnaé

FEVTaD17-2A

Cad1738-KASP1
Cad1738-KASP2

FEUTaD17-28 (Genomic)

FEVTaD17-2D (Genomic)
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FEVTaD17-28 [TCac e
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Figure 5.9: Designed KASP assays for genotyping of the selected mutant alleles. (A) TaD17-
2A Cad1738 mutant allele (B) TaD17-2B Cad1271 mutant allele (C) TaD17-2D Cad0880 mutant
allele. Three primer sequences were designed for each of the targeted SNP, two SNP-specific
forward primers with the SNP at the 3’ end and a common intragenomic reverse primer. The
allele-specific 5’ extension (VIC or FAM) was also added to each of the SNP-specific primers for
the purpose of KASP assay.
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Figure 5.10: Allelic discrimination plots for the designed KASP assays using samples with
known genotypes (positive controls) for testing the efficiency and specificity of the KASP
assay. KASP assay for Cad1738, Cad1271 and Cad0880 alleles showed good clustering of the
samples with the same genotype and clear separation between the clusters.

5.2.6 Stacking of TaD17 Mutant Alleles

The generation of a triple knock-out mutant starting from TILLING mutant lines
required several rounds of crossing in order to stack all the mutant alleles in one

individual plant. The followed crossing scheme is illustrated in Figure 5.11.

The first round of crossing aimed to combine nonsense mutations in two different
homoeologues by crossing the mutant plants identified in the M4 population. More

specifically, homozygous plants with stop gain mutation in the TaD17-2A (Cad1738)
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were crossed with homozygous plants with stop gained mutation in the 2D
homoeologue (Cad0880) to produce an F1 progeny containing both A and D TaD17
mutant alleles. Similarly, Cad1738 was also crossed with heterozygous plants with

mutations in the TaD17-2B (Cad1271).

The F1 progeny of both combinations was then grown and genotyped by sequencing
in order to identify plants that contain the two mutant alleles. For AxB F1, a higher
number of plants was screened since the probabilities for a double heterozygous plant
were lower than in the AxD F1 (Figure 5.11). At least four heterozygous plants, AaBbDD

and AaBBDd, were identified and selected in the resulted F1 progenies.

The double heterozygous plants were grown and then crossed to segregate all the
TaD17 mutant alleles in one plant (Figure 5.11). More than 30 plants of the resulting
progeny were screened for the identification of triple heterozygous plants. Based on
the Mendelian inheritance, the probability of a triple heterozygous was one out of 16,
while the identification of aaBdDd shared the same likelihood. In total, three triple
heterozygous plants (AaBbDd) along with two aaBbDd plants were identified using the
designed KASP assays. After confirming the genotypes by sequencing, plants were
allowed to self-pollinate to produce an F2 population. Subsequently, around 300 F2
seeds from two triple heterozygous individuals (plant3 and plant4) were grown and
screened by KASP assay. Seven triple homozygous individuals for the mutant alleles
(aabbdd) were identified in the progeny of plant3, whereas six aabbdd plants were
identified in the progeny of plant4. Apart from aabbdd plants, different combinations
of homozygous plants were selected along with WT-segregant plants (AABBDD) in

both F2 populations.
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Figure 5.11: Followed crossing scheme to stack the selected TaD17 mutant alleles in one individual plant. lllustration created with BioRender.
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Subsequently, triple homozygous plants for the mutant alleles (aabbdd) were
backcrossed with WT Cadenza plants to generate BC1F1 populations. The purpose of
the backcrossing was to reduce the background mutation load of the TILLING lines.
The produced BC1F1 populations from two individuals (plant3A3 and plant4El - one
from each F2 population screened in the previous step) were screened for the
identification of AaBbDd plants. More than five AaBbDd plants were identified in each
of the BC1F1 populations. Selected plants were allowed to self-pollinate to produce
BC1F2 populations. Some of the heterozygous plants were backcrossed to WT Cadenza

to develop BC2F1 populations to further reduced the mutation load.

The progeny of two self-pollinated BC1F1 AaBdDd plants, plantA4 and plantC6, were
grown and screened to identify aabbdd and WT-segregant plants. In fact, at least 200
seedlings per BC1F2 population were screened by KASP assay. Four aabbdd and two
AABBDD were identified in the progeny of plantA4, whereas only two aabbdd and two
AABBDD were found in the progeny of plantCé. Selected plants were grown in a
standard glasshouse in a randomized design to collect some preliminary phenotypic
data (section 5.2.7). Plants were allowed to self-pollinate. Seeds from the resulted
BC1F3 population of sidling lines (same parental line, plantC6) were used for further

experimentation, as explained in section 2.1.5.

Finally, 20 plants from two different BC2F1 populations were screened for the
identification of AaBbDd plants. One AaBbDd individual was identified in each of the
two different BC2F1 populations screened (plantB6, plantD3). The identified plants
were grown and allowed to self-pollinate to produce a BC2F2 population. Around 300
seeds of the resulted progeny of plantD3 were screened by KASP assay. In total, four
aabbdd and two AABBDD plants were identified in the BC2F2 and allowed to self-

pollinate. Finally, BC2F3 seeds were collected and stored for future experimentation.

5.2.7 BC1F2 Tad17 Mutants Showed Increased Tillering Phenotype

In total, six triple homozygous plants for the mutant alleles (aabbdd) and four WT
segregants (AABBDD) were identified in the BC1F2 populations. One of the identified
triple mutants showed many developmental defects potentially related to background

mutation. Therefore, five Tadl7 mutants were grown along with the four WT
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segregants. The number of shoots per plant was recorded at ear emergence, along
with the number of ears at the final harvest (Figure 5.12). The mean number of shoots
of Tad17 (aabbdd) was 13 (SE=1.14, n=5), whereas the mean of WT segregants was
7.75 (SE=1.49, n=4). Although the different genotypes were not adequately replicated,
the number of shoots and the number of ears per genotype were compared by a two-
sample t-test. T-test showed that the difference between the two genotypes was
statistically significantly different, t(7)=2.85, p=0.025. In addition, a significant increase
in the final number of ears was recorded between the two genotypes, t(7)=2.69,
p=0.031. In fact, Tad17 mutants formed 4.3 £ 1.60 more ears than WT segregant
plants. The phenotype of those lines close to ear emergence is shown in Figure 5.13.
Triple knock-out mutant (Tad17 — aabbdd) showed a higher number of shoots
suggesting that SLs are involved in the regulation of tillering in wheat. In addition to
that, Tad17 showed an overall reduced height compared to WT segregant plants,
suggesting an effect of SLs on stem elongation. In addition, triple Tad17 plants from
different BC1F2 populations but also plants within each population showed a similar
highly branched phenotype indicating the effect is less likely to be related to
background mutations given that those lines are segregating background mutations

quite independently.

Tillering Data No Ears
20 * 20
=1 WT (AABBDD)
*
5 - 15- =1 Tad17 (aabbdd)
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Figure 5.12: Number of shoots at ear emergence and number of ears at final harvest per
plant in triple Tad17 mutants (aabbdd) and WT segregant lines (AABBDD). * denotes
significant different between the two genotypes based on two-sample t-test (No Tillers: t(7) =
2.85, p =0.025; No Ears: t(7) = 2.69, p =0.031).
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Figure 5.13: Phenotype of Tad17 TILLING mutant lines from two different BC1F2
populations. Images were taken close to ear emergence. In all the pictures, a metre ruler is
shown on the left. (Top) Triple Tad17 mutants (aabbdd) along with WT-segregant plants
(AABBDD) from plantC6 BC1F2 population. (Bottom) Triple Tad17 mutants (aabbdd) along
with WT-segregant plants (AABBDD) from plantA4 BC1F2 population.

5.2.8 Phenotyping of Tad17 Mutant under High and Low N Conditions

After the initial phenotyping of the BC1F2 mutant lines, it was apparent that the triple
Tad17 mutant formed more tillers than the WT plants. In previous sections (3.2.3,
4.2.13), it was shown that SL biosynthesis was induced by N limitation locally in the
nodes indicating that SLs might play a role in controlling tillering in response to N

status. Therefore, the response of Tad17 mutant to N limitation was examined. WT
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plants and Tad17 mutants were hydroponically grown under high N (10 mM) and low
N (0.1 mM) conditions. The number of outgrown tillers, along with other phenotypic
traits, were recorded in 3-week-old plants, which corresponded to 12 days after the

introduction of the plants to N limitation (Figures 5.14 and 5.15).

N

— \ I/
\\\‘/

High N—-WT HighN—Tad17 Low N -WT Low N —Tad17
(AABBDD) (aabbdd) (AABBDD) (aabbdd)

Figure 5.14: Images of 3-week-old representative plants of triple Tad17 mutants (aabbdd) in
comparison to WT segregant (AABBDD) grown under high N (10 mM) or low N (0.1 mM)
conditions for 12 days.

A 2-way ANOVA was conducted to examine the effect of genotype and N level on tiller
formation. The analysis showed that there was no significant 2-way interaction,
F(1,14)=0.31, p=0.588, LSD (5%) = 0.91. Tad17 mutant formed more tillers than the WT
plants under both N regimes. N limitation had a negative impact on the number of
formed tillers in both WT and Tad17 mutant. Therefore, based on the results, the
Tad17 mutant still responded to N-related signals suggesting that although SL
biosynthesis affected tillering, there were other factors contributing to tillering
regulation by N status in wheat. Similar results have also been reported by de Jong et

al. (2014) in Arabidopsis and by Sun et al. (2014) in rice.

In relation to biomass accumulation, ANOVA showed a significant 2-way interaction
between genotype and N level, F(1,13)=6.64, p=0.023, LSD (5%)= 0.024. This finding
indicates that the response of root biomass to N limitation was dependent on the
genotype. In fact, N limitation had no effect on the root biomass of WT plants, whereas
root dry weight (DW) was significantly reduced by N limitation in Tad17 mutant. In
addition, under both N conditions, the root biomass of the Tad17 mutant was found
to be significantly lower compared to the WT. Under high N conditions, the Tad17

mutant had 15% lower root DW compared to the WT, while under N-limiting
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conditions, root biomass was 25% lower in low N plants. This observation indicated
that SLs might play a role in root biomass accumulation and resource allocation for

root growth, especially under N-limiting conditions.

N limitation significantly reduced the shoot biomass of both genotypes indicating that
under N limitation, shoot growth was restricted in both genotypes. No significant
difference was found between shoot DW of Tad17 mutant and WT segregant under
high N conditions. However, under N-limiting conditions, the shoot DW of Tad17
mutant was significantly lower by more than 17% compared to WT control (2-way

ANOVA, F(1,13)=14.08, p<0.01, LSD (5%)=0.016).

Overall, N limitation resulted in a significant increase in root/shoot ratio (N-level
effect, F(1,13)=261.57, p<0.001), showing a redirection of growth toward the root, as
has been previously reported in many species (Oldroyd and Leyser, 2020). Despite the
observed increase in root fraction in Tad17 mutant by N limitation, the root/shoot
ratio of Tad17 mutant was significantly lower by 11% compared to the low N WT
segregant. Root fraction was also lower in Tad17 mutant under high N conditions but
without a statistically significant difference. This was mainly attributed to the lower
root biomass accumulation under low N conditions in the Tad17 mutant, as described
above. Taken together, the effect of genotype on the shoot and root biomass indicated
that the Tadl7 mutant showed altered resource allocation, which was mainly

apparent under N-limiting conditions.
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Figure 5.15: Phenotypic responses of triple Tad17 mutants (aabbdd) to N supply compared
to WT segregant plants (AABBDD). (A) Number of shoots per plant, (C) root DW, (D) shoot
DW and (E) root/shoot ratio of 3-week-old Tad17 and WT plants grown on high N (10 mM) or
low N (0.1 mM) conditions for 12 days. Values are means of six biological replicates, and error
bars represent SE. Statistical analysis was conducted with 2-way ANOVA. Different letters
denote statistically significant differences between the group means based on Fisher’s LSD
test (NoShoots LSD (5%) = 0.91, RootDW LSD (5%) = 0.024, ShootDW LSD (5%) = 0.018,
Root/Shoot LSD (5%) = 0.068). (B) Average chlorophyll content across the first, second and
third leaf of each genotype under high N and low N conditions. Statistical analysis was
conducted with repeated measured ANOVA.

SPAD values were used as a proxy for leaf chlorophyll content of WT and Tad17 mutant
plants. SPAD readings were taken from the three fully expanded leaves of the main
stem of 3-week-old plants. The results were analysed with 3-way ANOVA, which
showed a significant 3-way interaction between the leaf, genotype and N level (3-way
ANOVA, F(2,32)=6.90, p=0.003). This indicated the genotype effect on chlorophyll
content dynamics varies depending on the N levels, as can be shown in Figure 5.15B.
More specifically, under high N conditions, no effect in the SPAD values was found
between Tad17 mutant and WT plants. In addition, under high N conditions, the
chlorophyll content tended to increase from older to younger leaves, with a consistent
significant increase in SPAD values between the first and second leaf. Overall, the N
limitation had a negative impact on the chlorophyll content of all the examined leaves.
However, significant differences in the chlorophyll dynamics were found between

Page | 190



Tad17 mutant and WT segregant under N-limiting conditions. Although the Tad17
mutant showed a reduction in leaf SPAD values by N limitation, Tad17 had significantly
higher SPAD values in the first and second leaf compared to the low N WT. In fact,
SPAD values of the first and the second leaf of the low N Tad17 mutant were 42% and
25% higher, respectively, compared to the WT plant. The SPAD value of the third leaf
was found unaffected. Moreover, under low N conditions, the chlorophyll content of
WT plant leaves gradually increased from old to young leaves. The SPAD value of the
third leaf was significantly higher than the first leaf by 29%, indicating the reallocation
of N from older to younger leaves. On the contrary, a significant decrease in the SPAD
value from the second to the third leaf was observed only in Tad17 mutant under low
N (-22%), suggesting that SLs play a role in N translocation from old to young leaves,

while this effect is only apparent under N-limiting conditions.

5.2.9 RNA-sequencing in Basal Nodes of the Tad17 Mutant under High and Low N
Conditions

As shown in the previous section (5.2.8), the Tad17 mutant showed an increased
tillering phenotype along with other phenotypic differences compared to WT,
suggesting that SLs are involved in tillering regulation in wheat. To understand better
how SLs regulate tillering, an RNA-seq experiment was performed in the basal nodes
of Tad17 and WT segregant lines. WT segregant lines are sibling lines with Tad17, but
they are homozygous for TaD17 WT alleles. Therefore, Tad17 and WT segregants show
a similar rate of background mutations. In this experiment, BC1F3 lines were used due
to time restraints. In order to account for the effect of any background mutation in
BC1 lines, the use of progenies from two different BC1F2 plants for each genotype was
adopted. Background mutations segregate quite independently in the different BC1F2
lines; therefore, by using different BC1F2, any effect of unwanted background
mutation was more likely to be ruled out. Hence, three biological replicates were
included per BC1F2 line, which made six biological replicates per genotype (nested
experimental design). As the main focus of this work was the involvement of SLs on N

response, Tad17 and WT plants were grown under two different N levels.

Total RNA was extracted from basal nodes of 18-day-old plants grown under high and

low N supply for 8 days and submitted for RNA-seq. The number of reads was, on
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average, 39.5 M paired-end reads, while that number varied between 27.1 and 49.7
M. On average, 85% of the reads were mapped to the wheat reference genome, while
the uniquely mapped reads corresponded to 72%. On average, 57% (53.9-61.8%) of
the reads were finally assigned to genes; that is, on average, 26.3 M reads were
assigned to genes per sample. The minimum number of reads assigned to genes was
17.6 M. For the transcript abundance calculation, the kallisto tool was used, based on
which 76% of the reads were pseudo-aligned to the wheat reference genome. RNA-

seq statistics can be found in Appendix E.
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Figure 5.16: Principal component analysis based on the differential gene expression analysis
results of genotype (Tad17, WT) and N treatment (High N, Low N) effects. PCA was based on
the 500 most variable genes. Biological replicates of genotype and N treatment (n=6) form
distinct clusters. Tad17 (M1, M2) and WT (WT1, WT2) sibling lines are also clustering together.
PC1 and PC2 account for 60% and 21% of the total variance, respectively.

After prefiltering of low expressed genes, count data generated by the featureCounts
tool were used for the differential gene expression analysis. After prefiltering, 91351
genes were included in the analysis. More specifically, 62% of the HC genes (67255 HC)
and 15% of the LC genes (24096 LC) passed the prefiltering and were included in the
analysis. These results were similar to the result from the RNA-seq experiment

conducted in nodes and presented in section 4.2.3.
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Prior to the differential gene expression analysis, the quality and the repeatability of
the data were assessed by performing a PCA analysis (Figure 5.16). Based on the PCA
plot, there were four main clusters corresponding to the different genotype and N
treatment combinations, suggesting good biological and sequencing repeatability. In
addition, the PCA analysis showed that the different lines within the same genotype
(Tad17: M1 and M2; WT: WT1 and WT2) were also clustering together, suggesting that
the observed transcriptomic changes were less likely to be related to the background
variability between the lines. PC1 accounted for the majority of the total variance
(60%) and separated plants based on the N treatment, indicating that N limitation was
the predominant factor affecting the transcriptome in the basal nodes. On the other
hand, PC2 accounted for 21% of the variance and corresponded to the genotypic
effect. Based on the PCA plot, the distance between WT and Tad17 clusters in the PC2
was wider in low N treated plants compared to high N conditions, suggesting that
genotype had a stronger effect on gene expression under N-limiting conditions. The
good biological repeatability and the stronger effect of genotype under N-limiting
conditions were also supported by the sample distance matrix, which can be found in

Appendix E.

5.2.10 Transcriptional Changes in Basal Nodes of Tad17 Compared to WT Revealed
Greater Changes under N Limiting Conditions

For the identification of differentially expressed genes, the DESeqg2 tool was used by
fitting the appropriate statistical model, Block + Genotype * N level (the script can be
found in Appendix B). Genes with padj < 0.01 and log2|FC| > 0.58 were considered as
significantly differentially expressed and retrieved for each comparison of interest.
Under high N conditions, 1320 genes were found to be significantly DE in basal nodes
of Tad17 compared to the WT (Figure 5.17A). More specifically, 768 genes were
downregulated (653 HC and 115 LC), while 552 genes were upregulated (467 HC and
85 LC) in Tad17. As suggested by the PCA plot (section 5.2.9), Tad17 showed more
substantial differences compared to WT under N-limiting conditions. Under N-limiting
conditions, the number of DE genes in the basal nodes of Tad17 was four times higher
than under high N conditions. In total, 5835 genes were significantly DE under N-

limiting conditions in Tad17 (Figure 5.17B). Knock-out of TaD17 led to significant
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downregulation of 3389 genes (2870 HC and 519 LC) and to upregulation of 2446
genes (2061 HC and 385 LC) in N-limited basal nodes.

The genes affected by N limitation were also retrieved. In WT plants, N limitation led
to suppression of 6832 genes and induction of 7909 in the basal nodes. In total, 13013
genes were differentially expressed in nodes of Tad17 mutant in response to N
limitation. Apparently, the number of DE genes in response to N limitation was higher
than the one presented in section 4.2.4. This might be related to the higher number of
biological replicates included in this study (n=6) compared to the RNA-seq experiment
presented in Chapter 4 (n=4), which increased the statistical power to identify DE

genes.

The main focus of the downstream analysis was the differences between Tad17 and
WT plants and how this effect interacted with plant N status. Therefore, the genes
found to be affected by N limitation in this trial were not further explored as the effect
of N limitation on the transcriptome in the basal nodes was extensively covered in

Chapter 4.
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Figure 5.17: Volcano plot of the differential gene expression analysis of the effect of TaD17
knock-out (A) under high N and (B) under low N conditions and N limitation effect in (C) WT
segregant and (D) Tad17 mutant. After prefiltering low expressed genes, in total, 91351 genes
were included in the analysis. Each dot corresponds to a single gene. Red dots represent
significantly DE genes (padj < 0.01 and |FC|>1.5). One thousand three hundred twenty genes
were found to be differentially expressed in Tad17 mutant under high N conditions, while 5835
under low N conditions. N limitation significantly affected the expression of 14741 and 13013
genes in the WT and Tad17 mutant, respectively.
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5.2.11 Validation of RNA-sequencing Results

To validate the RNA-seq results, the gene expression levels of six genes were measured
by RT-qPCR. The six genes included in the validation test were TaCkX3, TaD10, TaD14,
TaGS1 (TraesCS6A02G298100, TraesCS6B02G327500, TraesCS6D02G383600LC),
TaNR1 (TraesCS6A02G017500, TraesCS6B02G024900, TraesCS6D02G020700) and
TaSUS2  (TraesCS7A02G158900, TraesCS7B02G063400, TraesCS7D02G159800).
Subsequently, a correlation analysis was conducted between the TPM and the NRQ
expression values obtained by the RNA-seq and the RT-qPCR, respectively. A high
Pearson correlation coefficient (R>0.93) was found for all six genes, suggesting that

RNA-seq data were trustworthy.

RNA-seq Validation Test
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Figure 5.18: RNA-seq validation test results. Pearson correlation analysis of TPM values
obtained from the RNA-seq and NRQ expression values obtained from RT-gPCR. Six genes
were included in the validation test, namely TaCkX3, TaD10, TaD14, TaGS1, TaNR1 and
TaSUS2. The comparison between average treatment effects (n=6) based on RNA-seq (TPM)
and RT-qPCR data (NRQ) can be found in Appendix F.
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5.2.12 Functional Annotation Enrichment Analysis of the Transcriptional Changes in
Tad17 Basal Nodes

After identifying the significantly DE genes in Tad17 under high N or low N conditions,
GO term enrichment analysis was performed in GO: profiler in order to identify terms
which are enriched in the list of the DE genes. Significant MF and BP enriched terms
for each comparison were retrieved. After removing redundant terms with the REVIGO
tool, 14 MF and 18 BP GO terms were found to be enriched among the DE genes in
Tad17 under high N conditions. In contrast, under low N conditions, 52 MF and 45 BP
terms were overrepresented in the list of DE genes. Among the enriched terms under

low N conditions, only the top 32 are presented in Figures 5.19-20.

From the GO enrichment analysis, it was found that a greater number of GO terms
were enriched in the list of DE genes between Tad17 and WT under low N supply
compared to high N supply. This was anticipated as the effect of TaD17 knock-out led
to more substantial transcriptional changes in the basal nodes under N-limiting
conditions, which suggests that the lack of SL biosynthesis affected more biological
processes under N-limiting conditions. Nevertheless, many of the enriched GO terms
were common in both comparisons, indicating that there are some common processes

and pathways controlled by SLs regardless of the plant N status.

According to the GO enrichment analysis, terms related to photosynthesis such as
photosynthesis light-harvesting (G0:0009765), photosynthesis (G0:0015979),
chlorophyll-binding (GO:0016168) and others were among the top GO terms enriched
under both N conditions. Further examination revealed that the same terms were
enriched exclusively in the list of downregulated genes suggesting a systematic
suppression of genes related to photosynthesis in the basal nodes of Tad17 mutant.
Moreover, BP terms strigolactone metabolic process (G0O:1901600) and strigolactone
biosynthetic process (G0:1901601) were also among the top enriched terms in both
N conditions indicating changes in gene expression levels of SL metabolic genes in
Tad1l7. In addition, secondary shoot formation (GO:0010223) was also enriched,
indicating changes in genes related to tillering regulation which was consistent with
the observed phenotypic differences in tiller number in Tad17. However, further

examination of the genes annotated with the term secondary shoot formation
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(G0O:0010223) showed that those genes were also genes involved in SL biosynthesis
and signalling. GO enrichment analysis suggested a link between SLs and carbohydrate
metabolism as many terms related to carbohydrate metabolism such as disaccharide
biosynthetic process (G0:0046351), carbohydrate biosynthetic process (G0O:0016051),
carbohydrate metabolic process (GO:0005975) were enriched in the list of DE between
Tadl7 and WT in both N regimes. In addition to that, carbohydrate transport
(GO:0008643) was also enriched, suggesting changes in sugar transporters and altered
distribution of sugars in Tad17, which might be related to tillering regulation as sugar
availability is among the main internal signals controlling bud outgrowth. More generic
terms such as transporter activity (GO:0005215) were also enriched, suggesting
changes to a wide range of transporters, indicating that not only sugar partitioning but
generally resource allocation was altered in Tad17 compared to WT plants. Trehalose
metabolic processes (GO:0005991) were also found enriched in the list of DE genes
between Tad17 and WT independent of the N supply. Tre6P is known to act as a signal
of the sugar status affecting developmental decision-making, including bud
outgrowth. As a result, this observation provided some indications that SLs might
interact with sugar availability signals and the Tre6P metabolic pathway to control bud

outgrowth.

Tad17 showed changes in genes related to ureide catabolism, as terms ureide
metabolic process (G0:0010135) and allantoinase activity (G0O:0004038) were
enriched in both lists of DE genes in Tad17. More specifically, terms related to allantoin
catabolism were enriched in the list of upregulated genes, suggesting that the allantoin
catabolic pathway was induced in Tad17 basal nodes. Allantoin catabolism is part of

the plant N recycling mechanism (Lee et al., 2018).

Nevertheless, there were many GO terms enriched in Tad17 exclusively under N-
limiting conditions. Regulation of hormone levels (G0O:0010817) was found to be
enriched only among the DE genes in N-limited basal nodes on Tad17 compared to
WT, indicating that SL interacts with other hormonal pathways predominately when N
is a limiting factor. In fact, the cytokinin metabolic process (GO:0009690), gibberellin
metabolic process (GO:0009685) and indole-containing compound metabolic process

(GO:0042430) were enriched only under N-limiting conditions. This observation
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indicates a direct or indirect effect of SL on CK, GA and IAA metabolisms which was
mainly apparent under N-limiting conditions. In addition, the MF term cytokinin
dehydrogenase activity (G0O:0019139) was also found to be overrepresented, further

supporting a link between CK and SLs.
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Figure 5.19: Molecular Function (MF) GO term enrichment analysis of the differentially
expressed genes in the basal node of Tad17 mutant (aabbdd) compared to WT segregant
(AABBDD). Enriched GO: MF terms in the differentially expressed genes in Tad17 under (Top)
high N and (Bottom) low N conditions.

Page | 199



GO:BP Enrichment Analysis Tad77 vs WT under High N

photosynthesis light harvesting (GO:0008765)
photosynthesis (GO:0015979)

strigolactone metabolic process {G0:1901600):
cell redox homeostasis (GO:0045454)

regulation of biological quality (GO:0065008)
disaccharide biosynthetic process (G0:0046351)
trehalose biosynthetic process (G0:0005992)
secondary shoot formation (G0:0010223)
carbohydrate biosynthetic process {GO:0016051):
carbon fixation (GO:0015977)

carbohydrate transport (GO:0008643)

response to light stimulus (G0O:0002416)
carbohydrate metabolic process (GO:0005975)
sulfate reduction (G0:0019419)

allantoin catabolic process (GO:0000256)
generation of precursor metabolites and energy (GO:0006091)
cyanate metabolic proecess (G0O:0009439)
glucose metabolic process (GO:0006006)

I T T T T 1
0 5 10 15 20 25

-ogso(padi)
GO:BP Enrichment Analysis Tad17 vs WT under Low N
Top 32 Terms
photosynthesis (GO:0015979) ||
|

photosynthesis light harvesting (GO:0009765)
ig haride metabolic process (G0:0009311)
strigolactone biosynthetic process (G0O:1901601)

disaccharide biosynthetic process (G0:0046351)

amine metabolic process (GO:0009308)

transmembrane transport (GO:0055085)

carbohydrate metabolic process (GO:0005975)

cytokinin metabolic process (GO:0009690)

trehalose metabolic process (GO:0005991)

regulation of hormone levels (GO:0010817)

glutamine family amino acid metabolic process (GO:0009064)
response to light stimulus (GO:0009416)

sucrose metabolic process (GO:0005985)

generation of precursor metabolites and energy (GO:0006091)
inorganic anion transport (GO:0015698)

porphyrin-containing compound biosynthetic process (GO:0006779)
response to external stimulus (GO:0009605)

indole-containing compound metabolic process (GO:0042430)
respanse to other organism (G0:0051707)

carbohydrate transport (GO:0008643)

fructose 16-bisphosphate metabolic process (GO:0030388)
immune response {G0:0006955)

sulfur compound transport (GO:0072348)

gibberellin metabolic process (GO:0009685)

secondary shoot formation (G0:0010223)

nitric oxide biosynthetic process (GO:0006809)

mitochondrial calcium ion transmembrane transport (GO:0006851)
regulation of response to external stimulus (GO:0032101)
photorespiration (G0:0009853)

small molecule catabolic process (GO:0044282)

ureide metabolic process (G0:0010135)

T T T 7 AT
0 5 10 15 40 50

-logp{padj)

Figure 5.20: Biological Process (BP) GO term enrichment analysis of the differentially
expressed genes in the basal node of Tad17 mutant (aabbdd) compared to WT segregant
(AABBDD). Enriched GO: BP terms in the differentially expressed genes in Tad17 under (Top)
high N and (Bottom) low N conditions.
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Figure 5.21: KEGG pathway enrichment analysis of the differentially expressed genes in the
basal node of Tad17 mutant (aabbdd) compared to WT segregant (AABBDD). Enriched KEGG
terms in the differentially expressed genes in Tad17 under (Top) high N and (Bottom) low N
conditions.
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To explore further the affected pathways in Tad17 mutants, KEGG enrichment analysis
was performed for the effect of Tad17 knock-out mutant in both high and low N
conditions (Figure 5.21). Consistently with the GO enrichment analysis, KEGG terms
related to photosynthesis were significantly enriched under both N regimes. KEGG
terms “starch and sucrose metabolism” and “carbohydrate metabolism” were also
enriched independently of the N supply. KEGG enrichment analysis also revealed that
amino acid metabolism was affected in Tad17. More specifically, “alanine aspartate
and glutamate metabolism”, “metabolism of other amino acids”, and “cyanoamino
acid metabolism” were significantly enriched in both high N and low N Tad17
compared to the respective WT control. In addition, under low N conditions, terms
such as “arginine and proline metabolism” and “phenylalanine tyrosine and
tryptophan biosynthesis” were also found to be enriched, suggesting that Tad17
showed altered expression of genes involved in a wider range of amino acid
metabolism under N-limiting conditions. Tryptophan (Trp) biosynthesis is also known
to be linked to auxin biosynthesis as Trp is the precursor of IAA biosynthesis. KEGG
analysis confirmed a link between CK and SLs, as zeatin biosynthesis was significantly
enriched in the list of DE in Tad17 under N limitation. Recently other studies have also
shown a connection between CK and SL metabolism (Zha et al., 2022). Other hormonal
pathways were also found to be enriched among the DE genes in Tad17 under N
limitation but to a lesser extent, such as “brassinosteroid biosynthesis” and

“diterpenoid biosynthesis”. The latter pathway is related to GA biosynthetic pathway.

5.2.13 Tad17 Mutants Showed Suppression of Genes Involved in Photosynthesis

As highlighted by GO and KEGG enrichment analysis, the Tad17 mutant showed a
systematic downregulation of genes involved in photosynthesis and carbon fixation.
More specifically, genes encoding ribulose bisphosphate carboxylase small subunit
(TraesCS5A02G165700, TraesCS5B02G162800, TraesCS5B02G162600,
TraesCS5D02G169600), different structural components of photosystem | and II,
chlorophyll a-b binding protein and many others were suppressed in basal nodes of
Tad17 compared to WT segregant. Although the response was more profound in N-
limited basal nodes of Tadl7, the suppression was consistent in both N regimes

included in the study. Basal nodes are not actively photosynthetic tissue, but the
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consistency of the response suggests that it might be related to a direct or indirect
effect of the lack of SLs in photosynthesis regulation, probably due to changes in
carbohydrate metabolism as both photosynthesis and rubisco are known to be
influenced by carbohydrate accumulation or by changes in source to sink balance (Paul

and Foyer, 2001).

5.2.14 Transcriptional Response of SL Metabolic Genes in Basal Nodes of Tad17

SL metabolic pathway was among the top enriched GO terms in basal nodes of Tad17
under both high N and low N conditions. As a result, it is suggested that the Tad17
triple knock-out mutant showed altered expression of SL biosynthesis and signalling
gene. The responses of all the expressed SL-related genes (TPM>0.5) are presented as
a heatmap in Figure 5.22. Tad17 showed a significant upregulation of TaD27 and
TaD10 homoeologues compared to the respective WT. The expression of both TaD27
and TaD10 was 1.8 and 3.6 times higher than the WT under high N conditions.
Although the expression of TaD27 and TaD10 was induced in nodes under N-limiting
conditions, the transcript abundance was 2.2- and 3.6-fold higher in N-limited Tad17
compared to N-limited WT plants. Analysis of TaMAX1 homoeologues showed that
some of MAX1 were also induced in the Tad17 mutant. In addition, the transcript
abundances based on this RNA-seq experiment also confirmed that TaMAXI1c and
TaMAX1d homoeologues were the predominant MAX1 genes expressed in basal
nodes, as previously discussed in section 3.3.3. The strong upregulation of SL
biosynthesis suggests the presence of feedback regulation of SL biosynthetic genes by
SL levels, as the absence of SLs in the Tad17 mutant led to systematically higher
expression of the other biosynthetic genes. The presence of negative feedback
regulation of SL biosynthetic genes has also been previously reported in other species,
such as rice and Arabidopsis, as the expression of the biosynthetic genes has been
found to be induced in SL-deficient or -insensitive mutants (Umehara et al., 2008,
Mashiguchi et al., 2009, Waters et al., 2012). On the other hand, TaD14 homoeologues
were downregulated in Tad17 compared to the respective WT. The expression of TaD3
was not found to be affected, suggesting the presence of a different mechanism that

controls the expression of genes involved in SL perception in response to internal SL
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levels. Similar downregulation of TaD14 genes had also been reported in TaD27-RNAi

lines in tiller buds (Zhao et al., 2020).

TaD53 is the main repressor of the SL signalling pathway, which is responsible for the
transcriptional control of downstream genes (Jiang et al., 2013). D53 transcription has
been demonstrated to be regulated by SLs by a feedback loop (Wang et al., 2015b,
Zhou et al., 2013, Song et al., 2017). The transcript abundance of TaD53 homoeologues
was significantly downregulated in nodes of Tad17 mutant compared to the WT under
both the N regimes. This observation suggests that in Tad17, the SL signalling pathway
is significantly suppressed. The strong suppression of TaD53 homoeologues also
supported that SL biosynthesis was impaired in Tad17, providing some evidence that
Tad17 have low levels of SLs. This is supported by the fact that in the absence of SLs,
D53 protein is not targeted by the D14-SCFP3 complex leading to higher levels of D53
protein, which in turn suppresses the transcription of D53, as has been shown for rice

and Arabidopsis (Figure 1.9) (Zhou et al., 2013, Soundappan et al., 2015).
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Figure 5.22: Transcriptional regulation of SL-related genes in the basal node of Tad17 mutant
(aabbdd) and WT segregant (AABBDD) grown under high N (10 mM) or low N (0.1 mM)
conditions for 8 days based on the RNA-seq data. Each row corresponds to a different gene,
while columns correspond to different samples grouped by treatment. Data are Z-scores of
regularised log normalised counts (rlog) as generated by DESeq2. Red colour corresponds to
higher transcript levels while green to lower. Row names correspond to the gene name. Row
annotations indicate significant differential gene expression in N-limited nodes, in Tad17
mutant under high N and in Tad17 under low N conditions (from left to right).

Apart from the previously identified SL biosynthetic genes, the expression of three
wheat homoeologues encoding putative SABATH methyltransferases and three
homoeologues encoding Fe20G dioxygenase domain-containing proteins were found
to be strongly induced in basal nodes of Tad17. The transcriptional response of those
genes was similar to the other SL biosynthetic genes. Orthology search showed that
TraesCS3A02G255100, TraesCS3B02G287100 and TraesCS3D02G256000 are
orthologous to SABATH methyltransferase (AT4G36470) recently identified in
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Arabidopsis to be involved in Me-CLA biosynthesis downstream of MAX1
(Wakabayashi et al.,, 2021). On the other hand, TraesCS3A02G457700,
TraesCS3B02G497900 and TraesCS3D02G450500 were found to be orthologues of
AtLBO1 (AT3G21420) which catalyses the conversion of Me-CLA to 1’-OH-MeCLA,
which is a biologically active non-canonical SL (Brewer et al., 2016). Therefore, based
on the orthology of the identified genes and their strong transcriptional response in
Tad17, similar to the rest of SL biosynthetic genes, it was suggested that those genes

might also be involved in SL biosynthesis in wheat nodes.

5.2.15 Response of DRM Genes and TB1 in Basal Nodes of Tad17 Mutant

Tad17 mutants showed an increased tillering phenotype compared to WT plants under
both N levels included in this study. Recent studies have shown that SLs control
branching/tillering by regulating bud dormancy (Luo et al., 2019). As mentioned in
section 4.2.7, DRM genes are molecular markers of bud dormancy in several species
(Tarancon et al., 2017). RNA-seq results in basal nodes showed that all the three
homoeologues of DRM1, 3, 4 were significantly included by N limitation, which is
consistent with the results presented in section 4.2.7, suggesting that N limitation
controls tillering by affecting bud dormancy (Figure 5.23E). Among the nine different
DRM genes identified in wheat, the three homoeologues of TaDRM4 showed the
highest transcript abundance compared to the other wheat DRM genes. In addition,
the expression of DRM4 homoeologues was found to be downregulated on average
by 2-fold in basal nodes of Tad17 compared to WT (Figure 5.23E). This observation
suggests that SLs are involved in the regulation of bud dormancy by inducing the
expression of DRM genes. Under N-limiting conditions, the transcript abundance of
TaDRM4s was found to be 3.5-fold lower compared to the respective WT plant,
indicating a stronger effect of SLs on bud dormancy status. Moreover, under N-limiting
conditions, two homoeologues of TaDRM3 and TaDRM1-4A were downregulated in
the Tad17 (Figure 5.23E). Those results suggested that SLs are involved in the

regulation of bud dormancy status by promoting bud dormancy.

However, N limitation resulted in the induction of DRM genes even in the Tad17

mutant, although the expression was much lower compared to WT. As a result, SLs are
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not the only signal controlling bud dormancy in response to N limitation. The presence
of another mechanism controlling bud dormancy in response to nutritional signals was
also in line with the observed phenotype, given that Tad17 still responded to N

limitation by reducing the number of tillers formed.

The expression of TB1 is known to be associated with branching/tillering control in
many species. TB1 is considered a downstream target of the SL biosynthetic pathway;
however, this remains an open topic. Based on the RNA-seq data, the expression of
TaTB1-4A and -4D was significantly lower in the basal nodes of N-limited Tad17
compared to N-limited WT (Figure 5.23A-C). No significant difference was found
between Tad17 and WT under high N conditions, although the TPM values of TaTB1
homoeologues were lower in Tad17. However, TaTB1 showed a low number of counts
in most of the samples (low expressed genes); therefore, TaTB1 homoeologues were
filtered out as low expressed genes in many comparisons. Thus, the expression of
TaTB1 was also measured by RT-qPCR (Figure 5.23D). Statistical analysis revealed that
there is a strong effect of N limitation on the expression levels of TaTB1 (F(1,13)=33.96,
p<0.01), while genotype was also found to have a significant effect on TaTB1 mRNA
levels (F(1,13)=51.51, p<0.01). In fact, the expression of TaTB1 was significantly lower
in the Tad17 mutant, while the difference between the two genotypes was more
substantial under N-limiting conditions. Statistical analysis showed that there were not
enough arguments supporting a significant 2-way interaction between the two factors
(F(1,13)=2.08, p=0.173). However, based on the expression pattern, there are
indications that the observed induction of TaTB1 by N limitation is mediated by SLs as

the expression of TaTB1 was not significantly induced in Tad17 mutants.
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Figure 5.23: Expression of TB1 and DRM genes in the basal node of Tad17 mutant (aabbdd)
and WT segregant grown under high N (10 mM) or low N (0.1 mM) conditions for 8 days. (A-
C) Transcript abundance (TPM) of TaTB1 homoeologues in the basal node based on RNA-seq
data and (D) based on RT-qPCR (NRQ). Values are means of six biological replicates, and error
bars represent SE. Statistical analysis was conducted with 2-way ANOVA in log2(1/NRQ)
transformed values. Different letters denote statistically significant differences in the gene
expression levels between the means based on Fisher’s LSD test. (E) Heatmap of DRM genes
in the basal node based on the RNA-seq data. Each row corresponds to a different gene, while
columns correspond to different samples grouped by treatment. Data are Z-scores of
regularised log normalised counts (rlog) as generated by DESeq2. Red colour corresponds to
higher transcript levels while green to lower. Row names correspond to the gene name. Row
annotations indicate significant differential gene expression in N-limited nodes, in Tad17
mutant under high N and in Tad17 under low N conditions (from left to right).
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5.2.16 SLs Affect Tre6P and Sugar Signalling Genes in Basal Nodes

GO and KEGG enrichment analysis showed that carbohydrate metabolism was among
the pathways that were found to be affected in Tad17 nodes. Tre6P-related terms
were also among the enriched terms under both high and low N conditions indicating
a link between SL levels and Tre6P metabolism. Tre6P has been found to be an
important endogenous signalling metabolite which is involved in regulating carbon
assimilation and sugar status signalling in plants (Figueroa et al., 2016). Elevated levels
of Tre6P have been found to stimulate branching/tillering, indicating that Tre6P plays
a pivotal role in bud outgrowth (Fichtner et al., 2017). In total, nine genes annotated
with terms related to trehalose metabolism were differentially expressed in basal
nodes of Tad17 under high N conditions compared to the respective WT segregant. On
the other hand, in N-limited plants, 19 genes involved in trehalose metabolism were

affected in Tad17 mutants (Figure 5.24).

The expression of two genes encoding TPSs, orthologous to class | OsTPS1, involved in
Tre6P biosynthesis from glucose-6P, was found to be significantly induced in the N-
limited Tad17 mutant compared to the respective WT. On the other hand, the
transcript abundances of many genes encoding class Il TPS were lower in basal nodes
of Tadl7. For instance, all three homoeologues of TaTPS11 were strongly
downregulated in Tad17 under both N conditions. In addition, TaTTP6 homoeologues
were more than 2-fold lower under N-limiting conditions in the Tad17 mutant. In
sorghum, class Il TPS encoding genes have been found to be induced in dormant buds
(Kebrom and Mullet, 2016). Therefore, the downregulation of class Il TPS encoding
genes in Tad17 might be linked with changes in Tre6P homeostasis leading to bud
outgrowth. TPP enzymes are involved in the conversion of Tre6P to trehalose. Many
members of the TTP gene family were among the DE genes. This observation suggests

that SL interact with Tre6p metabolism to control tillering in wheat.

Tre6P has been suggested to control growth and developmental decision by inhibiting
SnRK1 (Fichtner and Lunn, 2021). SnRK1 suppresses biosynthetic processes and
growth. As a result, Tre6P and SnRK1 have opposite roles in controlling growth, as
SnRK1 suppresses growth, whereas elevated levels of Tre6P stimulate growth. Recent

studies have suggested that Tre6P inhibits SnRK1 leading to growth release. Under N-
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limiting conditions, the expression of the SnRK1A-subunit encoding genes was
significantly downregulated in Tad17 compared to WT (Figure 5.24). Downregulation
in transcript abundance of SnRK1A was also observed in Tad17 compared to WT under
high N but without statistically significance. In addition, the N-mediated induction of
SnRK1A homoeologues was affected in the Tad17 mutant, as the expression of SnRK1
genes was not significantly altered by N limitation in the Tad17 basal nodes as it was
in WT plants. Thus, it is suggested that SLs affect sugar signalling under N-limiting

conditions by inducing sugar status signalling genes.
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Figure 5.24: Heatmap of selected differentially expressed genes involved in Tre6P and
carbohydrate metabolism and sugar signalling in the basal node of Tad17 mutant (aabbdd)
and WT segregant grown under high N (10 mM) or low N (0.1 mM) conditions for 8 days.
Each row corresponds to a different gene, while columns correspond to different samples
grouped by treatment. Data are Z-scores of regularised log normalised counts (rlog) as
generated by DESeq2. Red colour corresponds to higher transcript levels while green to lower.
Row names correspond to gene names. Row annotations indicate significant differential gene
expression in N-limited nodes, in Tad17 mutant under high N and in Tad17 under low N
conditions (from left to right).
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The interaction between SL and sugar availability signals was further supported by the
altered expression of genes involved in sugar and carbohydrate metabolic processes
in Tad17 basal nodes. Vacuolar invertase encoding genes responsible for sucrose
utilization were induced in Tad17. In addition, under N-limiting conditions, genes
encoding sucrose synthase (SuSy) were strongly downregulated in Tad17. Moreover,
the mRNA levels of genes encoding SPS4 were induced in Tad17 compared to WT
(Figure 5.24). In Arabidopsis, overexpression of SPS genes promoted growth and
triggered changes in carbon partitioning and carbohydrate levels (Maloney et al.,
2015). Thereby, based on the RNA-seq results, it was apparent that sugar signalling
and carbohydrate metabolism were strongly affected in the Tadl17 mutant

predominately under low N conditions.

5.2.17 Tad17 Showed Altered Expression of Amino Acid Metabolism Genes,
Predominately of GIn and Asn

Many studies have shown that amino acids play an important role in the regulation of
tillering as signals apart from their role as N-source. Manipulation of Gln and Asn
metabolism and homeostasis has been found to control tillering in monocotyledonous
species, while both amino acids are the main form of nitrogen translocated from
source to sink tissue and found in the xylem. GIn is synthesised by glutamate by GS
enzyme. TaGS1 encoded by TraesCS6A02G298100, TraesCS6B02G327500 and
TraesCS6D02G383600LC are involved in N remobilization and reassimilation under low
N conditions. The expression of TaGS1-6A, -6B was found to be significantly induced
in basal nodes of Tad17 independent of N supply (Figure 5.25). Tad17 mutants also
showed higher expression of genes encoding other GS isoforms such as TaGSr and
TaGSe, but the effect was mainly found under N-limiting conditions. Low levels of GIn
result in suppression of tillering; therefore, the observed induction in GS encoding
genes might indicate higher rates of N reassimilation and higher levels of GIn locally in
nodes, which subsequently contribute to the stimulated bud outgrowth observed in

Tad1l7 mutants.

In addition to changes in genes involved in GIn biosynthesis, the expression of genes
encoding Asn synthetase (ASN) was suppressed in the basal nodes of Tad17 compared

to the control (Figure 5.25). Homoeologues of TaASN1 (TraesCS5A02G153900 and
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TraesCS5D02G159100) and TaASN4 (TraesCS4A02G109900, TraesCS4B02G194400,
TraesCS4D02G195100) were found to be significantly downregulated in nodes of
Tad17 independently of the N supply. ASN gene expression has been associated with
the sugar status of the tissue. More specifically, TaASN1 has been shown to be a sugar
starvation inducible gene, as its expression is induced under low sugar availability
(Kebrom et al., 2012). The altered expression of ASN encoding genes presumably
indicated an effect of SLs on the sugar status of the nodes and the amino acid
homeostasis, which might contribute to the stimulated tillering phenotype. In low
tillering tin mutants, induced expression of the TaASN1 gene has been reported, which
has been associated with suppressed bud outgrowth (Kebrom et al., 2012). In addition,
genes encoding asparaginase (ASPGB1), responsible for the degradation of Asn,
showed significantly higher transcript abundance in Tad17 mutant compared to WT
regardless of plant N status (Figure 5.25). Asparaginase encoding genes were strongly
downregulated by N limitation in WT plants, while the regulation was not observed in
the Tad17 mutant. Overexpression of ASN1 genes has been previously reported in
dormant sorghum buds, while the opposite has been reported for asparaginase

encoding genes (Kebrom and Mullet, 2016).
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Figure 5.25: Heatmap of differentially expressed genes involved in GIn and Asn metabolism
in the basal node of Tad17 mutant (aabbdd) and WT segregant grown under high N (10 mM)
or low N (0.1 mM) conditions for 8 days. Each row corresponds to a different gene, while
columns correspond to different samples grouped by treatment. Data are Z-scores of
regularised log normalised counts (rlog) as generated by DESeq2. Red colour corresponds to
higher transcript levels while green to lower. Row names correspond to the gene name or the
encoded enzyme. Row annotations indicate significant differential gene expression in N-
limited nodes, in Tad17 mutant under high N and in Tad17 under low N conditions (from left
to right).

5.2.18 N-limited Tad17 Showed Significant Changes in N-responsive Genes

As shown in the previous sections, SL biosynthesis is strongly induced under N-limiting
conditions; therefore, SLs may act as a signal of N status controlling the N limitation
response. In fact, the RNA-seq analysis revealed that the Tad17 mutant showed more
substantial transcriptional changes in basal nodes compared to WT plants under N
limitation than the same comparison under high N conditions. This observation
suggests that lack of SLs and imbalance in tillering regulation have a much stronger
effect on different pathways when N is a limiting factor. In previous sections (5.2.13-

17), SLs were found to affect several pathways under both N conditions. However, SLs
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were required for the transcriptional regulation of some genes in response to N
limitation, as shown, for instance, in the case of genes encoding asparaginase (section
5.2.17). In order to find how N limitation response was altered in Tad17 mutants, two

approaches were followed.

Initially, the list of the significantly DE genes that responded to N limitation (called N-
responsive genes thereafter) was compared with the genes that were found to be DE
in the basal nodes of N-limited Tad17 compared to WT. The analysis showed that in N-
limited basal nodes of Tad17 mutant, the expression of 2577 N-responsive genes was
significantly affected. Further analysis showed that those genes were divided into four
clusters based on the response to N limitation and the response in Tad17 plants
(Figure 5.26A). More specifically, clusterl included 1098 N-inducible genes whose
transcript abundance was significantly lower in nodes of Tad17 compared to WT under
N-limiting conditions. This suggests that SLs were required for the transcriptional
response of those genes to N limitation, or at least the lack of SLs decreased the rate
of induction by N limitation. On the other hand, 610 genes were found to be
suppressed by N limitation, whereas their transcript abundance was higher in N-
limited nodes of Tad17 (cluster 2). Cluster 3 contained 484 genes whose expression
was induced by N limitation, but the induction was much stronger in Tad17 mutants.
Finally, 385 genes repressed by N limitation were significantly lower in the Tad17
mutant and grouped in cluster 4. The identified genes were further clustered into
subclusters based on their overall response to N limitation and their expression under
high N conditions in Tad17 mutants, as shown in Figure 5.26B. For simplicity, only

cluster (and not subcluster) information was used in the following sections.

The second way to study how the N limitation response differed in the Tad17 mutant
compared to the N limitation response of WT. This was achieved by studying the genes
that showed a significant 2-way interaction between factors genotype and N level. This
was achieved by extracting the significantly differentially expressed genes from the
interaction term in the linear model fitted in DESeq2. In total, 1398 genes showed a
significantly different response to N limitation between Tad17 and WT plants.
However, the genes extracted from the interaction term included not only genes

whose expression showed a different response to N limitation but also genes that
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showed a different response to the mutation under only one condition, making the
interpretation of the data more complicated whilst it was not the main focus of this

study.

Although the second method was a more statistically robust method for comparing
the N response, it is more conservative; therefore, the list of genes obtained from the
first method was utilized to identify N-responsive pathways and biological processes

that were affected by the lack of SL biosynthesis in Tad17 mutants.
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Figure 5.26: Effect of SLs on the transcriptional regulation of N-responsive genes. (A)
Heatmap of N-responsive genes that were significantly differentially expressed in Tad17
(aabbdd) under low N conditions compared to WT-segregant (AABBDD). Each row
corresponds to a different gene, while columns correspond to different samples grouped by
treatment. Data are Z-scores of regularised log normalised counts (rlog) as generated by
DESeq2. Red colour corresponds to higher transcript levels while green to lower. Row
annotation corresponds to the four clusters based on the transcriptional response. (B)
Different graphical representations of the transcriptional regulation of the identified N-
responsive genes affected in Tadl7. Further subclustering was performed using the
DEGpattern tool. Genes belonging to clusters 1 and 2 were subcluster into three subclusters
based on the response of Tad17 to N limitation.

5.2.19 Functional Annotation Enrichment Analysis of N-responsive Genes Affected
in Tad17

Functional annotation enrichment analysis was performed in the list of N-responsive
genes affected in Tad17 mutants under N-limiting conditions as described in section

5.2.18 (Figure 5.27, Appendix G). The analysis showed that the response of many
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hormonal pathways to N limitation was altered in Tad17, suggesting that SLs interact
with other hormones to control tillering in response to N status signals. Among the
identified pathways was the strigolactone metabolic process (G0:1901600), which
was mainly enriched among genes included in cluster 3 (Figure S4). This indicates the
presence of negative feedback regulation by the SL levels, as also reported in section
5.2.14. Other hormonal pathways were cytokinin metabolic process (GO:0009690),
gibberellin metabolic process (G0:0009685), response to jasmonic acid (GO:0009753)
and others. Cytokinin metabolic process is among the pathways that are strongly
suppressed by N limitation, while CK levels are linked with plant N status acting as
systemic signals (Sakakibara et al., 2006, Sakakibara, 2021). Therefore, the observed
changes in CK metabolism indicated the involvement of SLs in the N-mediated

regulation of CK biosynthesis and signalling.

As shown in section 4.2.11, biological processes related to carbohydrate transport and
metabolism were significantly affected by N limitation. Those changes may reflect
changes in the sugar strength status of the tissue and thereby contribute to bud
dormancy. GO terms related to carbohydrate metabolism and signalling, such as
disaccharide metabolic process (GO:0005984), carbohydrate transport (GO:0008643)
and trehalose biosynthetic process (GO:0005992), were significantly enriched GO: BP
terms in the list of N-responsive genes affected in Tad17. Similarly, KEGG terms “starch
and sucrose metabolism” and “carbohydrate metabolism” were among the top
enriched KEGG terms, suggesting that SL-deficient mutant showed altered regulation

of carbon use and partitioning in response to nutritional signals.

Changes in N metabolic genes, nitrate transporters and amino acid metabolism
comprise the main responses of the plant to cope with N deficiency. Changes in amino
acid metabolism contribute to N reassimilation, while changes in amino acid and
nitrate transport contribute to N remobilization and partitioning between different
tissues as part of plant adaptation to N-limiting conditions. KEGG terms “nitrogen
metabolism”, “amino acid metabolism”, and GO: BP terms glutamine family amino
acid metabolic process (G0O:0009064), inorganic anion transport (G0:0015698), amino
acid transport (GO:0006865) and nitrate assimilation (G0O:0042128) were enriched

among the N-responsive genes affected in Tad17. This observation denoted that SLs
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were required for the coordination of N metabolism and remobilization under N-
limiting conditions. More specifically, terms related to nitrate metabolism were
enriched among the genes included in cluster 2, meaning that SL-deficient mutant
showed alleviated downregulation of nitrogen metabolism in response to N
deficiency. On the other hand, the ureide catabolic process (G0:0010136) was
overrepresented among genes in cluster 3. Ureide (allantoin) breakdown contributes
to N recycling, which is induced under N-limiting conditions. Tad17 mutants showed
stronger expression of ureide catabolism, indicating that under N-limiting conditions,
Tad17 basal nodes were stronger N sinks compared to WT plants and showed higher

levels of N recycling and reassimilation.

Therefore, GO and KEGG enrichment analysis showed that Tad17 — presumably SL-
deficient — showed altered expression of metabolic and signalling pathways important

for the metabolic and physiological adaptation of plants to N-limiting conditions.
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Figure 5.27: (A) Biological Process (BP) GO term and (B) KEGG enrichment analysis of the
differentially expressed N-responsive genes in the basal node of Tad17 mutant under low N
conditions.
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5.2.20 SLs Affected the Transcriptional Regulation of CK Metabolic and Signalling
Genes to N Limitation

GO and KEGG enrichment analysis showed that many biological processes and
pathways related to hormone metabolism were enriched in the list of N-responsive
genes, which were DE in the N-limited Tad17 compared to WT. Among the top GO
terms was the cytokinin metabolic process, while “zeatin biosynthesis” was among the
top 5 KEGG terms. More specifically, the cytokinin metabolic process was the top term
among genes included in cluster 2. Cluster 2, as mentioned in section 5.2.18, included
genes suppressed by N limitation but found to be upregulated in Tad17, suggesting

that SLs may act via controlling CK-homeostasis.

In the previous section (4.2.16), it was demonstrated that CK levels were
systematically downregulated by N limitation. In addition, N limitation strongly
affected the expression of many genes involved in CK metabolism and signalling
(Figure 4.10), suggesting that N limitation suppresses tillering by affecting the
expression of genes involved in CK homeostasis leading to decreased CK content in
basal nodes. Consistent with the previous finding, the expression of CK biosynthetic
genes was suppressed in the basal nodes of WT segregant plants in response to N
limitation, while changes were also found in genes involved in CK homeostasis and
signalling. (Figure 5.28). However, as shown in the heatmap (Figure 5.28), the
transcript abundance of CK biosynthetic genes was significantly higher in nodes of
Tad17 compared to WT under N-limiting conditions. The DE biosynthetic genes
included genes encoding IPT enzymes. Moreover, wheat homoeologues encoding
CYP735A and LOG enzymes were upregulated in Tad17 basal nodes under N-limiting
conditions. CYP735A catalyses the formation of tZR from iPA, whereas LOG catalyses
the conversion of tZR to tZ (Takei et al., 2004b, Kurakawa et al., 2007). Both tZR and tZ
have been shown to be important for the regulation of shoot architecture (Kiba et al.,
2013). The expression of those genes was strongly suppressed by N limitation in WT
plants, but the same was not true in N-limited basal nodes of Tad17. Most of the
biosynthetic genes were also included in the list of genes that showed a significant
interaction between genotype and N level. Therefore, it is suggested that SLs are

required for the suppression of CK biosynthetic genes in nodes in response to N
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limitation. Similarly, the expression of many CKX genes involved in CK degradation
remained at high levels in Tad17, despite the fact that they were strongly suppressed
by N limitation in WT plants. The expression of genes encoding CK glycosyltransferase
involved in CK deactivation was also upregulated in Tad17 compared to WT under N-

limiting conditions.

In addition, wheat homoeologues encoding AHK4 CK receptor protein were not among
the N-responsive genes. However, their mRNA levels were significantly induced in
Tad17 mutant under N-limiting conditions compared to WT, while an upregulation was
also recorded in Tad17 grown under high N compared to WT but without a statistically
significant difference. Finally, type-A RRs, which are CK-inducible genes, were strongly
downregulated under N limiting conditions due to the lower levels of CKs. Type-A RRs
are used as molecular markers of CK levels, while in Arabidopsis, it has been
demonstrated that type-A RRs are required for branching control by CKs (Miiller et al.,
2015). The mRNA levels of 12 wheat genes encoding type-A RRs remained at high
levels in the Tad17 mutant, indicating that CK signalling was not suppressed in Tad17
by N limitation. Thereby, SLs are required for the transcriptional regulation of CK
metabolism and signalling in response to N limitation. Although some genes were also
found to be affected in the high N treated Tad17 compared to WT, the effect was not

as strong and consistent as that observed in N-limited plants.
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Figure 5.28: Heatmap of differentially expressed genes involved in CK biosynthesis,
homeostasis and signalling in the basal node of Tad17 mutant (aabbdd) grown under low N
(0.1 mM) conditions for 8 days. Each row corresponds to a different gene, while columns
correspond to different samples grouped by treatment. Data are Z-scores of regularised log
normalised counts (rlog) as generated by DESeq2. Red colour corresponds to higher transcript
levels while green to lower. Row names consist of the GenelD and the encoded enzyme. Row
annotations indicate significant differential gene expression in N-limited nodes, Tad17 mutant
under high N and Tad17 under low N conditions, significant 2-way interaction and cluster
information (from left to right).

5.2.21 SLs are Required for Nutrient and Carbohydrate Remobilization under N-
limiting Conditions

The RNA-seq analysis in N-limited nodes revealed that N limitation led to strong
changes in the gene expression of various transporters. This was consistent with the
results presented in sections 4.2.8-9 and 4.2.11, suggesting that changes in amino acid
and sugar transport are part of the N limitation response. Those changes might reflect
strong remobilization of organic compounds and inorganic elements as part of plant

adaptation to N limitation. Tad17 showed altered expression of many N-responsive

Page | 221



genes encoding various transporters under N-limiting conditions. As suggested by GO
and KEGG enrichment analysis, most of the responses were focused on amino acid,

carbohydrate and inorganic anion transport.

In fact, the expression of many N-responsive amino acid transporters was found to be
affected in N-limited Tad17 compared to the WT, likely leading to changes in amino
acid transport and remobilization (Figure 5.29). Amico acids are the main form of N
remobilized within the plant, but they also play an important role as signalling
molecules. Among the amino acid transporters, wheat orthologues of OsAAP7, which
were highly expressed in nodes, showed significant downregulation to N limitation,
whilst their mRNA levels were not affected by N limitation in Tad17 (cluster 2). This
indicates that SLs are required for the transcriptional regulation of AAP7 in response
to N supply. On the other hand, wheat homoeologues of TaAAP13 were found to be
included in cluster 3. TaAAP13 showed high expression in basal nodes compared to
other AAP encoding genes. N limitation induced the expression of TaAAP13, however,
the induction was much stronger in Tad17 mutants. The mRNA abundance of TaAAP13
homoeologues was also found to be higher in high N treated Tad17, suggesting that
the effect of SLs on TaAAP13 expression is independent of N supply. The opposite
response was observed in orthologues genes of OsATL11 and OsATL14, which
belonged to cluster 4. Apart from the N-responsive amino acid transporters, a few
other amino acid transporters were found to be upregulated in Tad17 only under low
N conditions. Wheat orthologues of OsAAP1 were not induced by Nlimitation,
however, the expression was 2-fold higher in Tad17 compared to WT under N-limiting
conditions. OsAAP1 is highly expressed in axillary buds and is involved in neutral amino
acid uptake and reallocation to buds (Ji et al., 2020). Therefore, the upregulation of
TaAAP1 might reflect stronger amino acid transport to buds under N-limiting
conditions leading to tillering induction. Similar upregulation under N-limiting

conditions was found for orthologues of OsAAP8 in Tad17 basal nodes.
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Figure 5.29: Heatmap of various N-responsive transporters significantly differentially
expressed in the basal node of Tad17 mutant (aabbdd) grown under low N (0.1 mM)
conditions for 8 days. Each row corresponds to a different gene, while columns correspond to
different samples grouped by treatment. Data are Z-scores of regularised log normalised
counts (rlog) as generated by DESeq2. Red colour corresponds to higher transcript levels while
green to lower. Row names consist of the GenelD and the encoded enzyme. Row annotations
indicate significant 2-way interaction and cluster information (from left to right).

Analysis of the DE transporters showed that more than 30 N-responsive genes
annotated as carbohydrate transporters showed altered expression in Tad17 under N
limiting conditions (Figure 5.29). Among them, 15 genes were included in cluster 1,
showing a strong induction by N limitation, but they were downregulated in Tad17
mutants. Wheat homoeologues encoding SUT1 also belonged to cluster 1. Sucrose
transporters play an important role in carbohydrate partitioning between different
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tissues (Xu et al., 2018). SUT1 is mainly involved in sucrose loading into the phloem.
Thereby, the downregulation of SUT1 in basal nodes of Tad17 might indicate less
loading of sucrose into the phloem and subsequently less transport of sucrose into the
root, whereas more sucrose was utilized into the nodes for bud outgrowth. Cluster 1
also included SWEET transporters, which are involved in sugar remobilization between
tissues. On the contrary, wheat orthologues to AtSWEET10, 15, which were strongly
suppressed by N limitation, remained at high levels in Tad17 mutants under low N
conditions. The RNA-seq also showed induced expression of N limitation repressed
genes encoding glucose-6-phosphate transporter in basal nodes of Tad17. Glucose-6-
phosphate is important for carbon utilization, while it is also required for the

biosynthesis of Tre6P as it is used as a substrate from TPS.

The SL-deficient mutant showed altered expression in many transporters involved in
inorganic nutrient transport, such as NPF transporters. NPFs are involved but not
limited to N transport (Buchner and Hawkesford, 2014, Wang et al., 2020a). In
addition, N-responsive ammonium and high-affinity nitrate transporters were also
found in the DE genes in Tad17 under N-limiting conditions, suggesting that N
remobilization was altered in SL-deficient mutants. Among the affected NPF
transporters, TaNPF7.1 homoeologues showed a significant interaction between N
and genotype, denoting that the response to N limitation was dependent on the
genotype. More specifically, the N limitation led to substantial overexpression of
TaNPF7.1 in Tad17, while the expression was either unaffected or suppressed in WT
plants. TaNPF7.1 are orthologues of AtNPF7.2, which isinduced by NOs and is involved
in NOs retrieval from the xylem (Li et al., 2010). As a result, the induced expression of
TaNPF7.1in basal nodes presumably reflected stronger N sink strength of Tad17 buds.
Tad17 also showed lower mRNA levels of TaNPF6.1-7A and -7D compared to WT under
N limiting conditions. TaNPF6.1 are orthologues of OsNPF6.3 (NRT1.1A) and AtNPF6.3
(NRT1.1) involved in root-to-shoot N transport and NOs signalling (Léran et al., 2013,
Bouguyon et al., 2015). OsNPF6.3 is related to NO3  and ammonium utilization, as
overexpression of NPF6.3 in rice led to increased NUE (Wang et al., 2018d). Therefore,
it is suggested that Tad17 showed altered N utilization under N-limiting conditions. In

addition, the N limitation suppressed the expression of all TaAAMT1.2 homoeologues,
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as also found in section 4.2.8. The expression of TAAMT1.2 was significantly higher in

Tad17, suggesting that SL control the transcriptional response to N limitation.

5.2.22 SLs affect the Transcriptional Response of GA Biosynthetic Genes to N
Limitation

Functional annotation enrichment analysis showed that among the N-responsive
genes affected in Tad17, there were genes involved in GA metabolism. The majority
of those genes were included in cluster 2, while many of those genes also showed a
genotype-dependent response to N limitation, as shown in Figure 5.30, suggesting
that SLs are required for the transcriptional regulation of GA homeostasis under N
limitation. TaGA30x2 homoeologues involved in the biosynthesis of bioactive GAs
were strongly downregulated under N-limiting conditions in WT plants. This finding
was consistent with the data presented in section 4.2.13. However, in Tad17, their
expression remained at higher levels. Similar results were obtained for TaGA200x7
homoeologues, which belonged to cluster 2. In contrast, GA20x3-1B and GA20x3-1D
showed a strong induction by N limitation, while their expression was unaffected by N
limitation in the basal nodes of Tadl7. As a result, in N-limited Tad17, GA20x3
expression was significantly lower compared to WT plants. This was consistent with
the previously reported downregulation of GA2x03 homoeologues in d27 wheat
mutants (Zhao et al., 2020). Changes in the expression of other GA metabolic genes
were also recorded, as shown in Figure 5.30, demonstrating that SLs controlled N-

mediated changes in GA metabolism.
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Figure 5.30: Heatmap of significantly differentially expressed genes involved in GA
metabolism in the basal node of Tad17 mutant (aabbdd) grown under low N (0.1 mM)
conditions for 8 days. Each row corresponds to a different gene, while columns correspond to
different samples grouped by treatment. Data are Z-scores of regularised log normalised
counts (rlog) as generated by DESeq2. Red colour corresponds to higher transcript levels while
green to lower. Row names consist of the GenelD and the encoded enzyme. Row annotations
indicate significant differential gene expression in N-limited nodes, Tad17 mutant under high
N and Tad17 under low N conditions, significant 2-way interaction and cluster information
(from left to right).

5.2.23 Interaction Between SL and IAA under N-limiting Conditions

As shown in sections 5.2.17, Tad17 mutants showed altered expression of genes
involved in amino acid metabolism. Among the affected genes were many genes
involved in Trp biosynthesis, as highlighted by GO enrichment analysis (Figure 5.19).
More specifically, Tad17 showed lower expression of genes encoding indole-3-glycerol
phosphate synthase (IGPS), tryptophan synthase (TSA) and tryptophan synthase-
related protein (TS) encoding genes (Figure 5.31). On the other hand, indole-3-glycerol
phosphate lyase (IGL) encoding genes were upregulated in Tad17 mutant under low N
conditions. N limitation-induced Trp catabolic genes, indoleamine 2,3-dioxgyenase,

were found to be downregulated in N-limited Tad17. Consequently, SLs controlled Trp
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metabolism, especially under N-limiting conditions. Trp is known to be the precursor
of IAA biosynthesis, suggesting that SL might interact with IAA biosynthesis to control
tillering. In fact, YUCCA7 homoeologues catalysing auxin biosynthesis were included in
Tad1l7 in both N conditions compared to the respective WT control. In addition,
YUCCAS3 genes were included in Tad17 mutants but only under N-limiting conditions.
Induction was also observed in IAA homeostasis genes, indole-3-acetic acid-amido
synthetase, demonstrating the lack of SL biosynthesis affected IAA biosynthesis and
homeostasis. IAA biosynthesis was also among the top KEGG pathways affected in
TaD27-RNAi wheat plants (Zhao et al., 2020). Apart from IAA biosynthesis, many IAA
transporters, such as PIN and LAX, showed significant differential expression in Tad17
(Figure 5.31). PINs are auxin efflux carriers, whilst LAXs are auxin influx carriers. LAX3
homoeologues were strongly downregulated in Tad17 basal nodes under both N

conditions.

Changes in IAA biosynthesis and transporters were accompanied by strong
transcriptional changes in Aux/IAA and SAUR genes (Figure 5.31). Aux/IAA are
transcription factors that function as repressors of early auxin response genes. The
majority of them were significantly induced in Tad17 mutant, predominately under N-
limiting conditions. In contrast, wheat orthologues of OsIAA25 showed consistent
downregulation in Tad17 mutants independent of plant N status, suggesting that they
might play a role in the induced tillering phenotype of Tad17 mutants. Furthermore,
SAURs play an important role in auxin-induced growth. Overexpression of SAUR genes
has been linked with induced growth, while resend studies have shown that SAURs are
also regulated by other hormones (Stortenbeker and Bemer, 2018). In total, 18 genes
encoding SAUR were DE in Tad17 under N-limiting conditions. The majority of the
SAUR encoding genes were upregulated in Tad17 mutants. Wheat orthologues of
OsSAUR41 showed a strong downregulation in response to N limitation, while in Tad17
mutant, the expression did not significantly change. Wheat orthologues of OsSAUR56
were the most highly expressed SAUR genes in nodes among the DE SAUR genes
suggesting that they may play an important role in auxin-induced growth locally in

nodes and showed induced expression in Tad17 under N-limiting conditions.
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Figure 5.31: Heatmap of differentially expressed genes involved in Trp and IAA biosynthesis,
IAA homeostasis, transport and signalling in the basal node of Tad17 mutant (aabbdd)
grown under low N (0.1 mM) conditions for 8 days. Each row corresponds to a different gene,
while columns correspond to different samples grouped by treatment. Data are Z-scores of
regularised log normalised counts (rlog) as generated by DESeq2. Red colour corresponds to
higher transcript levels while green to lower. Row names consist of the GenelD and the
encoded enzyme. Row annotations indicate significant differential gene expression in N-
limited nodes, Tad17 mutant under high N and Tad17 under low N conditions (from left to
right).

5.2.24 SLs Control the Expression of Different N-response Master Regulators

Transcription factors are known to play an important role in regulating plant response

to environmental stress through controlling the expression of many downstream
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genes. Plant response to N limitation involved the regulation of thousands of genes.
Several studies have identified important TFs controlling the expression of N-
responsive genes acting as master regulators (Ueda et al., 2020, Gaudinier et al., 2018,
Kiba et al., 2018). The RNA-seq in basal nodes of WT and Tad17 mutants under
different N levels showed that many TFs were DE in Tad17 nodes (Figure 5.32). Further
analysis revealed that many of the identified DE TFs were involved in N-response and
also showed a genotype-dependent response to N limitation (significant interaction

between factors genotype and N level) (Figure 5.32).

Five members of the TAZ family of TFs, orthologues of AtBT1, 2 were significantly
downregulated by N limitation consistently with the results presented in section
4.2.12. AtBT1, 2 suppress the expression of N uptake and assimilation genes under N-
sufficient conditions. The downregulation under N-limiting conditions plays an
important role as it releases the expression of those genes leading to the N limitation
response (Araus et al., 2016). The expression of all the genes was found to be
significantly higher in Tadl7 mutants, suggesting that SLs might control the
suppression of BT1, 2 under N limitation. Several studies have shown that LBD37, 38,
39 in Arabidopsis act as master regulators of N response, maintaining N deficiency
response (Rubin et al., 2009). The expression of LBD37, 38, 39 was downregulated by
N limitation in the basal nodes. Wheat orthologues of LBD37, 38, 39 showed a

significantly lower transcript abundance in N-limited Tad17 compared to WT.

AtBBX16 was identified by Gaudinier et al. (2018) as another TF important for the
regulation of N response. N limitation suppressed the expression of BBX16 wheat
orthologues; however, the expression was, on average, 5-fold lower in Tad17 mutant
than in WT segregant. Different members of the GARP-like family of TFs have been
found to be an important component of N responses (Kiba et al., 2018, Ueda et al.,
2020). Wheat orthologues of OsHHO3 and OsHHO4 were strongly downregulated by
N limitation. This observation was consistent with the results presented in section
4.2.12. However, N-limited basal nodes of Tadl7 showed significantly lower
expression of HHO3 and HHO4 orthologues, indicating that SLs are required for the
modulation of N-response. In contrast, NIGT1/HHO1 wheat orthologues, also

members of the GARP-G2-like family, showed a significant upregulation in response to
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N limitation in basal nodes. Members of the NIGT1 subfamily are downregulated in
roots of Arabidopsis by N limitation leading to the transcriptional release of nitrogen
starvation responsive genes (Kiba et al.,, 2018, Maeda et al., 2018). Based on the
transcriptomic analysis in roots, TaNIGT1 homoeologues were downregulated in roots
in response to the N limitation, indicating a tissue-specific regulation of TaNIGT1 in
response to the N limitation in wheat (Appendix H). All three homoeologues of
TaNIGT1 also showed a significant 2-way interaction, as the Tad17 mutant showed
significantly lower levels of NIGT1 transcripts in the basal nodes. As a result, it is
suggested that SLs might control N response by controlling the transcriptional
regulation of NIGT1. The opposite effect was found in the roots of the Tad17 mutant,
clearly demonstrating an interaction between SL and the regulation of NIGT1

subfamily members in response to N limitation.

PHR4 is an MYB-related TF involved in the regulation of P starvation response, but it is
also involved in the coordination of N and P homeostasis. N limitation induced the
expression of TaPHR4 homoeologues in the basal nodes; however, in Tad17 N-limited
plants, the expression levels were significantly lower, suggesting that SLs control the

induction of PHR4 in response to N limitation.

Insection 4.2.12, it was shown that the NF-YA family was the TF family with the highest
proportion of DE members induced by N limitation. Gaudinier et al. (2018) showed
that NF-YA5 plays an important role in regulating the transcriptional regulatory
network in response to N availability signals in Arabidopsis. NF-YAs were strongly
upregulated in basal nodes of wheat grown under N-limiting conditions suggesting
that they might involve in tiller suppression. Previous studies have also associated NF-
YA members with growth suppression and prolonged exposure to nutrient-limiting
conditions (Leyva-Gonzdlez et al.,, 2012). Tad17 mutants showed significantly
attenuated upregulation of NFYA5 and other members of the NF-YA TF family,

suggesting that Tad17 showed an alleviated response to N limitation.

Therefore, the strong regulation of the N response master regulator in N-limited Tad17
mutants denoted that SLs are required for the fine-tuning of N limitation responses,

presumably acting as a signal.
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Figure 5.32: Heatmap of genes encoding master regulators (TF) of N response which were
found to be differentially expressed in the basal node of Tad17 mutant (aabbdd) grown
under low N (0.1 mM) conditions for 8 days. Each row corresponds to a different gene, while
columns correspond to different samples grouped by treatment. Data are Z-scores of
regularised log normalised counts (rlog) as generated by DESeq2. Red colour corresponds to
higher transcript levels while green to lower. Row names consist of the GenelD and the
encoded enzyme. Row annotations indicate significant differential gene expression in N-
limited nodes, Tad17 mutant under high N and Tad17 under low N conditions, significant 2-
way interaction and cluster information (from left to right).

5.2.25 Cytokinin Analysis in Basal Nodes of Tad17 Mutant under High and Low N
Conditions

CK analysis was performed in nodes of plants grown for 8 days under N limitation to
examine the levels of CKs in Tad17 mutants. The analysis of the results was performed
by 2-way ANOVA to test the effect of genotype and N levels. However, for tZ and tZR
content, the assumptions for ANOVA were not met; therefore, comparisons were

carried out by individual t-tests to compare the genotype effect in each N treatment.

No significant interaction was found between N level and genotype in the

concentration of basal nodes (F(1,11)=0.966, p=0.347). The iPA content was not found
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to be affected in Tad17 mutant in any of the N levels. Overall, the N limitation led to
the downregulation of iPA concentration in both genotypes (N level effect,
F(1,11)=51.11, p<0.01). This observation was consistent with the results presented in
section 4.2.16. In contrast, a significant 2-way interaction between the N level and
genotype was found for iP concentration (F(1,10)=5.84, p=0.036). In fact, iP
concentration was decreased in nodes of WT plants under N-limiting conditions,
consistently with previous results. However, Tad17 mutant plants showed a 1.7-fold
higher concentration of iP in the nodes under N-limiting conditions compared to WT.
No difference was observed between the two genotypes under high N conditions. This
observation indicated that the effect of TaD17 knock-out on iP levels was dependent

on plant N supply.

N limitation led to a strong downregulation of both tZ and tZR levels in the basal nodes
of both genotypes. This observation indicated that the decrease in tZ and tZR content
by N limitation is not regulated by SLs. However, under both N regimes, Tad17 mutants
showed a significant accumulation of both tZ-type of CKs in the basal nodes. In fact,
under high N supply, tZR concentration was 1.4-fold higher (t(5)=3.02, p=0.029) and tZ
more than 2-fold higher (t(5)=4.33, p<0.01) than the respective WT control. Similarly,
under low N conditions, tZR concentration was found 2-fold higher in nodes of Tad17
mutants compared to the WT segregant (t(4)=10.9, p<0.01), while tZ was 1.8-fold
higher (t(4)=3.83, p<0.01). The higher accumulation of tZ and tZR in the basal nodes of
the Tad17 mutant may be related to the higher tillering phenotype, as CKs positively

regulate tillering.

Finally, the cZR concentration in the basal nodes was not found to be affected in Tad17
mutant in any of the two N levels. However, the N limitation induced the accumulation
of cZR in the basal nodes regardless of the genotype (F(1,11)=38.03, p<0.01). A small
increase in the cZR concentration in nodes has also been observed in section 4.2.16

but without a statistically significant effect.
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Figure 5.33: CK concentration in the basal node of triple Tad17 mutant (aabbdd) and WT
segregant grown on high N (10 mM) or low N (0.1 mM) conditions for 8 days (18 DAS). Values
are means of four biological replicates, and error bars represent SE. Statistical analysis was
conducted with 2-way ANOVA (iPA, iP and cZR) or with independent samples t-test per N level
(tZ and tZR). * denotes statistically significant difference between genotypes at the same level
of N based on Fisher’s LSD test (iPA LSD (5%) =0.253, iP LSD (5%) =0.064, cZR LSD (5%) =0.211)
or t-test (p<0.05). Abbreviations: isopentenyl adenine (iP), isopentenyl adenosine (iPA), trans-
zeatin (tZ), cis-zeatin (cZ) and their riboside (-R).

5.2.26 Sugar Analysis in Crown of Tad17 Mutant under High and Low N Conditions

Sugar analysis was performed in the crown of 3-week-old Tad17 mutant and WT
segregant plants for the determination of Glc, Fru, sucrose and starch content (Figure

5.34). The effect of N supply and genotype was examined by 2-way ANOVA.

A statistical significant interaction between factors genotype and N levels were found
for both Glc (F(1,14)=23.57, p<0.01, LSD(5%)=1.05) and Fru (F(1,14)=42.49, p<0.01,
LSD(5%)=0.61). In fact, both Glc and Fru showed a similar pattern. N limitation did not
significantly alter the Glc and Fru concentration in the crown of WT plants. Tad17
mutants were found to accumulate a higher amount of both Glc and Fru only under
high N conditions, whereas no effect between the two genotypes was observed under

N-limiting conditions.

The effect of TaD17 knock-out on sucrose levels was also found to be N-dependent (2-
way ANOVA, F(1,14)=33.16, p<0.01, LSD(5%)=7.75). Sucrose content rose under N
limitation in both genotypes (N effect, F(1,14)= 477.77, p<0.01), indicating that N
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limitation mediated sucrose increase is not controlled by SLs. However, as also
observed for Glc and Fru, sucrose concentration was higher in the crown of Tad17

compared to the WT plants under high N supply.

In the WT segregant, starch concentration was almost 2-fold higher than in low N
treated plants. Anincrease under N limitation was also observed in mutant plants. This
observation suggests that N limitation induced starch accumulation in the crown.
Genotype was found to have a significant effect on starch content regardless of the N
regime. Under both N conditions, the starch concentration in Tad17 mutants was
more than 75% higher. This indicates that Tad17 mutants accumulated more starch in

the crown compared to WT plants indicating an effect of SL on carbon partitioning and

utilization.
Glucose Fructose
10+ * 81
— * = WT
8- j 6 B Tad17
o =)
o 6 =)
E E o
o 4 s
w = i|F %
2 L
2_
0 T T 0 T T
High N Low N High N Low N
Sucrose Starch
150 6 *
= WT
i ! . i B Tad17
_ * =)
= 100 —— S 4- *
g’ £ -
s T s B m
@ 50 ] % 2
0 T T 0 T T
High N Low N High N Low N

Figure 5.34: Sugar content (Glc, Fru, sucrose and starch) in the crown of 3-week-old triple
Tad17 mutant (aabbdd) and WT segregant grown on high N (10 mM) or low N (0.1 mM)
conditions for 12 days. Values are means of six biological replicates, and error bars represent
SE. Statistical analysis was conducted with 2-way ANOVA. * denotes statistically significant
difference between genotypes at the same level of N based on Fisher’s LSD test (Glu LSD (5%)
=1.05, Fru LSD (5%) = 0.61, Suc LSD (5%) = 7.75, Starch LSD (5%) = 0.42). Abbreviations: glucose
(Glc), fructose (Fru), sucrose (Suc).
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5.2.27 Elemental Analysis in Root and Shoot of Tad17 Mutant under High and Low N
Conditions

Elemental analysis in root and shoot samples of Tad17 mutants was performed to
examine the inorganic mineral concentration compared to the WT segregant under
two different N levels. The results of the major macronutrients (N, P, Kand S) in root
and shoot are presented in Figure 5.35. Statistical analysis was conducted by 2-way

ANOVA.

Root N concentration showed a significant 2-way interaction between genotype and
N level (2-way ANOVA, F(1,14)=8.41, p=0.01, LSD (5%)=1.76). Root N content was
decreased in both genotypes in response to N limitation, as anticipated. However,
under N-limiting conditions, the Tadl7 mutant showed significantly higher N
concentration in the root. No significant effect was found between the Tad17 mutant
and WT plants when supplied with high N nutrient solution. Therefore, although Tad17
N root concentration responded to N limitation, Tad17 showed a higher accumulation

of N in roots.

In contrast, shoot N concentration did not significantly differ between the two
genotypes under N-limiting conditions, however, the high N treated Tad17 mutant
showed a lower N concentration compared to the respective control (2-way ANOVA,

F(1,14)=22.94, p<0.01, LSD (5%)=1.83).

ANOVA showed a significant 2-way interaction between genotype and N level for root
P concentration (2-way ANOVA, F(1,14)=8.77, p=0.01, LSD (5%)=0.31). N limitation led
to a decrease in the P concentration in the root of WT plants, which was consistent
with previous results presented in section 4.2.2. Under both N regimes, the Tad17
mutant showed a significantly higher concentration of P in roots. In fact, Tad17
supplied with high N had more than 9% higher P concentration, while an increase of
21% was recorded under low N conditions between Tad17 and WT plants. In addition,
the response of N limitation on P concentration was attenuated in Tad17 mutants.
More specifically, N limitation resulted in a 17% decrease in WT root P concentration,
whereas in just 8% in Tad17 mutant. As a result, it is suggested that SLs might be

involved in P root concentration but might also affect N-mediated regulation of P
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uptake. It is known that P and N assimilation are linked; therefore, SLs might play an

important role in the coordination of P and N metabolism.

P concentration in the shoot was also found to be affected in Tad17 mutants. Under
high N supply, P concentration was found significantly lower in Tad17 mutant, while
the opposite effect was found under N-limiting conditions. Furthermore, P
concentration in shoots was decreased in response to N limitation in WT plants by
around 7%, which was in accordance with the decrease also reported in section 4.2.2.
However, no significant impact of N limitation on shoot P content was found in Tad17
mutants, which was reflected by the significant 2-way interaction of genotype and N
level (F(1,14)=16.3, p<0.01, LSD (5%)=0.35). This observation further supported that

N-mediated regulation of P uptake and partitioning is at least partly facilitated by SLs.

No effect of the genotype in K accumulation was found in roots in any of the N
treatments. In addition to that, the decrease in K concentration in response to N
limitation was not found to be affected in Tad17 mutant (2-way ANOVA, F(1,14)=0.21,
p=0.65, LSD (5%)=2.24). Even though K concentration was decreased in both
genotypes in the shoot in response to N limitation, K concentration was consistently
lower in Tad17 mutant compared to WT plants (Genotype effect, F(1,14)=75.2,
p<0.01).

Finally, S uptake and assimilation are known to be associated with N supply. In both
root and shoot, both genotypes responded to N limitation by decreasing the S
concentration (N level effect in root, F(1,14)=183.5, p<0.01; N level effect in shoot,
F(1,14)=665.2, p<0.01). However, a significant increase in the S concentration of Tad17
mutants was found under N limitation in roots. In contrast, Tad17 mutant showed
lower S accumulation in shoots under high N conditions, while no statistically

significant effect was observed under low N in shoots.
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Figure 5.35: Macronutrient concentration (N, P, K and S) in root and shoot of triple Tad17
mutant (aabbdd) and WT segregant grown on high N (10 mM) or low N (0.1 mM) conditions
for 8 days (18 DAS). Values are means of six biological replicates, and error bars represent SE.
Statistical analysis was conducted with 2-way ANOVA. * denotes statistically significant
difference between genotypes at the same level of N based on Fisher’s LSD test (N Root LSD
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Page | 237



5.3 Discussion
5.3.1 Mutant D17/CCD7 Protein Functionality

The selected TILLING mutant lines for the generation of Tad17 triple knock-out mutant
carry mutations that lead to a premature stop codon in the coding sequence of TaD17
homoeologues. Therefore, it is predicted that the encoded D17/CCD7 proteins will lack
several amino acids from the COOH-terminal end, which presumably have a negative
impact on D17/CCD7 functionality. The impact of this deletion on D17/CCD7
functionality was examined in silico. D17/CCD7 enzyme belongs to the family of CCOs,
the members of which are involved in different steps of apocarotenoids biosynthesis,
including the biosynthesis of SLs (CCDs) and ABA (NCEDs). Among the identified plant
CCOs, only ZmVP14 (NCED1) has been structurally characterized. CCO protein
sequences show significant high protein similarity, which makes the ZmVP14 structure
an ideal prototype for studying CCDs and NCEDs. In ZmVP14, the catalytic iron
molecule is coordinated by four His residues (Messing et al., 2010). Moreover, three
Phe residues have also been shown to involve in the bonding of the oxygen required
for the oxidative reaction (Phe41l, Phel71 and Phe589). Phylogenetic and
evolutionary studies have shown that these amino acid residues are conserved among
plant CCDs, suggesting their importance for the functionality of the protein (Priya and
Siva, 2014). In VP14, Val478 is responsible for the stereospecificity of the enzyme,

whereas AtCCD4 and AtCCD7 contain Phe or Met in this position (Bruno et al., 2016).

Protein alignment and subsequent phylogenetic analysis revealed that those amino
acid residues are also conserved in wheat CCDs. In addition, the results revealed that
in all plant D17/CCD7, the Phel71 is replaced by Leu (e.g. Leu106 in TaD17-2A), which
might attribute to the stereospecificity of D17/CCD7s. More importantly, for the
purpose of this study, most of the identified amino acid residues are located close to
the COOH-end of the wheat CCD7s, suggesting the deletions in the mutant proteins
would lead to nonfunctional enzymes. More specifically, the CCD7 in the Cad1738
mutant line lacks all the His residues required for Fe?* binding (His263, His316, His394
and His605) and the Phe residues important for the substrate positioning (Figure 5.36).
Similarly, the mutant line Cad1271 shows a deletion of 191 amino acids from the
COOH-terminus end of TaD17-2B, thus lacking His609, Asp489 and Phe610, important
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for the stereospecificity. Similar deletions were also found in TaD17-2D in Cad0880.
Taking everything into account, it is suggested that the mutant proteins would not be
functional due to the lack of important amino acids residues for the functionality of
the proteins, thereby, the triple homozygous mutant plants for the mutant alleles

(Tad17) are not expected to be able to synthesize CL, the precursor of bioactive SLs,

and thereby be SL-deficient.
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Figure 5.36: Protein alighment of the T. aestivum proteins sequences of D17/CCD7-2A, -2B
and -2D and the mutant protein of the selected TILLING lines Cad1738, Cad1271 and
Cad0880. The highlighted amino acid residues correspond to important amino acids for the
functionality of the protein as identified by the phylogenetic analysis of plant CCDs.

5.3.2 Is Tad17 Mutant SL-deficient?

In different plant species, d17 mutants have been found to produce lower amounts of
SLs in the root exudates, confirming that disruption in the function of D17/CCD7 leads
to SL deficiency (Umehara et al., 2008, Butt et al., 2018). Epi-5DS was almost
undetectable in the root exudates of d17 rice mutants, while the endogenous levels of
epi-5DS were also decreased, suggesting that lack of D17/CCD7 functionality leads to
SL deficiency (Umehara et al., 2008). However, no hormone data were obtained in this
study to confirm the lack of SL biosynthesis in the Tad17 mutant. An alternative to the
absolute quantification of SLs in root exudates is the Striga or Orobanche seed
germination bioassay (Matusova et al., 2005, Jamil et al., 2012). Root exudates from

SL-deficient mutants fail to promote the germination of Striga or Orobanche seeds due
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to the absence of SLs, forming a widely used method for indirect estimation of SL
production (Umehara et al., 2008, Zhao et al., 2020, Gomez-Roldan et al., 2008). Due
to time restraints, neither the germination bioassay was used for the indirect
estimation of SLs in root exudates of Tad17 mutants. Therefore, is the generated

Tad17 mutant SL-deficient?

Based on the phenotypic and gene expression data, there are several lines of evidence
supporting that SL biosynthesis was impaired in the triple knock-out Tad17 mutant.
Tad17 showed a high tillering phenotype similar to previously characterised SL-
deficient mutants, such as d (d27, d17, d10) mutants in rice or max mutants in
Arabidopsis (Umehara et al., 2008, Gomez-Roldan et al., 2008, Alder et al., 2012).
Thereby, the bushy phenotype of Tad17 suggests that Tad17 presumably produces
significantly lower levels of SLs. In addition, the Tad17 mutant showed a similar
phenotype to the Tad14 SL-insensitive mutant (Appendix 1), in which SL signalling is
constantly suppressed due to a non-sense mutation in the D14 receptor protein of SLs.
This observation further supported the proposition that SLs levels in Tad17 were

significantly lower than wildtype.

In addition, the transcriptomic analysis in the basal nodes of Tad17 mutants showed
that SL biosynthetic genes were strongly induced. More specifically, the expression of
TaD27 and TaD10 homoeologues were significantly induced in Tad17 mutants. The
transcription of SL biosynthetic genes is controlled by negative feedback regulation
(Mashiguchi et al., 2021, Mashiguchi et al., 2009). In several studies, SL-deficient or SL-
insensitive mutants have shown a strong upregulation of SL biosynthesis genes in
Arabidopsis and rice (Umehara et al., 2008, Mashiguchi et al., 2009, Arite et al., 2007,
Waters et al.,, 2012). Application of GR24, synthetic SL analogue, leads to
downregulation of SL biosynthetic genes in SL-deficient mutant but not in SL signalling
mutant, implying that SL biosynthesis is controlled by the SL signalling pathway.
Recently, similar to the results presented in this work, Zhao et al. (2020) also reported
a strong upregulation of SL biosynthetic genes in the confirmed SL-deficient TaD27-
RNAi wheat plants (Zhao et al., 2020). RNA-seq in basal nodes also showed significant
downregulation of TaD53 encoding genes. D53 is the transcriptional repressor of the

SL signalling pathway, which is controlled by a positive feedback loop by SL levels (Song
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et al., 2017). More specifically, in the presence of SLs, D53 is ubiquitinated and
degraded by D14- SCFP3 complex (Zhou et al., 2013, Wang et al., 2015b, Soundappan
et al., 2015), leading to the transcriptional realize of downstream genes, including D53
encoding genes (Figure 1.9). This means that there is a positive correlation between
the expression of D53 encoding genes and the SL levels. As a result, the strong
downregulation of TaD53 homoeologues suggested that the SL signalling pathway was
constantly suppressed in Tad17 mutants. These observations signified that in Tad17,
SL biosynthesis is significantly impaired, as also suggested by the in silico analysis of
the mutant TaD17 proteins. Similar downregulation of TaD53s in both N levels
compared to the respective WT was also observed in roots, further confirming the

systemic suppression of SL signalling in Tad17 mutants (data not shown).

5.3.3 TaD17 Is Involved in Tillering Regulation in Wheat

Although SL-deficient mutants have been extensively studied in several species
showing that SLs are involved in tillering regulation and in other aspects of plant
growth and development, the involvement of SLs in wheat growth had not been
comprehensively studied before. Tad17 mutant lines from different populations and
under different experimental conditions showed a highly branched phenotype,
suggesting that TaD17 and SLs are involved in tillering regulation in wheat. SL-deficient
mutants in other species also form more tiller/branches (Umehara et al., 2008, Gomez-
Roldan et al., 2008, Brewer et al., 2016). In addition, just recently, Zhao et al. (2020)
showed that TaD27-RNAi lines, which catalyze the formation of 9-cis-B-carotene, the
substrate of D17, also formed more tillers than WT plants (Zhao et al., 2020). TaD27-
RNAI lines and the Tad17 mutant lines generated as part of this work were the first

wheat SL-deficient mutants, providing a great tool for studying the role of SLs in wheat.

The phenotype Tadl7 mutant also indicated that the Tad17 mutant had a shorter
stature compared to WT plants, suggesting that SLs also affect plant height apart from
tillering (Figure 5.13). Lin et al. (2009) also reported that the rice d27 mutant showed
a severe dwarf phenotype (Lin et al., 2009). Similarly, SL-insensitive mutant d3 and SL-
deficient mutant d10 also showed a severe dwarf phenotype compared to WT control

(Umehara et al., 2008, Umehara et al., 2010). Consistent with the results presented in
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this work, in d17 rice mutants, the increased tillering was accompanied by reduced
plant height (Zou et al., 2006, Butt et al., 2018). The dwarf phenotype of the SL-
deficient mutants can be rescued by the application of GR24, indicating that stem
elongation is affected by the lack of SLs. However, Arabidopsis max3 and max4 SL-
deficient mutants have not shown such a severe dwarf phenotype as compared to rice
(Umehara et al., 2008). However, in other dicotyledonous species, such as in pea and
tomato, SL-deficient mutants have also shown a strong reduction in plant height
(Kohlen et al., 2011, de Saint Germain et al., 2013). Therefore, it can be hypothesized
that the effect of SLs on plant height can be attributed to competition between
growing tillers/branches and the growing stem for carbohydrates. Precocious stem
elongation in wheat tin lines led to reduced tillering mainly due to sugar deprivation
of the lateral buds (Kebrom et al., 2012), while a similar response has also been
reported in phyB mutants in sorghum (Kebrom and Mullet, 2016). Other studies have
also shown a negative correlation between plant height and branching (Ishikawa et al.,
2005, Kebrom et al., 2006, Finlayson et al., 2010). This hypothesis is in accordance with
the diversion theory of apical dominance, according to which the growing stem inhibits
bud outgrowth by diverting sugar away from the lateral buds (Kebrom, 2017). In fact,
there is increasing evidence supporting the role of sugar availability on bud outgrowth
(Mason et al., 2014). Therefore, the reduced height in SL mutants may not be due to a
direct effect of SLs on stem elongation but due to the increased tillering. Growing
tillers are strong sinks for photoassimilates; therefore, they compete with stems for
sugars. SLs have been shown to keep buds in a dormant state, while bud release from
dormancy is an irreversible process. Soon after bud outgrowth is released, the actively
grown side tillers are strong sinks which deplete sugars at the expense of stem
elongation. This hypothesis has been confirmed in rice, as removal of the excess side

shoot can partly restore the reduced height of d17 mutants (Zou et al., 2006).

However, in pea, removal of the side shoot from SL mutants was not sufficient to
restore the dwarf phenotype (de Saint Germain et al., 2013). Therefore in pea, the
reduced phenotype of the SL-deficient mutant is not just a consequence of the
excessive branching and the competition between sink organs for sugars. In the same

study, it was shown that SLs stimulate internode elongation by affecting cell division,
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yet SLs act independently of GAs, which are known as the main hormones involved in
internode length. The exact mechanism of SL control over plant height remains an
open question; however, it is not unlikely that there is a differentiation in the effect of
SLs on stem elongation between monocotyledonous and dicotyledonous species. In
fact, this differentiation may also be attributed to the different growth patterns as, in
pea, the internode is elongated during the vegetative growth stage, while internode
elongation is suppressed during the tillering phase in grasses and start to elongate

after the transition to the reproductive phase (Kebrom, 2017, McMaster, 2005).

Although the effect of SLs on plant height and stem elongation has not been fully
elucidated, more studies have focused on the involvement of SLs in bud outgrowth.
The data presented in this study showed that SLs might control tillering by controlling
bud dormancy. The expression of DRM4, which was highly expressed in wheat nodes
among other DRM genes, showed significant downregulation in the Tad17 mutant.
DRM genes are molecular markers for bud dormancy (Tarancén et al., 2017);
therefore, this observation indicated that SLs promote bud dormancy of the lateral
bud, while in SL-deficient plants, buds are released from dormancy leading to a higher
number of tillers. The effect of SLs on DRM was more prominent under N limitation,
indicating that SLs required for the N limitation mediated bud dormancy. However,
DRM genes showed an upregulation in response to N limitation even in Tad17 mutant
compared to the high N treated Tad17, implying that SLs are not the only signals
controlling bud dormancy in response to N availability, which is consistent with the
observed phenotype. Lun et al. (2009) reported that d27 SL-deficient mutant showed
that the induced tillering is due to the stimulated bud outgrowth, especially of high
order tillers, rather than to more tiller bud initiation as found in rice (Lin et al., 2009).
In addition, consistently with our results, in rice, SLs suppress tillering by stimulating
dormancy of lateral buds and reducing the expression of cell cycle genes (Luo et al.,
2019). However, it has been reported that wheat D27-RNAi lines showed more lateral
buds compared to WT plants proposing that SLs also affect bud initiation apart from
bud dormancy (Zhao et al., 2020). However, Zhao et al. (2020) reported the total
number of initiated buds per plant in field-grown wheat. However, tiller buds in wheat

are known to be formed at the base of the shoot; therefore, the more formed tillers a
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plant has, the more tiller buds will be formed in total per plant. Therefore, this
observation does not necessarily prove that SLs are involved in bud initiation directly
as for that comparison, the rate of bud initiation and the number of initiated tiller buds

per shoot/tiller should be compared.

TB1/BRC1/FC1 is a transcription factor which has been shown by many studies to be
involved in the suppression of tillering. Many studies have shown that TB1/BRC1/FC1
is a downstream target of the SL signalling pathway to control tillering based on the
observation that tb1/brc1/fcl mutants are insensitive to SLs (Minakuchi et al., 2010,
Aguilar-Martinez et al., 2007). In fact, the application of GR24 induced the expression
of BRC1 in Arabidopsis. (Aguilar-Martinez et al.,, 2007). More recent studies have
shown that BRC1 transcription is controlled by SMXL6, 7, 8 in dicotyledonous species,
therefore in the presence of SLs D53 is degraded leading to higher levels of BRC1 and
shoot branching inhibition (Jiang et al., 2013, Wang et al., 2015b, Soundappan et al.,
2015, Seale et al., 2017). In monocotyledonous species, SLs have been suggested to
control TB1 expression through the interaction of D53 with IPA1l, which
transcriptionally activates TB1 expression (Lu et al., 2013, Song et al., 2017, Liu et al.,
2017). In dicotyledons, this mechanism has been proven as SL-deficient plants show
lower levels of TB1/BRC1, while smxl6, 7, 8 mutants showed induced TB1/BRC1
expression (Seale et al., 2017, Dun et al., 2012). However, this mechanism has not
been proven robust in monocotyledons. GR24 application did not affect the mRNA
accumulation of TB1/FC1, while SL-deficient mutant did not show altered expression
of TB1/FC1 in rice (Arite et al., 2007, Minakuchi et al., 2010). Similarly, TB1 expression
in maize remained at high levels in highly branched SL-deficient plants (Guan et al.,
2012), raising evolutionary questions regarding the divergence between
monocotyledons and dicotyledons. Yet, more recent studies showed that FCI
expression was suppressed in SL-deficient and SL-insensitive rice mutants (Fang et al.,
2020), whereas two recent studies showed that the application of GR24 induced the
expression of TB1/FC1 in rice tiller buds (Xu et al., 2015b, Zha et al., 2022).

Expression analysis of Tad17 mutant lines showed that TaD17 is expressed in the leaf
primordia around the lateral buds (Figure 5.2, unpublished data). In situ hybridization

has shown a similar expression pattern for OsFC1 in the same tissue in rice (Minakuchi
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et al., 2010). Moreover, the leaf primordia are the same site as the one that has been
found to be affected by SL-induced dormancy in rice (Luo et al., 2019). Therefore, Luo
et al. (2019) suggested that the site of SL action in controlling bud outgrowth is at the
leaf primordia surrounding the lateral bud. The overlap of TaD17 and other
biosynthetic gene expressions with the expression of TB1/FC1 is in favour of the idea
that TB1 is a downstream target of the SL pathway. The RNA-seq experiment in the
Tadl7 mutant failed to identify significant transcriptional changes in TaTB1
homoeologues under high N conditions, although a suppression was observed in the
Tad17 mutant compared to the WT control. TB1 is expressed locally in lateral buds,
whilst the RNA-seq was conducted in the whole basal nodes, which presumably
explains the fact that TB1 homoeologues were among the low expressed genes, and
they were excluded from most of the comparisons as low expressed genes. However,
under low N conditions — where TaTB1 expression was induced in WT plants — the
differential gene expression analysis showed significantly lower levels of TaTB1 in the
Tad17 mutant. The expression pattern of TaTB1 homoeologues also highlighted that
SLs are required for the induction of TB1 under N limitation. Gene expression analysis
in basal nodes by RT-qPCR showed that TB1 levels were indeed suppressed in Tad17,
whereas the effect was more noticeable under N-limiting conditions. This observation
is in favour of the model that TB1 is a downstream target of the SLs signalling pathway.
Nevertheless, similarly to the contradictory results reported in rice, Zhao et al. (2020)
reported that TB1 expression was not affected in the D27-RNAi wheat mutants

according to RNA-seq.

However, as has been shown in Arabidopsis, brc1 mutants were still able to respond
to changes in SL levels implying that SLs can also act independently of BRC1 via a
parallel mechanism (Seale et al., 2017). The parallel mechanism of SL control on bud
dormancy has been suggested to be mediated by affecting auxin transport (Shinohara
et al., 2013, Bennett et al., 2016). The SL-deficient mutant in wheat showed changes
in IAA metabolism and signalling genes supporting the interaction between SLs and
IAA in controlling tillering. However, the IAA pathway was among the pathways

affected in Tad17 mutant under N adequate conditions. Only under N limitation, the
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expression of many genes involved in IAA biosynthesis and signalling was DE in Tad17,

indicating a link between SL and IAA metabolism.

Nevertheless, the results presented in this study clearly demonstrated the
downregulation of TB1 in wheat in Tad17 mutant, proving a link between SLs and TB1
in wheat. However, why was this effect more prominent under low N conditions? It is
hypothesised that under high N conditions, the effect of SLs on tiller bud outgrowth is
not so strong as the plants have adequate resources; therefore, there is no need for
strict control of tillering, whereas, under low N conditions, SL role becomes more
important in controlling TB1 expression to suppress tillering based on nutritional
signals. In the same manner, Bennett et al. (2016) suggested that TB1/BRC1 might not
be required for bud dormancy per se but may be required for stabilising bud activity.
Based on this theory and the results presented in this thesis, it is hypothesised that
under adequate N supply, there is no strong need for plants to control bud outgrowth;
therefore, TB1 remains at low levels as it is not critical in controlling bud outgrowth,
while other signals such as auxin, sugar availability and other play a role. On the other
hand, under N-limiting conditions, due to lack of available resources tillering
regulation is more important for plant survival and adaptation; therefore, SL-mediated

regulation of TB1 becomes more prominent.

Sugar availability is another signal controlling bud outgrowth and dormancy in many
species (Tarancén et al., 2017). Recent studies have highlighted the importance of
Tre6P in the regulation of tillering/branching in relation to the sugar status of the
plants (Fichtner et al., 2017). More specifically, high levels of sugars in tissue are
accompanied by an increase in Tre6P, leading to bud outgrowth. Tad17 showed
significant changes in genes involved in Tre6P metabolic pathways, such as genes
encoding TPS and TPP. Those changes indicated that SLs might interact with sugar
availability signals to control bud outgrowth. Apart from the Tre6P pathway, Tad17
showed changes in carbon partitioning and utilization. Sugar analysis at the base of
wheat plants showed that Tad17 mutant accumulated higher levels of Glc, Fru and
sucrose at the base of the plants, implying that locally more sugars were available for

bud outgrowth. In addition, the starch content of the base of the plans was found to
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be increased in Tad17 mutants suggesting that SL may be interact with sugar signalling

and control sugar utilization and partitioning.

Most of the studies focus on the hormonal effect on bud outgrowth and sugar
availability, however, recent studies have shown that amino acid delivery to the
growing stem might also play a regulatory role in bud outgrowth. Manipulation of
AAPs leads to changes in tillering/branching in rice and other species (Wang et al.,
2019b, Lu et al., 2018, Zhang et al., 2010a). In addition, several studies have
highlighted the importance of amino acids, especially Gln and Asn, in controlling plant
architecture (Luo et al., 2018a, Ohashi et al., 2017, Ohashi et al., 2018, Ohashi et al.,
2015b). Moreover, Asn and GlIn is the major form of N transported over long distances,
participating in N remobilization. Tad17 showed changes in the expression of GS
encoding genes, while the changes were more apparent under N-limiting conditions.
GS enzyme is involved in the formation of GIn, and it is an important step for N
assimilation but also for N recycling and reassimilation. The expression of GS was
induced in basal nodes of Tad17. Lack of GS has been shown to result in a reduction in
the levels of GIn and Asn in the bases of rice plants leading to tiller suppression (Ohashi
et al., 2018). Therefore, SLs may also interact with other signals and regulate amino
acid utilization and partitioning. ASN is an important enzyme for Asn biosynthesis but
also for plant development, as manipulation in ASN expression leads to different
tillering phenotypes in rice (Luo et al., 2018a). Apart from response to N signals, ASN
has been reported to act as a marker gene for the C status of the tissue as it is
important for keeping the balance between C and N metabolism. In fact, ASN1 is
considered a sugar-starvation inducible gene (Kebrom et al., 2012). The expression of
three and five genes encoding ASN was suppressed in SL nodes under high and low N
conditions, respectively, compared to the WT controls. Lower expression of ASN
suggested an effect of SLs on sugar levels, which, as mentioned above, were elevated
in the base of Tad17 mutants. Lower expression of the ASN1 gene has been reported
in WT plants compared to the low tillering tin mutants in wheat. ASPG catalyse the
catabolism of Asn and is important for the utilization of Asn (Gaufichon et al., 2015).
High expression of ASPG encoding genes has been reported in sink tissues. Different

wheat genes encoding ASPG were found to be significantly induced in Tad17 mutants,
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further supporting changes in amino acid metabolism and levels affected by the lack
of SLs which might be another mechanism of SL control over tiller development which

has not been studied before.

5.3.4 SLs Are Required But Are Not the Only Signal Controlling Tillering in Response
to N Availability

N limitation strongly suppressed bud outgrowth leading to reduce tillering. SL
biosynthesis, as shown in Chapters 3 and 4, is strongly induced by N limitation,
suggesting that SLs may contribute to tillering regulation by acting as signals of N
status. In fact, this mechanism has been proven in the case of P limitation (Kohlen et
al., 2011, Umehara et al.,, 2010). More specifically, SL-deficient and SL-insensitive
mutants failed to control tillering in response to P supply. Under both high N and low
N conditions, the Tad17 mutant showed a higher number of tillers compared to WT
segregants (Figure 5.15). However, Tad17 still possessed the ability to regulate tillering
in response to N-limitation, as the N-limited Tad17 mutant formed fewer tillers
compared to the Tad17 mutants treated with high N. This was also consistent with the
results from a pot experiment using both Tad17 SL-deficient and Tad14 SL-insensitive
mutant in a range of different N levels (Appendix I, Figure S6), suggesting that SLs are
required for full suppression of tillering by N limitation, but SLs are not the only signal
contributing to tillering inhibition in response to N supply. Similar results have been
obtained in max1 mutant in Arabidopsis (de Jong et al., 2014). In rice, d3 and d10, SL-
insensitive and SL-deficient mutants have also been found to be responsive to N

limitation signals consistently with our results (Luo et al., 2018b).

Therefore, although elevated levels of SLs are the predominant signals controlling
tillering under P limitation, this is not the case for N limitation. This differentiation
between the two macronutrient limitations suggests that tiller inhibition under N-
limiting conditions also involves other metabolic or hormonal pathways. N is required
in larger quantities compared to P and is involved in many metabolic processes
important for plant growth and development. As shown in Chapter 4, wheat plants
show higher sensitivity to N supply compared to P (sections 4.2.1, 4.2.4). Therefore,
due to the importance of N, plants might have developed more than one mechanism

to control architectural responses to N limitation to increase N utilization and their
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chances of survival. The complexity of tillering regulation by N supply has also been
shown by the fact that brc1 brc2 Arabidopsis mutants still responded to N limitation,
suggesting that other factors apart from SLs and TB1 master regulator are responsible
for N limitation mediated tillering regulation (Seale et al., 2017). As shown in Chapter
4, N limitation showed a wide range of transcriptional changes, including changes in
carbon metabolism and utilization, resource allocation and other hormonal pathways,
which may comprise parallel or interconnected mechanisms to the SL-mediated
tillering regulation. Among the potential signals controlling tillering under N limitation
are CKs. It is well known that CKs act as signals of N availability (Sakakibara et al., 2006,
Sakakibara, 2021). CK biosynthesis and CK levels showed a significant downregulation
under N limiting conditions (Figure 5.33). CKs act as positive regulators of tillering;
therefore, the reduced accumulation of CKs, such as tZ and tZR, in the basal nodes
contributes to tiller inhibition. Although the Tad17 mutant showed changes in CK
concentration in the basal nodes compared to WT plants (discussed extensively in
section 5.3.6), N-limited Tad17 also showed reduced levels of tZ and tZR in nodes
compared to high N-treated Tad17 mutants. The lower CK accumulation in basal nodes
of Tad17 mutant under low N may explain the reduction of tillering observed in Tad17
mutants under N limitation despite the lack of SLs biosynthesis. In other words, the N-
mediated regulation of CK biosynthesis is not dependent on SLs. CK biosynthesis and
signalling have been found to be controlled by NOs™ availability signals governed by
NLP and NIGT1 TFs and by glutamine-related signals, which presumably connect
assimilated N with de novo CK biosynthesis (Kamada-Nobusada et al.,, 2013,
Sakakibara, 2021, Maeda et al., 2018). Lack of SLs increases the levels of CKs, however,
it is not sufficient to suppress the N limitation downregulation of CK content in basal

nodes, leading to a reduction in tiller number.

5.3.5 SLs Affect Resource Allocation under N-limiting Conditions

N limitation is known to trigger changes in biomass allocation between roots and
shoots. More specifically, the results presented in this study suggested that N
limitation led to strong suppression in shoot biomass accumulation, whereas root
biomass accumulation did not significantly change within the examined time frame. It

is known that under N limitation, this shift in biomass allocation is an important part
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of plant adaptation to nutrient-limiting conditions. Under N-limiting conditions, root
growth is promoted while shoot growth is suppressed, allowing the plant to explore
more soil for available nutrients and increase nutrient capture (Oldroyd and Leyser,
2020). In other words, under nutrient-stress conditions, root growth is prioritized at
the expense of shoot growth. This response is usually reflected by an increase in
root/shoot ratio, as also observed in WT plants (Figure 5.15). However, the Tad17
mutant showed a significantly lower root/shoot ratio compared to N-limited WT
plants, which was mainly attributed to the lower root biomass accumulation of Tad17
plants, suggesting that biomass allocation to root was attenuated in Tad17. A similar
observation has also been reported in max1 in Arabidopsis and in d3 and d10 in rice
(de Jong et al., 2014, Luo et al., 2018b). However, the root fraction was not affected
when N was sufficient in Arabidopsis, which was consistent with our results (Figure
5.15). Those observations clearly demonstrated that SLs are required for the
regulation of resource allocation between above and below-ground biomass as part
of plant adaptation to N-limiting conditions. Apart from changes in root growth, plant
response to N limitation also involves changes in root architecture, which includes an
increase in lateral and seminal root elongation while lateral root density is reduced.
Sun et al. (2014) showed that SL-deficient and SL-insensitive mutants did not show the
same sensitivity to N and P limitations with regard to root architectural changes (Sun
et al., 2014). Therefore, it is suggested that under N-limiting conditions, SLs are not
only involved in biomass allocation towards the roots but also in changes in root

architecture.

Based on the above observations and the overall plant response of Tad17 to N
conditions, the SL effect on biomass allocation in response to N supply may be
attributed to a direct effect of SLs on root growth or to an indirect effect. The indirect
effect is based on the competition of sink tissues for carbohydrates and nutrients. Both
roots and basal nodes are not photosynthetic tissues, hence, their growth relies on
photoassimilates produced in source leaves. Normally under N-limiting conditions,
bud outgrowth is suppressed, and less carbon is utilized for tiller outgrowth, therefore,
there are fewer active N and C sinks above ground, leading to more sugars diverted

into the roots to support root growth. However, in the lack of SLs in Tad17 mutants,
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tiller buds are released for dormancy; therefore, there are more actively growing sinks
in the upper part of the plants and the balance between source and sinks is disrupted.
In fact, many genes that reflect the sink strength of the tissue, such as invertases, sugar
and carbohydrate transporters, amino acid metabolic genes and others, were found
to be significantly DE in Tad17, suggesting that SLs may suppress the sink strength of
the tissue. The sink strength of a tissue relies on size and activity. Barbier et al. (2019)
reported that the sugar sink strength of the lateral buds is especially high upon bud
release from dormancy (Figure 1.2). Therefore, in SL-deficient plants, more buds are
released from dormancy, leading to an increase in the number of sinks but also in the
sugar and N sink strength of the tissue leading to an imbalance in carbohydrate
transport into the roots, which in turn affects root growth rate, especially under low
N conditions where C is a limiting factor along with N. There are few studies showing
a promotion or root growth after the application of SLs, supporting a direct effect of
SLs on root biomass allocation. As a result, the indirect hypothesis is more likely to be

true.

Plant response to N limitation does not only include changes in root and shoot biomass
allocation, but also involves strong remobilization of inorganic nutrients, and
predominately N. N limitation triggers N remobilization from older to younger leaves
(Smart, 1994). In this study, SPAD readings from different leaves were recorded and
used as an estimation of leaf N content. SPAD estimates leaf chlorophyll
concentration, however, many studies have shown that SPAD readings and leaf
chlorophyll concentration positively correlate with leaf N content (Mehrabi and
Sepaskhah, 2022). Therefore, the increase in SPAD readings from older (first leaf) to
younger leaves (third leaf) in N-limited WT plants might reflect the remobilization of
N from older to younger leaves (Figure 5.15B). However, this response was affected
in Tad17 mutants as young leaves tend to be more chlorotic compared to older leaves
indicating that the lack of SLs interrupted the typical remobilization of N. Zha et al.
(2022) also reported that the first leaf in N-limited rice plants remained green in SL-
deficient mutants, while in WT plants the first leaf (older) turned yellow, also
supporting that N remobilization between the tissue is altered in SL mutants (Zha et

al., 2022). N is remobilized mainly in the form of amino acids, which are transported
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to N sink tissues, where N is reassimilated. In fact, many amino acid transporters were
found to be significantly DE in the basal nodes of Tad17 mutants compared to WT
plants under low N conditions, while others showed genotype-dependent regulation
to N limitation, implying that SLs are required for their regulation to N limitation. The
same was observed for NRT2 and ammonium transporters, indicating that overall N
remobilization and distribution are affected by SLs. In rice leaves, several amino acid
and ammonium transporters involved in the remobilization of N were shown to be
suppressed in the leaves of d3 and d10 mutants (Luo et al., 2018b), further supporting
the observation of this work that under N limiting conditions, the increase in SLs

content contribute to nutrient remobilization.

5.3.6 SL and CK Interaction

SLs and CKs have a central role in regulating tillering/branching, acting antagonistically
in regulating bud outgrowth (Dun et al.,, 2012). More specifically, SLs suppress,
whereas CKs promote bud outgrowth. Phytohormonal analysis in the basal node of
plants showed that Tad17 mutant showed elevated levels of CKs under both high and
low N conditions (Figure 5.33). However, in pea and Arabidopsis, no differences in CK
levels in the shoot tips were found between SL mutants and WT (Foo et al., 2007).
Similarly, Arite et al. (2007) reported that d10 rice mutant showed similar levels of CKs
in shoot apices compared to WT (Arite et al., 2007). However, recent studies in rice
have reported increased CK levels in the tiller buds or plant bases of d10 and d53
mutants (Zhang et al., 2010b, Duan et al., 2019b). Among the examined CKs, only tZR
and tZ concentrations were found to be significantly higher in Tad17 mutants
independently from the plant N status. tZR and tZ are considered the most active
forms of CKs playing a central role in the regulation of plant architecture. In addition,
as mentioned in section 4.2.16, tZ and tZR are the predominant forms of CKs found in
basal nodes, indicating their importance in the regulation of growth in this particular
tissue. Consistent with the results of this study, elevated levels of tZ and tZR have also
been reported in shoot bases of rice d53 mutants (Duan et al., 2019b). In contrast, the
application of GR24 led to the downregulation of all forms of CKs in rice tiller buds (Zha

et al., 2022). All these observations indicate a negative effect of SLs on CK levels at
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shoot bases. Therefore, the high tillering phenotype of the Tad17 mutants may be at

least partly due to the higher accumulation of CKs in the basal nodes.

However, the transcriptomic analysis performed as part of this study did not show any
significant response of CK metabolic genes in Tad17 mutants under high N conditions,
which could explain the observed induction in CK content. Only TaLOG10-1D was
found to be induced in the basal nodes of high N treated Tad17 compared to WT. In
pea, SL-deficient and SL-insensitive mutants have shown higher expression of the IPT1
gene compared to WT, indicating the SLs may negatively affect CK biosynthesis (Dun
et al.,, 2012). However, other studies have shown that SLs regulate CK levels by
controlling mainly CK degradation rather than by controlling CK biosynthesis (Ha et al.,
2014, Duan et al., 2019a). More specifically, Duan et al. (2019) demonstrated external
application of GR24 induces the expression of OsCKX9 in rice, while the d53 mutant
showed lower expression of CKX9, concluding that SLs control CK levels by inducing CK
degradation. However, other CKX encoding enzymes did not show any response to SL
levels, while OsCKX9 was not highly expressed compared to other CKX encoding genes.
Based on the results presented in this thesis, the expression of some CKX encoding
genes was found to be higher in Tad17 mutants (Figure 5.28). However, this might be
due to a negative feedback loop of CK response that regulates the transcription of
most CKX genes. More specifically, the external application of CKs triggers rapid
induction of different CKX genes (Duan et al., 2019b, Tsai et al., 2012). Therefore, the
induction of TaCKX genes in Tad17 may be a result of the higher levels of CKs found in
Tad17 basal nodes and not affected by the SLs. A possible explanation for the elevated
levels of CKs is that the effect of lack of SLs in Tad17 mutant on CK biosynthesis or
degradation was subtle under high N conditions, therefore, the genes were not

identified as DE by the RNA-seq data.

However, the results suggested that SLs had a profound effect on CK-related genes
under N-limiting conditions. When N was limiting, the lack of SL biosynthesis in Tad17
mutant had a drastic effect on many genes involved in CK biosynthesis, catabolism and
signalling. It is widely accepted that there is a positive correlation between N and CK
levels (Sakakibara et al., 2006, Sakakibara, 2021). N limitation led to strong

suppression of CK biosynthetic genes and a systemic decrease in CK levels (Figures
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5.28, 5.33). Therefore, based on our results, SLs are required for the full suppression
of CK biosynthetic genes by N signals, given that under N-limiting conditions, the
expression of many biosynthetic genes remained at higher levels compared to WT
plants. The effect of SLs on CK biosynthesis was consistent in gene encoding IPT,
CYP735 and LOG enzymes. IPTs are involved in de novo CK biosynthesis producing iP-
type of CKs, while CYP735 convert iP-ribotide to tZ-ribotide (Figure 1.10) (Kudo et al.,
2010). Based on the current understanding of CK biosynthesis, LOG enzymes convert
ribotides to the respective free base cytokinin (tZ, iP, etc.). In fact, under low N
conditions, not only tZR and tZ levels were upregulated in Tad17 mutants, but also,
iPA concentration was higher in the basal nodes. This observation suggested that SLs
may affect de novo CK biosynthesis in basal nodes, and they are also involved in the

suppression of CK biosynthesis under N-limiting conditions.

A question that arises from the hormonal and transcriptomic data presented in this
study is that although the transcript abundance of many SL biosynthetic genes was
significantly higher in N-limited Tad17 mutants compared to WT, why did the Tad17
mutant still show a significant reduction in CK levels in the basal nodes in response to
N limitation? As a result, although SLs are required for the suppression of CK
biosynthetic genes in response to N limitation, the lack of SLs is not sufficient to
prevent the reduction of CK levels under N limitation. The reduction of tZ and tZR
concentration in Tad17 mutants in response to N limitation can explain why Tad17
mutants still possess the ability to reduce their tiller number in response to N status.
Under both N conditions, the tZ-type of CKs was higher than the WT, while the same
rate of increase in tillering was observed in both conditions compared to the
respective WT. Therefore, this observation suggests that the main signal for the
suppression of tillering by N limitation is the reduction in CK content, while SLs are

required for keeping CKs at low levels.

As stated above, although CK biosynthetic genes were strongly induced in the Tad17
mutant compared to WT, the Tad17 mutant still showed a strong reduction in CK
levels. This may be explained by the presence of post-translational control of CK
biosynthetic enzymes, or the reduction may be due to the lack of available substrate.

In the case of CK biosynthesis, purine and, more specifically, adenine is the precursor
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for iP-ribotide biosynthesis. Purine catabolism is known to be induced under N-limiting
conditions as part of the N recycling mechanism through the allantoin catabolic
pathway (Casartelli et al., 2019). Tad17 mutant showed induction in allantoin catabolic
genes suggesting strong recycling of purine-derived N leading to lower levels of
purines. Therefore, the lack of purine, the substrate of CK biosynthesis, might explain
the reduction of CK content in Tad17 despite the higher expression in CK biosynthetic
genes. In addition, although the strong induction of SL biosynthesis, genes encoding
CK catabolic and inactivation enzymes (CKX, CK glycosyltransferase) showed a
systematic induction in Tadl7 mutant under N-limiting conditions. CK catabolic
enzymes are regulated by feedback regulation (Duan et al., 2019b). Therefore, the CK
degradation might be strongly induced in Tad17 mutant under low N to keep the CK
levels low. Presumably, the feedback mechanism that controls CK levels is stronger
under low N conditions to keep CK levels low. The opposite might be true for the
biosynthesis genes, which are controlled by negative feedback regulation. Under high
N conditions due to the high levels of CK, the effect of SLs on CK biosynthetic genes is
masked by the negative feedback regulation, while under low N conditions, due to the
overall reduction in CKs levels, the feedback regulation is weaker and the effect of SLs
becomes more apparent. This can explain the fact that in previous studies, despite the
increase in CK content, no strong effect on CK biosynthetic genes was reported. It is
suggested that although the induction of CK biosynthesis due to the lack of SLs in
Tad17, other mechanisms related to N-status induce CK homeostasis and degradation
to keep CKs at low levels resulting eventually in suppression of tillering under N-

limiting conditions.

In addition, although the CK levels in Tad17 N-limited plants were significantly lower
compared to the same genotype under high N, there was a strong induction in AHK
encoding genes. TaAHK4 encodes a CK receptor protein. Many type-A RRs showed a
significant 2-way interaction meaning that their response to N limitation was
dependent on the genotype. CKs are known to induce the expression of type-A RRs,
while they are important for the CK-mediated regulation of growth. Application of
GR24 reduces the expression of type-A RRs, whereas the expression was higher in

different rice SL-deficient mutants (Duan et al., 2019b). Therefore, it is suggested that
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SLs reduce sensitivity to CKs. Similarly to this observation, Dun et al. (2012) reported
that the SL-deficient mutant is more sensitive to CK than WT plants, whilst the
application of GR24 reduces CK-induced growth in SL-deficient mutants but not in SL-

insensitive mutants (Dun et al., 2012).

As a result, it is suggested that SLs suppress CK levels by affecting CK biosynthesis
and/or CK degradation, while SLs may also have a role in plant sensitivity to CKs.
However, other studies have shown that CK levels also affect SL biosynthesis. SL
biosynthetic genes have been found to be suppressed after the application of CK, while
this effect has been found in both root and basal nodes of rice plants (Xu et al., 2015b).
Apart from the effect on SL biosynthesis and signalling genes transcription, CK
application reduced the levels of SL in root exudates of sorghum, further confirming
that CK has a negative effect on SL production (Yoneyama et al., 2020b). Taken
together, it is suggested that CK and SL have an antagonistic action in controlling plant

architecture, while both are essential for plant adaptation to different N levels.
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Chapter 6 General Discussion

6.1 Introduction

In the first chapter (Chapter 1), our current understanding of tillering regulation, SL
biosynthesis and signalling, and the N limitation responses was presented, focusing
mainly on findings in monocotyledonous plants. In the following chapters, further
insights into SL biosynthesis, perception and signalling genes in wheat and their
regulation by nutritional signals (Chapter 3); the transcriptional effect of N limitation
on different pathways and their link to tillering regulation (Chapter 4); the role of SLs
in modulating plant architecture and nutrient limitation responses (Chapter 5) were
covered extensively in the discussion sections of the corresponding chapters.
Therefore, this general discussion chapter discusses the future perspective that arises
from the key findings and their potential implementation for wheat crop

improvement.

6.2 Future Perspective
6.2.1 Shoot Architecture

Tillering is an important component of plant architecture in cereal crops, along with
plant height, tiller angle and others. Manipulation of plant architecture has been
shown to have the potential to increase crop productivity and grain yield. The most
classical example is the introduction of semi-dwarfing alleles in modern rice and wheat
varieties during the green revolution leading to high-yielding semi-dwarf elite varieties
with almost double grain yield production than taller varieties (Khush, 1999).
However, due to the increasing global population and the predicted demand for
wheat, global wheat production needs to increase to cover the global demand. On the
grounds that the availability of agricultural land is not predicted to increase and the
potential negative impacts of global warming on plant productivity in many areas
around the globe, there is an urgent need for further increases in wheat grain yield

production. As a result, novel alleles are required for crop improvement.

Tillering is an important agronomic trait and an important component of grain yield in
cereal crops. Wang et al. (2018) reported that tiller number is a critical target for rice

Page | 257



breeding (Wang et al., 2018a), yet the same can be applied to other cereals as the
number of fertile tillers positively correlates with grain yield (Harasim et al., 2016). In
fact, manipulation of tiller formation in cereals can potentially increase grain yield
(Sakamoto and Matsuoka, 2004). SLs were shown to play an important role in wheat
architecture not only by affecting the number of tillers but also by affecting plant
height, tiller angle and other aspects of plant architecture important for plant
productivity. A similar observation has been found in SL mutants in many species, such
as rice, where the role of SLs in plant architecture has been more extensively studied.
Therefore, manipulation of SL biosynthesis and signalling may potentially be utilized
for improving wheat plant architecture and breeding wheat lines with improved

characteristics.

However, the relationship between the number of tillers and grain yield is complex, as
grain yield is also affected by tiller abortion and tiller fertility. It is known that late-
formed tillers show lower fertility and therefore do not contribute equally to the final
grain yield. In addition, some of the late-formed tillers fail to produce an inflorescence
and do not contribute to the final yield. In fact, excessive tillering, as observed in SL-
deficient mutant lines, can lead to yield reduction, especially under stress conditions
due to ineffective use of available resources (Kebrom et al., 2012). What is apparent
in rice SL mutants is that an increase in tiller number does not necessarily associate
with an increase in grain yield, as the d17 SL-deficient mutant had a negative impact
on seed-setting and produced smaller and thinner panicle/ears leading to vyield
reduction (Wang et al., 2020c). In addition, based on the multiple actions of SLs,
complete loss of SL production to increase tillering would also have a negative impact
on root symbiotic associations and nutrient limitation responses which might have a

negative impact on nutrient capture under nutrient limiting conditions.

That being the case, the exploration of new beneficial alleles of SL biosynthetic and
signalling genes might be utilized to improve tillering without yield reduction and
without compromising other functions of SLs. A recent example is the identification of
HIGH TILLERING AND DWARF 1 (HTD1"?), a beneficial allele of OsD17, which leads to
partly loss-of-function of D17 and defective SL biosynthesis. This allele leads to higher

tiller production without a negative effect on other agronomic traits leading to
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improved crop performance. Interestingly, it was found that this allele HTD1"? has
been co-selected with Semidwarf 1 (SD1) and contributed to the development of semi-
dwarf elite rice varieties during the green revolution (Wang et al., 2020c). In addition,
an introduced mutation using CRISPR-Cas9 leading to partial loss-of-function mutation
led to increased tillering and had a beneficial impact on rice grain yield. Genetic
variation in tillering of elite rice cultivars has been associated with variation in SL
production (Cardoso et al., 2014). All these observations highlight the potential of
manipulation of SL production and signalling in shaping plant architecture and
improving grain yield production. However, SL metabolism has not been extensively
studied in wheat, and the genetic variation in SL production and signalling remains
unexploited. In addition, tillering has been considered as a less important trait for
wheat breeding probably due to its plasticity. The identification of SL biosynthetic,
perception and signalling genes and their involvement into modulating plant
architecture as presented in this thesis can be the foundation for exploring novel
alleles in wheat germplasm for improving wheat plant architecture. Apart from the
architecture of the individual plant, crop architecture at a population scale is also
important in cereal crops as plant architectural traits are affected by plant density, soil
volume, light availability etc. Recently, it was shown that SLs are also involved in the
regulation of plant architecture in relation to plant density and soil volume by
neighbouring plants (Wheeldon et al., 2022, Yoneyama et al., 2022). Therefore, by
utilization of this finding, manipulation of SLs might allow adjustment of not only plant
architecture at the individual scale, but crop architecture at a population scale for

higher productivity.

6.2.2 Plant Response to Nutrient-limiting Conditions

Nutrient availability is among the main signals controlling SL biosynthesis and
signalling. N and P limitations strongly induced SL biosynthesis in wheat roots. In the
basal nodes, N had a more substantial effect on SL biosynthetic and signalling gene
transcription than P limitation, which might be associated with plant sensitivity to
nutrient limitation, as wheat plants showed higher sensitivity to N compared to P
limitation, at least in relation to tillering control. Numerous studies have shown that

SL production and exudation are promoted under nutrient-stress conditions. It is well
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established that P and, to a lesser extent, N limitations induce SL production and
exudation (Yoneyama et al., 2012), while a more recent study has shown that other

nutrient deprivations, such as S, also promote SL biosynthesis (Shindo et al., 2018).

Based on the SL functionality, the induction of SLs under nutrient-limiting conditions
has a dual role, acting as plant hormone controlling plant architecture but also as
rhizosphere signal promoting AMF association to increase nutrient capture. Both
actions contribute to plant responses to nutrient-limiting conditions. The results
presented in this thesis showed that SL biosynthesis was among the top enriched
pathways under N-limiting conditions in the basal nodes, implying that potentially SLs
do not act only as a branching inhibitor but also as a systemic signal coordinating N-
limitation responses. Tad17 mutant showed that although SLs are required for full
branch suppression by N limitation, SLs are not essential for shoot architectural
changes in response to N limitation. It was also shown that SLs interact with CKs to
control plant architecture. However, apart from the regulation of tillering, other
changes which contribute to plant adaptation to N-limiting conditions were found to
be affected in SL-deficient mutants, such as resource allocation between root and
shoot, nutrient remobilization and many others. Other studies have also shown that
SLs play an important role in modulating nutrient limitation responses and resource
partitioning between tissues. Plants growing under N- or P-limiting conditions also
normally show changes in root architecture, such as the promotion of lateral root
growth and root angle to improve nutrient capture and increase exploration of soil,
respectively (Oldroyd and Leyser, 2020). However, it has been shown that SL mutants
in rice displayed a different response to N and P limitation in terms of root
architectural changes, and the same was observed in Arabidopsis SL mutants (Ruyter-

Spira et al., 2011, Sun et al., 2014).

Apart from the architectural adaptation to nutrient-limiting conditions, SLs are likely
involved in controlling transcriptional networks related to nutrient limitations, leading
to morphological and physiological changes as part of plant adaptation to nutrient-
limiting conditions. In fact, it was shown that tomato SL-deficient mutants failed to
activate most of the P-starvation mechanism, suggesting that SLs act as a signal

triggering the P-starvation response (Santoro et al., 2021). Similarly, Marro et al. 2021
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showed that, in tomato, SLs regulate the expression of important TFs that control the
P and N limitation responses, such as the transcriptions factors NIGT1 and PHO2
(Marro et al., 2022). NIGT1 belongs to the family of GARR_G2_like, which play a central
role in N limitation response, while members of this family have also been found to
control the balance between N and P metabolism (Kiba et al., 2018, Maeda et al.,
2018). The RNA-seq data in wheat d17 mutant showed changes in many TFs previously
identified as master regulators of N-response, such as the genes encoding the TFs
NIGT1, HHO3,4, LBD37, 38, 39 and BT1,2 and others when growing under N-limiting
conditions. In addition, the SL mutant showed changes in PHR4 under N-limiting
conditions. PHRs are known to govern transcriptional changes of the P limitation
response and to take part in coordinating N and P homeostasis under nutrient stress
(Sun et al., 2018, Ruan et al.,, 2017). Hence the changes in PHR4, along with the
observed changes in NIGT1, may suggest that SL play a role in linking N and P
metabolism under nutrient-limiting conditions. Changes in that TFs under N-limiting
conditions are associated with N limitation responses, such as transcription of N
transporters and N assimilation enzymes aiming to increase N uptake and optimize
nutrient use. The induction of many members of the NF-YA family of TF by N limitation,
whose role has been associated with long-term exposure to nutrient stress (Leyva-
Gonzélez et al., 2012), was found to be attenuated in Tad17 mutants, indicating that

Tad17 showed changes in N-limitation sensing.

Therefore, manipulation of SL biosynthesis or signalling by the exploration of the
genetic variation among wheat germplasm for beneficial alleles might be a useful tool
for improving varieties with optimized nutrient use efficiency. In an alternative
approach, other studies have shown the potential use of SL analogues as growth
regulators to improve plant response to nutrient stress. Soil application of SL
analogues to maize and sunflower crops increased N uptake efficiency under low N
conditions (Chesterfield et al., 2020). Therefore, SLs have the potential to be utilized
in different ways in order to increase plant nutrient use efficiency and reduce fertilizer

inputs.
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6.2.3 Strigolactone Structural Diversity

As it has been previously discussed, SLs have been shown to have multiple functions
acting as plant hormones, as rhizosphere signals involved in plant association with
AMFs but also involved in parasitic plant seed germination. All those functions can be
utilized to tackle agricultural problems related to plant architecture, nutrient capture
or in crops where parasitic weeds are reducing crop productivity (Chesterfield et al.,
2020). As plant hormones, SLs have been found to regulate different aspects of plant
growth and development. SLs are mainly associated with plant architecture as they
are involved in tillering, plant height, and tiller angle, but as shown in this thesis, they
play an important part in modulating plant adaptation to nutrient-limiting conditions.
As covered in sections 6.2.1 and 6.2.2, manipulation of SL biosynthesis or signalling
pathways might be a promising way to improve cereal crops such as rice or wheat.
However, severe manipulation of SL biosynthesis, such as in SL-deficient mutants,
although able to change plant architecture, does not necessarily lead to yield benefit,
while the AMF association would be negatively affected and vice versa. Therefore,
strong manipulation of SL biosynthesis and signalling resulted in a compromise in
other actions of SLs, which may not be beneficial. As a result, less severe mutants such
as signalling mutants or partly loss-of-function mutants might be useful for the

purpose of crop improvement.

Another possible approach will be the manipulation of specific functions of SLs.
Although this might initially sound very challenging, there is evidence that plants
produce different types of SLs, which raises fundamental questions about their activity
and functionality in planta. To date, there are more than 30 naturally occurring SLs
identified in plants, while plants have been found to produce a mixture of different
canonical and non-canonical SLs. Most of the structural diversity of naturally occurring
SLs is a result of steps downstream of CL, leading to the formation of different
bioactive SL molecules. The steps downstream of CL are catalysed mainly by members
of cytochrome P450 CYP711 encoding by MAX1. Cereals have multiple MAX1 genes in
their genome, which raises more questions about their functionality and their
specificity. In rice and other species, it has been demonstrated that some MAX1

homologues are involved in the biosynthesis of the canonical SL, orobanchol. In
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contrast, the function of some rice MAX1 remains elusive. Less is known about the
biosynthetic pathway of strigol, which is another canonical SLs found in plant species.
More recently, SABATH methyltransferase and LBO were found to be involved in the
formation of Me-CLA and 1’-OH-MeCLA, which are both non-canonical SLs, providing
some insights into the formation of non-canonical SLs (Brewer et al., 2016, Yoneyama
et al., 2020a, Wakabayashi et al., 2021). In addition, Arabidopsis /bo mutants have an
intermediate tillering phenotype as they produce more tillers than the WT plants but
fewer tillers than SL-deficient mutants (Brewer et al., 2016). Therefore, it is suggested
that plants produce more than one type of SLs with tillering inhibitory activity. In
addition, the functionality of canonical and non-canonical SLs also remains an open
guestion. Canonical SLs are mainly found in root exudates, while both non-canonical
SLs Me-CLA and 1’-OH-MeCLA have shown tiller inhibitory activity (Abe et al., 2014,
Brewer et al.,, 2016). Consequently, Yoneyama et al. 2018 suggested that non-
canonical SLs might act as branching inhibitors, while canonical SLs produced mainly
in roots and act as rhizosphere signals (Yoneyama et al., 2018b). The diversity of SLs
and especially of the non-canonical SLs and their specific functionality has not been
extensively studied due to limitations in their quantification in plant tissue but also

due to the lack of understanding of the functionality of the biosynthetic enzymes.

As part of this thesis, wheat MAX1 genes were identified while their spatial expression
pattern was examined. The results showed that the TaMAX1a2 homoeologous
subgroup was predominately expressed in roots and based on an orthology search,
predicted to be involved in the biosynthesis of canonical SLs. On the other hand,
TaMAX1c homoeologues were only found to be expressed in above-ground plant
tissue, implying that they may be responsible for the biosynthesis of SLs that act as
branching inhibitors. In addition, the wheat orthologues of AtLBO and AtSABATH-
methyltransferase showed the same feedback regulation as the other SL biosynthetic
genes in Tad17 mutants, suggesting that they are functional orthologues also involved
in the biosynthesis of non-canonical SLs in wheat. Identification of those genes in the
wheat genome and the information generated as part of this thesis can be utilized for
the manipulation of different MAX1 homoeologous subgroups, which may result in

changes in SL profile in plants. Cardoso et al. (2014) showed that the observed
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variation in SL biosynthesis among rice accession was associated with different copy
numbers of MAX1, which was associated with variation in tillering in those varieties
(Cardoso et al., 2014). Therefore, it is suggested that SL diversity and genetic variation
in genes downstream of the core SL biosynthetic pathways need to be further
exploited. Finally, as also suggested by Chesterfield et al. (2020), further
understanding of the functionality of different enzymes leading to SL diversity and the
functionality of different SL molecules should allow targeted manipulation of SL
biosynthesis and the SL profile, leading to changes in desired actions of SLs, assuming

that different SLs may have distinct functionalities in planta.
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Appendix A: RT-gPCR Primer Efficiency Test
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Figure S1: RT-gPCR primer efficiency test by using a dilution series of cDNA from root and
shoot total RNA samples. Efficiency was calculated based on the slope of the standard curve.
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Appendix B: Differential Gene Expression Analysis R Script (DESeq2)

#This 1s an example of the script used for the differential gene
expression analysis

#This example corresponds to the analysis of the RNA-seq from Tadl7
mutants at two different N levels

#Input files required: factor data and count table (generated by
featureCounts tool)

# Load the required packages

library (DESeq2)

library(pheatmap)

library(RColorBrewer)

library(PoiClaClu)

library(dplyr)

library(ggplot?2)

library(ggrepel)

library (DEGreport)

library(tidyverse)

library(EnhancedVolcano)

#Set the directory where the required files are stored
setwd("F:/Petros Documents PhD revised/dl7 LowN RNA-seq/RNA-seq
Analysis/FeatureCounts Based/Nodes")

#Input factor data file

factordata <- read.table("expdesign nodes.txt",header=T, sep="\t")
head (factordata)

factordata$Block<-as.factor (factordata$Block)
factordata$Nlevel<-as.factor (factordata$Nlevel)
factordata$Genotype<-as.factor (factordata$Genotype)
factordata$BClF2<-as.factor (factordata$BClF2)
factordata$line<-as.factor (factordata$Line)

str (factordata)

#Input count data

countdata <-
as.matrix(read.table("dl7NodesCountbata.txt",sep="\t",header = T,
row.names = 1))

head (countdata)

str (countdata)
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#Define the model with interaction term in the formula (2-way
interaction)

dds <- DESegDataSetFromMatrix (countdata, factordata, design = ~
Block+Genotype+Nlevel+Nlevel : Genotype)

dds

dds <- estimateSizeFactors (dds)

#Filter out genes where there are less than 3 samples with normalized
counts greater than or equal to 5

idx <- rowSums( counts(dds, normalized=TRUE) >= 5 ) >= 3

dds <- dds[idx, ]

dds

design (dds)

dds$Nlevel<-relevel (dds$Nlevel, ref= "HighN'")

dds$Nlevel

dds$Genotype<-relevel (dds$Genotype, ref= "d17WT")

dds$Genotype

#Perfomr DESeqg?2

dds <- DESeq(dds)

resultsNames (dds)

plotDispEsts(dds, main="Dispersion Plot Nodes')

#Perform PCA plot

vsd <- vst(dds, blind = FALSE)

head(assay(vsd), 3)

str(factordata)

str (vsd)

plotPCA(vsd, intgroup = c("Nlevel™, "BCIF2")) +

geom label repel (aes(label=name)) + ggtitle("PCA plot Basal Node') +
theme (plot.title = element text(size=16, face="bold"))

#Sample Distances

sampleDists <- dist(t(assay(vsd)))

sampleDistMatrix <- as.matrix( sampleDists )

rownames (sampleDistMatrix) <- paste( vsd$SampleID)

colnames (sampleDistMatrix) <- paste( vsd$SampleID)

colors <- colorRampPalette( rev(brewer.pal (9, "Blues")) ) (225)

pheatmap (sampleDistMatrix,
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clustering distance rows = sampleDists,

clustering distance cols = sampleDists, show colnames = T,
color = colors, main = "Sample Distance Matrix Basal Node')
#Define cut-off for DE genes
padj.cutoff<-0.01
lfc.cutoff<-0.58
#What is the effect of dl17 mutation under High N?
dl7MresHN <- results(dds,alpha=0.01,name="Cenotype dl7M vs dl7WT")
summary (d17MresHN)
dl7MresHN <- dl7MresHN[order (d17MresHNS$padj), ]
head (dl17MresHN)
dl7MresHN results <-
as.data.frame (dplyr::mutate (as.data.frame (dl7MresHN),
Effect=ifelse (dl7MresHNS$padj<padj.cutoff &
dl7MresHN$log2FoldChange>lfc.cutoff, "dl17M:UP",
ifelse(dl7MresHN$padj<padj.cutoff & dl7MresHN$log2FoldChange< -
lfc.cutoff, "d17M:DOWN","No Effect"))),
row.names=rownames (dl7MresHN) )
count (d17MresHN results,padj<0.01)
dl7MresHN sig<-
filter(as.data.frame(dl7MresHN results),padj<padj.cutoff &
abs (log2FoldChange)>1fc.cutoff)
count (d17MresHN sig,Effect)
dl7MresHN Plot<-EnhancedVolcano(dl7MresHN,lab = NA, x =
'log2FoldChange', y = 'pvalue',pCutoffCol='padj',pCutoff = 0.01,
FCcutoff= 0.58, xlim = c(-10,10), title="Tadl7 mutant versus WT under
High N", subtitle= "Basal Node'")
dl7MresHN Plot
dl7MresHN MA<-plotMA (dl7MresHN, ylim=c(-2,2), main="MA Plot Tadl’
versus WT under High N")

#What 1s the effect of dl17 mutation under LowN?

dl7MresLN <- results(dds,alpha=0.01,1list(c("Genotype dl7M vs d1l7WT",
"Genotypedl7/M.NlevelLowN")))

summary (d17MresLN)

dl17MresLN <- dl7MresILN[order (d17MresLN$padj), ]

head (d17MresLN)

dl7MresLN results <-

as.data.frame (dplyr::mutate(as.data.frame (dl7MresLN),

Effect=ifelse (dl7MresLN$padj<padj.cutoff &
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dl7MresLN$log2FoldChange>lfc.cutoff, "dl17M:UP",
ifelse(dl7MresLNS$padj<padj.cutoff & dl7MresLN$log2FoldChange< -
l1fc.cutoff, "d17M:DOWN","No Effect"))),

row.names=rownames (dl17MresLN))

count (d17MresLN results,padj<0.01)

dl7MresLN_ sig<-

filter(as.data.frame(dl7MresLN results),padj<padj.cutoff &
abs(log2FoldChange)>lfc.cutoff)

count (d17MresLN sig,Effect)

dl7MresLN_Plot<-EnhancedVolcano (dl7MresLN,lab = NA, x =
'log2FoldChange', y = 'pvalue',pCutoffCol="pad)',pCutoff = 0.01,
FCcutoff= 0.58, xlim = c(-10,10), title="Tadl7 mutant versus WT under
Low N", subtitle= "Basal Node'")

dl7MresLN Plot

dl7MresLN MA<-plotMA(dl7MresLN, ylim=c(-2,27), main="MA Plot Tadl’
versus WT under Low N")

#Is the effect of N limitation different between genotypes
(Interaction Term)?

dl7Minter <- results(dds,alpha=0.01, name="Genotypedl/M.NlevellLowN")
summary (dl17Minter)

dl7Minter <- dl7Minter[order (dl17Minter$padi), ]

head (dl17Minter)

dl7Minter results<-subset(as.data.frame(dl7Minter),padj<0.01)

dl7Minter sig<-
filter(as.data.frame(dl7Minter results),abs(log2FoldChange)>0.58)

count (dl7Minter sig, log2FoldChange>0.58)

dl7Minter Plot<-EnhancedVolcano(dl7Minter,lab = NA, x =

'log2FoldChange', y = 'pvalue',pCutoffCol='padj',pCutoff = 0.01,
FCcutoff= 0.58, xlim = c(-10,10), title="Is dl7 mutation effect
different across different N levels?", subtitle= "Basal Nodes")

dl7Minter Plot

#N limitation in the WT plants?

LNresWT <- results(dds,alpha=0.01,name="Nlevel LowN vs HighN")
summary (LNresWT)

LNresWT <- LNresWT[order (LNresWT$padj), ]

head (LNresWT)

LNresWT results <-

as.data.frame (dplyr::mutate(as.data.frame (LNresWT),

Effect=ifelse (LNresWT$padj<padj.cutoff &
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LNresWT$log2FoldChange>lfc.cutoff, "LN:UP",
ifelse(LNresWT$padj<padj.cutoff & LNresWT$log2FoldChange< -
lfc.cutoff, "LN:DOWN","No Effect'))), row.names=rownames (LNresWT))
count (LNresWT results,padj<0.01)

LNresWT sig<-filter(as.data.frame(LNresWT results),padj<padj.cutoff &
abs(log2FoldChange)>lfc.cutoff)

count (LNresWT_ sig,Effect)

LNresWT_Plot<—EnhancedVolcano(LNresWT,lab = NA, x = 'log2FoldChange',
y = 'pvalue',pCutoffCol="padj',pCutoff = 0.01, FCcutoff= 0.58, xlim =
c(-10,10), title="N Limitation Effect in WT plants", subtitle= "Basal
Nodes")

LNresWT Plot

LNresWT MA<-plotMA (LNresWT, ylim=c(-2,2), main="MA Plot LowN versus
HighN in WT plants")

#N limitation in the Tadl7 mutant?

LNresdl7M <- results(dds,alpha=0.01,1list(c("Nlevel LowN vs HighN",
"Genotypedl7/M.NlevelLowN")))

summary (LNresdl7M)

LNresdl7M <- LNresdl7M[order (LNresdl7M$padi), ]

head (LNresdl7M)

LNresdl/M results <-

as.data.frame (dplyr::mutate(as.data.frame (LNresdl7M),

Effect=ifelse (LNresdl7M$padj<pad].cutoff &
LNresdl7M$log2FoldChange>lfc.cutoff, "IN:UP",
ifelse(LNresdl7M$padj<padj.cutoff & ILNresdl7M$log2FoldChange< -
lfc.cutoff, "LN:DOWN","No Effect™))), row.names=rownames (LNresdl7M))
count (LNresdl7M results,padj<0.01)

LNresdl7M sig<-

filter(as.data.frame(LNresdl7M results),padj<padj.cutoff &

abs (log2FoldChange)>1fc.cutoff)

count (LNresdl7M sig,Effect)

LNresdl7M Plot<-EnhancedVolcano (LNresdl7M,lab = NA, x =
'log2FoldChange', vy = 'pvalue',pCutoffCol='padj',pCutoff = 0.01,
FCcutoff= 0.58, xlim = c(-10,10), title="N Limitation Effect in Tadl7
mutants", subtitle= "Basal Nodes")

LNresdl7M Plot

LNresdl7M MA<-plotMA (LNresdl7M, ylim=c(-2,2), main="MA Plot LowN
versus HighN in Tadl7 plants")

#Generate a heatmap for a list of genes (e.g. SL metabolic genes)
rld <- rlog(dds, blind = FALSE)
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SLs<-read excel ("SL metabolic Gene List.xlsx", sheet = "Sheetl")
SLs_heatmap<-unlist (SLs$GenelID, recursive = TRUE, use.names = TRUE)
col anno <- as.data.frame(colData(rld) [, c("Nlevel","Genotype')])
row_anno<-data.frame(SLs, row.names = 1)

anno_colors = list(Nlevel = c(HighN = "#0eb34a", LowN = "f#ebedlc"),
Genotype = c(WT="#323232",Tadl7="#1b6393"),

LowN=c ("NS"="white","Significantly
DE"="#2a65b5b"), Tadl7vsWT HN=c ("NS"="white","Significantly
DE"="#a65b5b"), Tadl7vsWT LN=c ("NS"="white","Significantly
DE"="#a65b5b"))

pheatmap order<-
c(13,14,15,19,20,21,1,2,3,7,8,9,16,17,18,22,23,24,4,5,6,10,11,12)

pheatmap (assay(rld) [SLs_heatmap, pheatmap order],color=colorRampPalett
e(c('green3', 'black', 'red3')) (100),scale = "row", annotation col =
select(col anno,Genotype,Nlevel),annotation colors = anno_colors,
cluster rows = FALSE,annotation row =

select (row_anno,Tadl7vsWT LN, Tadl7vsWT HN, LowN),blabels row =
row_anno$GeneName, cluster cols = FALSE,gaps col = c(12),gaps row =
c(13,19,25),cellwidth=10,cellheight=11, fontsize col=10)
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Appendix C: List of Orthologous SL-related Sequences

Table S1: List of gene accession numbers (GenelD) of SL biosynthetic (D27, D17 and D10)

orthologous protein sequences used for the phylogenetic analysis.

Gene Name Species GenelD
AtD27 A. thaliana AT1GO03055
OsD27 0. sativa 0s11t0587000
HvD27 H. vulgare HORVU7Hr1G096970
TaD27-7D T. aestivum TraesCS7D02G411500
TaD27-7A T. aestivum TraesCS7A02G418900
TaD27-7B T. aestivum TraesCS7B02G319100
AtMAX3 A. thaliana AT2G44990
OsD17 O. sativa 0s04g0550600
HvD17 H. vulgare HORVU2Hr1G097770
TaD17-2B T. aestivum TraesCS2B02G433800
TaD17-2A T. aestivum TraesCS2A02G414600
TaD17-2D T. aestivum TraesCS2D02G411900
AtMAX4 A. thaliana AT4G32810
OsD10 O. sativa 0s01g0746400
OsD10-like O. sativa 0s01g0566500
HvD10 H. vulgare HORVU3Hr1G071170
TaD10a-3A T. aestivum TraesCS3A02G274300
TaD10a-3B T. aestivum TraesCS3B02G308000
TaD10a-3D T. aestivum TraesCS3D02G273500
TaD10b1-3A T. aestivum TraesCS3A02G074200
TaD10b2-3A T. aestivum TraesCS3A02G074100
TaD10b1-3B T. aestivum TraesCS3B02G088400
TaD10-like-2A T. aestivum TraesCS2A02G074900
TaD10-like-U T. aestivum TraesCSU02G085100
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Table S2: List of gene accession numbers (GenelD) of MAX1 orthologous protein sequence
used for the phylogenetic analysis.

Gene Name Species GenelD
AtMAX1 A. thaliana AT2G26170
0Os1500 (CYP711A4) O. sativa 0s01g0701500
0s5100 (CYP711A6) O. sativa 0Os06g0565100
0s1900 (CYP711A5) O. sativa 0s02g0221900
0s900 (CYP711A2) O. sativa 0s01g0700900
0s1400 (CYP711A3) O. sativa 0s01g0701400
HVMAX1 (CYP711A29) H. vulgare HORVU4Hr1G079620
HvCYP711A5 H. vulgare HORVU6Hr1G040170
HvCYP711A30 H. vulgare HORVU3Hr1G013470
HvCYP711A6 H. vulgare HORVU7Hr1G087750
BdCYP711A31 B. distachyon XP_010237353
BdCYP711A30 B. distachyon XP_003575594
BdCYP711A29 B. distachyon XP_003562092
BdCYP711A6 B. distachyon XP_003560652
BdCYP711A5 B. distachyon XP_003571126
TaMAX1al-4A T. aestivum TraesCS4A02G412100
TaMAX1al-4B T. aestivum TraesCS4B02G312300
TaMAX1al-4D T. aestivum TraesCS4D02G309900
TaMAX1a2-U T. aestivum TraesCSU02G146300
TaMAX1a2-3B T. aestivum TraesCS3B02G088700
100% identical to TaMAX1a2-3B (removed) TraesCSU02G235400
TaMAX1a2-3D T. aestivum TraesCS3D02G073900
TaMAX1b-3A T. aestivum TraesCS3A02G466400
TaMAX1c-6B T. aestivum TraesCS6B02G217300
TaMAX1c-6D T. aestivum TraesCS6D02G174100
TaMAX1c-6A T. aestivum TraesCS6A02G187200
TaMAX1d-7A T. aestivum TraesCS7A02G360300
TaMAX1d-7D T. aestivum TraesCS7D02G362800
TaMAX1d-7B T. aestivum TraesCS7B02G267500
SbMAX1a S. bicolor XP_002458367
SbMAX1b S. bicolor XP_002456213
SbMAX1c S. bicolor XP_002453551
SbMAX1d S. bicolor XP_002438586
ZmMAX1a (CYP711A13) Z. mays Zm00001d046207
ZmMAX1b (CYP711A18) Z. mays Zm00001d039697
ZmMAXI1c (CYP711A19) Z. mays Zm00001d053569
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Table S3: List of gene accession numbers (GenelD) of SL perception (D3, D14) and signalling

(D53, TB1) orthologous protein sequences used for the phylogenetic analysis.

Gene Name Species GenelD
AtMAX2 A. thaliana AT2G42620
OsD3 0. sativa 0s06t0154200
HvD3 H. vulgare HORVU7Hr1G023610
TaD3-7A T. aestivum TraesCS7A02G110500
TaD3-7B T. aestivum TraesCS7B02G008400
TaD3-7D T. aestivum TraesCS7D02G106000
AtD14 A. thaliana AT3G03990
OsD14 O. sativa 0s03t0203200
HvD14 H. vulgare HORVU4Hr1G070070
HvD14-like H. vulgare HORVU5Hr1G089150
TaD14-4A T. aestivum TraesCS4A02G046700
TaD14-4B T. aestivum TraesCS4B02G258200
TaD14-4D T. aestivum TraesCS4D02G258000
AtSMXL6 A. thaliana AT1G07200
AtSMXL7 A. thaliana AT2G29970
AtSMXL8 A. thaliana AT2G40130
OsD53 0. sativa 0s11t0104300
OsD53-like O. sativa 0s12g0104300
TaD53a-4A T. aestivum TraesCS4A02G182800
TaD53a-4B T. aestivum TraesCS4B02G135800
TaD53a-4D T. aestivum TraesCS4D02G130600
TaD53b-5A T. aestivum TraesCS5A02G155000
TaD53b-5B T. aestivum TraesCS5B02G153200
TaD53b-5D T. aestivum TraesCS5D02G159900
ZmD53b Z. mays Zm00001d023208
ZmD53a Z. mays Zm00001eb404750
SbD53 S. bicolor SORBI_3008G002400
AtBRC1 A. thaliana AT3G18550
AtBRC2 A. thaliana AT1G68800
OsFC1 0. sativa 0s03t0706500
HvTB1 H. vulgare HORVU4Hr1G007040
ZmTB1 Z. mays Zm00001eb054440
TaTB1-4A T. aestivum TraesCS4A02G271300
TaTB1-4B T. aestivum TraesCS4B02G042700
TaTB1-4D T. aestivum TraesCS4D02G040100
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Appendix D: Selected Differentially Expressed Genes under Low N

Table S4: Selected differentially expressed genes in the basal node of wheat grown under N
limitation for 8 days based on the RNA-seq data.

LowN
GenelD Orthologue Description LFC padj
Dormancy Associated
TraesCS4A02G158100 0s03g0342900 DRM1 1.19  9.29E-18
TraesCS4B02G155000 0s03g0342900 DRM1 0.98  2.75E-06
TraesCS4D02G169100 0s03g0342900 DRM1 0.96  3.31E-08
TraesCS5A02G211600 0s09g0437500  DRM3 2.32  4.56E-10
TraesCS5B02G212300 0s09g0437500 DRM3 1.60  2.25E-14
TraesCS5D02G222300 0s09g0437500  DRM3 2.32  3.41E-05
TraesCS4A02G245100 Os11g0671000  DRM4 1.01  4.16E-13
TraesCS4B02G070300 Os11g0671000  DRM4 0.95  4.84E-09
TraesCS4D02G069100 Os11g0671000 DRM4 1.40  2.84E-03
Cell Cycle
TraesCS5A02G336500 0s01g0896300  FLATTENED SHOOT MERISTEM -0.75  6.55E-11
TraesCS5B02G335500 0s01g0896300  FLATTENED SHOOT MERISTEM -0.76  7.42E-06
TraesCS5D02G341200 0s01g0896300  FLATTENED SHOOT MERISTEM -0.79  4.02E-06
TraesCS2A02G364000 0s02g0805200 Proliferating cell nuclear antigen -0.72 5.79E-07
TraesCS2B02G382000 0s02g0805200 Proliferating cell nuclear antigen -0.77 1.78E-07
TraesCS2D02G361800 0s02g0805200 Proliferating cell nuclear antigen -0.70 5.17E-07
TraesCS6D02G357600 0s02g0805200 Proliferating cell nuclear antigen -0.75 1.06E-04
TraesCS4D02G053100 AT1G08880 Histone H2A -6.18 1.75E-04
TraesCS5A02G098300 AT1G08880 Histone H2A -0.59 1.18E-04
TraesCS1A02G190400 AT1G07790 Histone H2B.1 -0.82 1.19E-08
TraesCS1A02G229100 AT1G07790 Histone H2B.1 -0.60  3.90E-03
TraesCS1B02G192500 AT1G07790 Histone H2B.1 -0.73  5.47E-06
TraesCS1B02G244900 AT1G07790 Histone H2B.1 -0.72  7.53E-04
TraesCS3A02G357500 AT1G07790 Histone H2B.1 -0.68 1.04E-03
TraesCS4A02G030500 AT1G07790 Histone H2B.1 -0.62  6.93E-04
TraesCS6A02G040200 AT1G07790 Histone H2B.1 -0.61 1.36E-04
TraesCS2A02G214700 0s03g0721900  Similar to Histone H2A -0.91  2.12E-08
TraesCS2B02G239700 0s03g0721900 Similar to Histone H2A -0.95 3.86E-09
TraesCS2D02G220500 0s03g0721900  Similar to Histone H2A -0.80  7.43E-07
TraesCS5A02G462100 0s01g0502700 Similar to Histone H2A -0.58 9.41E-04
TraesCS5B02G477300 0s01g0502700  Similar to Histone H2A -1.24  6.52E-04
TraesCS6D02G062800 0s01g0502700 Similar to Histone H2A -0.73 1.29E-04
TraesCS6D02G107000 0s01g0502700  Similar to Histone H2A -0.67 1.76E-03
TraesCS1A02G368000 0s08g0490800 Similar to Histone H2B -0.61 1.45E-04
TraesCS1A02G388600 0s08g0490800  Similar to Histone H2B -0.68  9.20E-04
TraesCS1B02G386500 0s08g0490800 Similar to Histone H2B -0.67 3.01E-05
TraesCS1B02G386600 0s08g0490800  Similar to Histone H2B -0.64  9.02E-03
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TraesCS1B02G386700
TraesCS1D02G396600
TraesCS6B02G376900
TraesCS4B02G275500
TraesCS6A02G099700
TraesCS7B02G341600
TraesCS6A02G401600
TraesCS7D02G488600
N transport

TraesCS6A02G226800
TraesCS6B02G254800
TraesCS6D02G208200
TraesCS7B02G020500
TraesCS7D02G120200
TraesCS7A02G054100
TraesCS7D02G049400
TraesCS4A02G440600
TraesCS1D02G257200
TraesCS1D02G256700
TraesCS7D02G357300
TraesCS2A02G309100
TraesCS2B02G326200
TraesCS2A02G264500
TraesCS2B02G277600
TraesCS2D02G259400
TraesCS5D02G398000
TraesCS3A02G383200
TraesCS7A02G301700
TraesCS7B02G201900
TraesCS1A02G031300
TraesCS1B02G038700
TraesCS1D02G032700
TraesCS6B02G290500
TraesCS4A02G075900
TraesCS4B02G231500
TraesCS2A02G007500
TraesCS2D02G009200
TraesCS2A02G007100
TraesCS7A02G381700
TraesCS7B02G283800
TraesCS7A02G381500
TraesCS7D02G377800
TraesCS6B02G171000
TraesCS3A02G392900
TraesCS4B02G052200
TraesCS2D02G073500
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050820490800
050820490800
050820490800
051280415800
051280415800
050320390600
AT1G51060

AT1G51060

0s02g0620600
0s02g0620600
0s02g0620600
0s05g0338900
0s05g0338900
0s01g0960900
0s01g0960900
0s01g0960900
0s05g0410900
0s05g0410500

0s04g0441800
0s04g0441800
0s11g0283500
0s11g0283500
0s11g0283500
0s11g0282800

0s08g0155400
0s08g0155400
0s01g0556700
0s01g0556700
0s01g0556700
0s02g0689900

0s03g0235300

0s10g0110800
0s10g0110800

Similar to Histone H2B
Similar to Histone H2B
Similar to Histone H2B
Similar to Histone H3
Similar to Histone H3
Similar to Histone H3
Probable histone H2A.1
Probable histone H2A.1

Ammonium Transporter (TaAMT1.2)
Ammonium Transporter (TaAMT1.2)
Ammonium Transporter (TaAMT1.2)

TaNPF2.12
TaNPF2.12
TaNPF2.14
TaNPF2.14
TaNPF2.15
TaNPF3.2
TaNPF3.4
TaNPF4.1
TaNPF4.2
TaNPF4.2
TaNPF4.4
TaNPF4.4
TaNPF4.4
TaNPF4.5
TaNPF5.22
TaNPF6.1
TaNPF6.1
TaNPF6.5
TaNPF6.5
TaNPF6.5
TaNPF7.1
TaNPF8.12
TaNPF8.14
TaNPF8.16
TaNPF8.16
TaNPF8.18
TaNPF8.22
TaNPF8.22
TaNPF8.23
TaNPF8.23
TaNPF8.25
TaNPF8.6
TaNPF8.9
TaNRT2.16

-0.74
-0.68
-0.59
-0.61
-0.65
-0.62
-0.61
-0.71

-2.09
-1.61
-1.66
0.91
0.78
0.78
1.23
1.54
1.05
-1.29
0.88
2.04
1.83
1.48
0.61
0.95
1.06
1.37
0.64
0.61
-4.61
-1.86
-2.31
-1.42
1.13
1.51
0.89
1.87
1.04
1.13
0.64
-2.12
-3.77
-1.60
0.82
0.91
-2.61

2.08E-03
2.94E-04
5.38E-03
5.74E-03
2.05E-07
9.18E-03
1.27E-03
9.55E-03

3.73E-06
1.02E-09
2.62E-10
1.38E-03
3.54E-05
4.84E-04
2.43E-11
1.61E-04
4.42E-09
8.92E-03
3.46E-03
1.05E-20
7.14E-21
2.98E-14
3.13E-03
9.94E-05
4.28E-09
4.11E-03
2.25E-03
4.41E-04
5.19E-05
1.28E-08
1.50E-06
2.66E-04
1.28E-03
6.26E-06
5.74E-03
2.64E-03
9.30E-03
9.53E-03
5.78E-03
6.89E-07
6.42E-03
2.31E-06
3.87E-03
6.90E-04
2.75E-04



N assimilation

TraesCS6A02G333900
TraesCS6B02G364600
TraesCS6D02G313100
TraesCS6A02G017500
TraesCS6B02G024900
TraesCS6A02G326200
TraesCS6B02G356800
TraesCS6D02G306000
TraesCS4A02G063800
TraesCS4B02G240900
TraesCS4D02G240700
TraesCS6A02G298100
TraesCS6B02G327500

TraesCS6D02G383600LC

TraesCS3A02G266300
TraesCS2D02G132900
Ureide Metabolism
TraesCS7A02G479600
TraesCS7B02G382000
TraesCS7D02G466800
TraesCS7D02G466900
TraesCS5A02G104200
TraesCS5B02G114400
TraesCS5D02G116600
TraesCS2A02G587900
TraesCS2B02G595300
TraesCS2D02G565300
TraesCS7A02G481500
TraesCS7B02G383900
Amino Acid
TraesCS1A02G264500
TraesCS1B02G275200
TraesCS1D02G264700
TraesCS3A02G388100
TraesCS3B02G420600
TraesCS3D02G381400
TraesCS2A02G339100
TraesCS6A02G002400
TraesCS6B02G007400
TraesCS7B02G293500
TraesCS7A02G392300
TRAESCS7A02G392200
TRAESCS7A02G392400
TraesCS7B02G294400
TRAESCS7B02G294200
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0s12g0503000
0s12g0503000
0s12g0503000
0s12g0503000
0s12g0502800
0s12g0502800
0s12g0502800
0s04g0680400
0s04g0680400
0s04g0680400
0s06g0665500
0s06g0665500

0s05g0424000
0s05g0424000
0s05g0424000
0s01g0878400
0s01g0878400
0s01g0878400
0s04g0460200
0s02g0101000
0s02g0101000
0s06g0633800
0s06g0633100
0s06g0633100
0s06g0633100
0s06g0633100
0s06g0633100

Nitrite reductase, chloroplastic
Nitrite reductase, chloroplastic
Nitrite reductase, chloroplastic
Nitrate reductase 1

Nitrate reductase 1

Nitrate reductase 1

Nitrate reductase 2

Nitrate reductase 2

Glutamine synthetase
Glutamine synthetase
Glutamine synthetase
Glutamine synthetase (cytosolic)
Glutamine synthetase (cytosolic)
Glutamine synthetase (cytosolic)
NADPH dependent Glutamate Synthase
Fd-GOGAT Glutamate Synthase

OsUPS1

OsUPS1

OsUPS1

OsUPS1

Similar to OsUPS2
Similar to OsUPS2
Similar to OsUPS2
Allantoinase
Allantoinase
Allantoinase
Allantoate deiminase

Allantoate deiminase

OsAAP7

OsAAP7

OsAAP7

OsAAP5

OsAAPS

OsAAP5

OsATL14

OsATL11

OsATL11

OsATLS

GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6

-4.96
-5.47
-4.95
-1.58
-1.28
-3.69
-3.06
-3.10
-2.15
-1.94
-2.38

0.69

0.77

0.70
-0.81
-0.60

-2.90
-3.10
-4.06
-5.30
1.36
0.79
1.47
1.15
1.81
1.78
1.14
1.27

-1.17
-1.40
-1.60
-1.76
-1.43
-1.61
-1.88
-1.17
-1.92
-1.41
-3.25
-2.88
-5.26
-3.24
-3.08

1.96E-33
1.08E-05
9.19E-12
2.35E-05
2.37E-05
4.01E-31
1.66E-18
6.21E-33
5.27E-49
1.57E-23
5.06E-72
1.11E-07
2.51E-08
2.25E-05
9.57E-05
1.14E-04

5.50E-05
2.57E-13
2.63E-04
4.83E-22
1.84E-03
6.17E-03
2.59E-04
5.75E-04
2.02E-04
5.04E-05
3.19E-05
3.66E-05

3.02E-11
3.78E-16
6.05E-24
1.42E-24
2.39E-17
1.35E-18
2.75E-03
7.53E-03
1.25E-10
4.34E-30
4.36E-07
3.56E-04
1.02E-04
2.19E-06
1.61E-03



TRAESCS7B02G294300
TRAESCS7D02G387700
TRAESCS7D02G387800
TraesCS4A02G215300
TraesCS4B02G100800
TraesCS4D02G097400
TraesCS3A02G388000
TraesCS3B02G420700
TraesCS3D02G381500
TraesCS3A02G407000
TraesCS3B02G441200
TraesCS3B02G441100
TraesCS3D02G402300
TraesCS7D02G189100
TraesCS3B02G449100
TraesCS3D02G408800
TraesCS2A02G268400
TraesCS2B02G287200
TraesCS2D02G267400
Sugar Transporters
TraesCS4A02G016400
TraesCS4B02G287800
TraesCS4D02G286500
TraesCS6A02G382400
TraesCS6A02G382600
TraesCS6B02G421800
TraesCS6D02G367200
TraesCS6D02G367300
TraesCS6D02G367400
TraesCS6A02G009000
TraesCS6A02G009100
TraesCS6B02G015100
TraesCS6B02G015200
TraesCS6B02G015300
TraesCS6D02G009600
TraesCS6D02G009700
TraesCS6D02G012100
TraesCS7A02G147300
TraesCS7B02G050500
TraesCS7D02G149000
TraesCS2A02G204900
TraesCS2B02G232400
TraesCS2D02G211100
TraesCS6A02G218800
TraesCS6D02G201900
TraesCS1B02G147200
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0s06g0633100
0s06g0633100
0s06g0633100
AT1G44100

AT1G44100

AT1G44100

0s01g0878700
0s01g0878700
0s01g0878700
0s01g0882800
0s01g0882800
0s01g0882800
0s01g0882800
0s06g0228500
0s01g0908600
0s01g0908600
0s03g0644400
0s07g0100800
0s07g0100800

0s03g0170900
0s03g0170900
0s03g0170900
0s12g0476200
0s12g0476200
0s12g0476200
0s12g0476200
0s12g0476200
0s12g0476200
0s11g0508600
0s11g0508600
0s11g0508600
0s11g0508600
0s11g0508600
0s11g0508600
0s11g0508600
0s11g0508600
0s02g0513100
0s02g0513100
0s02g0513100
0s07g0561800
0s07g0561800
0s07g0561800
0s02g0301100
0s02g0301100
0s05g0214300

GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6
GLUTAMINE DUMPER 6
TaAAP13

TaAAP13

TaAAP13

OsAAP6

OsAAP6

OsAAP6

OsAAP8

OsAAP8

OsAAP8

OsAAP8

OsATL12

OsProT1

OsProT1

OsProT2

OsProT3

OsProT3

Sucrose transporter (SUT1)
Sucrose transporter (SUT1)

Sucrose transporter (SUT1)

AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14
AtSWEET11,12,13,14

AtSWEETS6,7
AtSWEETS6,7
AtSWEET3

-3.13
-3.87
-3.06
0.76
0.71
1.21
7.12
4.03
8.41
0.82
0.81
1.29
0.59
0.79
1.60
3.49
0.99
0.86
1.41

1.11
1.10
1.38
1.32
2.21
1.96
0.73
0.65
231
1.78
3.60
2.28
5.34
1.82
2.51
2.51
4.09
3.35
2.02
1.43
-2.27
-3.88
-2.77
-0.66
-1.12
-1.79

2.56E-03
8.50E-05
1.67E-06
5.15E-04
1.85E-03
1.26E-06
1.04E-03
8.04E-16
2.04E-13
2.76E-06
2.55E-08
8.01E-12
3.05E-03
8.50E-03
2.41E-14
5.24E-03
2.41E-09
1.91E-03
1.73E-07

8.86E-11
5.30E-11
8.47E-09
4.39E-09
1.67E-28
6.05E-11
1.00E-03
2.21E-03
3.35E-23
2.57E-07
7.27E-05
1.21E-27
3.90E-05
1.06E-11
5.78E-28
2.22E-09
3.68E-42
5.15E-36
1.31E-46
7.68E-17
3.03E-05
3.26E-11
5.93E-03
9.43E-04
8.69E-09
1.14E-13



TraesCS7A02G261100
TraesCS7B02G160000
TraesCS7D02G263100
Sugar Signalling

TraesCS6A02G301800
TraesCS6B02G330900
TraesCS6D02G281100
TraesCS7D02G182600
TraesCS6A02G248400
TraesCS6B02G276300
TraesCS6D02G230500
TraesCS1A02G339300
TraesCS1B02G351600
TraesCS1D02G341100
TraesCS1D02G340400
TraesCS5D02G210000
TraesCS5D02G284800
TraesCS7B02G150700
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0s08g0535200
0s08g0535200
0s08g0535200

0s09g0499000
0s08g0516900

AtSWEET10,15
AtSWEET10,15
AtSWEET10,15

TaTPP4
TaTPP4

TaTPP4

TaTPP8

TaTPP1

TaTPP1

TaTPP1

TPS

TPS

TPS

TaTPS7

TaTPS6

SnRK1A protein kinase
SnRK1A protein kinase

-2.52
-1.97
-3.10

1.03
1.42
1.49
3.81
-2.27
-2.43
-2.34
-1.05
-0.89
-1.18
0.69
0.93
0.80
0.69

2.38E-08
4.28E-10
1.84E-34

8.02E-05
1.01E-08
8.97E-06
2.65E-03
7.08E-03
3.52E-04
6.14E-05
1.74E-11
3.54E-06
9.87E-14
8.66E-03
4.81E-04
4.90E-03
9.10E-03



Appendix E: Tad17 Mutant RNA-sequencing Supplementary Data

Table S5: RNA-sequencing raw data analysis statistics

Sample ID N Level Genotype Reads Alignment  Assignment :::SZ = aplsi‘;::z-
(M) Rate (%) Rate (%) (M) (%)
Tad17M1_HN_N1 High N Tad17 (M1) 47.1 84.7% 58.0% 31.6 75.4%
Tad17M1_HN_N2  High N Tad17 (M1) 40.3 86.0% 57.9% 27.2 77.2%
Tad17M1_HN_N3 High N Tad17 (M1) 49.7 81.6% 54.4% 31.6 73.3%
Tad17M1_LN_N1 Low N Tad17 (M1) 35.1 88.3% 60.2% 24.3 77.6%
Tad17M1_LN_N2  LowN Tad17 (M1) 43.3 83.1% 55.7% 28.0 73.8%
Tad17M1_LN_N3 Low N Tad17 (M1) 49.5 84.0% 56.7% 32.5 74.0%
Tad17M2_HN_N1 High N Tad17 (M2) 29.8 87.2% 56.7% 20.1 79.1%
Tad17M2_HN_N2  High N Tad17 (M2) 45.4 82.7% 53.9% 28.9 75.0%
Tad17M2_HN_N3  High N Tad17 (M2) 32.5 82.9% 55.4% 21.1 74.9%
Tad17M2_LN_N1 Low N Tad17 (M2) 47.8 88.9% 60.6% 335 78.3%
Tad17M2_LN_N2 Low N Tad17 (M2) 42.5 84.7% 56.6% 27.9 74.8%
Tad17M2_LN_N3 Low N Tad17 (M2) 34.6 81.2% 53.9% 21.7 72.2%
WT1_HN_N1 High N WT (WT1) 441 87.7% 60.1% 30.8 78.9%
WT1_HN_N2 High N WT (WT1) 44.7 84.6% 57.1% 29.8 76.3%
WT1_HN_N3 High N WT (WT1) 28.0 82.9% 55.8% 18.2 74.4%
WT1_LN_N1 Low N WT (WT1) 45.5 88.8% 61.8% 32.2 78.2%
WT1_LN_N2 Low N WT (WT1) 27.1 83.9% 56.1% 17.6 74.8%
WT1_LN_N3 Low N WT (WT1) 38.7 83.4% 56.1% 25.2 74.6%
WT2_HN_N1 High N WT (WT2) 27.6 87.0% 59.3% 18.9 78.1%
WT2_HN_N2 HighN  WT (WT2) 35.9 88.3% 59.8% 25.0 80.2%
WT2_HN_N3 High N WT (WT2) 40.9 83.0% 55.2% 26.5 75.6%
WT2_LN_N1 Low N WT (WT2) 38.2 88.1% 59.7% 26.4 78.8%
WT2_LN_N2 Low N WT (WT2) 39.0 85.5% 57.5% 26.0 76.2%
WT2_LN_N3 Low N WT (WT2) 39.8 84.6% 56.7% 26.2 75.8%

Page | 280



Sample Distance Matrix Basal Node

-
M

WT1_HN_N3
WT1_HN_N1
WT2_HN_N2
WT2_HN_N1
WT1_HN_N2 60
WT2_HN_N3
Tad17M2_HN_N1
Tad1701_HN_N1
Tad17M1_HN_N2
Tad17M1_HN_N3 [l 20
Tad17M2_HN_N2
Tad17M2_HN_N3
Tad17M2_LN_N1 — 0
, | Tad17M1_LN_N1

: || Tad17M1_LN_N2
Tad17M1_LN_N3

| Tad17M2_LN_N2
Tad17M2_LN_N3

a0

40

WT2_LN_N1
WT2_LM_N3
WT1_LM_N1
I WT2_LN_N2
_I: WT1_LN_N2
H H WT1_LN_N3
ggééggqqqqqqqqqqqqéégégg
O DL DD DD D oDw
jarrd TpEs2ssses22222 e s
L e T e B T B e e B M M LV R
| ol el ol el el
22332 E XX S22 88222252"
=z Z]IIIIIIIII IIII-II_II_[I_ I'_ll_ = = E E a
[F =g~ =g =1 m]zlzlzlzlz ZZzzzzZzz =
2235552285685

Figure S2: Sample distance matrix based on the differential gene expression analysis
performed by DESeq2 (the script can be found in Appendix B).
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Appendix F: RNA-seq Validation Test
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Figure S3: Validation test of RNA-seq results in Tad17 basal nodes under two different N levels.
Comparison between average treatment effects (n=6) based on RNA-seq (TPM) and RT-gPCR
data (NRQ).
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Appendix G: Additional GO and KEGG Enrichment Analysis
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Figure S4: Biological Process (BP) GO term and KEGG enrichment analysis per cluster (1-4) of
the differentially expressed N-responsive genes in the basal node of Tad17 mutant under low

N conditions.
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Appendix H: Expression of TaNIGT1 in Basal Nodes and Root of Tad17
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Figure S5: Expression of wheat orthologues of NIGT1 in the basal node and root of Tad17
mutant (aabbdd) and WT segregant grown under high N (10 mM) or low N (0.1 mM) conditions
for 8 days. Transcript abundance (TPM) of TaNIGT1 homoeologues (TraesCS2A02G116100,
TraesCS2B02G135600, TraesCS2D02G119100) based on RNA-seq data. Values are means of
six biological replicates, and error bars represent SE.
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Appendix |: Phenotype of Tad17 (BC1F3) and Tad14 (BC3F3) triple knock-
out Mutant in Three Different N Levels

Tad17 Phenotype

8_
- Bl Gadenza WT
kS = B \WT-segregant
o 67
i — =3 Tad17
o
& 44
o
<]
=
0 24
o
z

o-l_l

LowN MidN HighN

Tad14 Phenotype

8_
- mEm Gadenza WT
b - =1 WT-segregant
o 6 T
o = Tad14
o
g 47
o
<}
L
v 2
[o}

0- T T

LowN MidN HighN
N Level

Figure S6: Number of shoots of Tad17 SL-deficient (BC1F3) and Tad14 SL-insensitive mutants
(BC3F3) grown under three different N regimes (Low, Mid and High N) compared to the
respective WT segregant lines. Values are means of eight biological replicates (four biological
replicates from two different BC«F2 lines), and error bars represent SE. Plants were grown in
pots filled with a mixture of vermiculite and perlite for three weeks in a CE room.
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