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Abstract

Acrylamide is a processing contaminant found in many different foods. It is formed from free
(soluble, non-protein) asparagine and reducing sugars during the Maillard reaction, which
occurs during low-moisture, high-temperature processing. In wheat-based food products, free
asparagine is the key determinant of how much acrylamide forms, so the amount of acrylamide
in wheat-based food products can be decreased by minimising the amount of free asparagine
that accumulates in wheat grain. Agronomic and genetic strategies have previously been
explored to reduce free asparagine accumulation in wheat grain, but a small proportion of
products still continue to exceed recommendations set by the European Union, likely due to
fluctuations in free asparagine content. Consequently, there is a need to develop more strategies

to limit free asparagine accumulation in wheat grain.

In this thesis, new findings relevant to the genetic and agronomic control of grain asparagine
accumulation are discussed. Firstly, a presence/absence variation of one of the asparagine
synthetase 2 homoeologs was analysed and found to reduce grain free asparagine content in
the field. Secondly, variation in grain asparagine content and other traits was explored in a soft
wheat mapping population, enabling identification of a QTL controlling free asparagine. A soft
wheat population was used because this project sought to reduce the acrylamide content of soft
wheat products, most notably biscuits. Finally, the impact of different fertilisers on grain
asparagine accumulation was investigated in the field, facilitating further analysis of how this
translates to differences in biscuit acrylamide content and the potential for imaging of plants
and seeds to predict grain asparagine content. This showed that a nitrogen to sulphur
application ratio of 10:1 (kg/ha) was sufficient to prevent large increases in free asparagine and
that imaging could accurately predict free asparagine content. Overall, this body of work
highlights interesting effects of genetic and environmental factors on grain asparagine content
that can be used to inform future strategies for grain asparagine reduction.
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1.1.Project background

The aims of this project were initially developed by Professor Nigel Halford (Rothamsted
Research), Dr. Isabel Moreira de Almeida (Mondeléz International), Dr. Nicholas Cryer
(Mondeléz International), and Dr. Stephen Elmore (University of Reading), as part of the
development of a BBSRC Collaborative Training Partnership studentship (UK Research and
Innovation, 2019). Mondelgz is a global snack food company, selling a range of products that
are impacted by acrylamide regulations, such as biscuits. Professor Nigel Halford and Dr.
Stephen Elmore have both worked extensively on the subject of acrylamide in food, so this
partnership was set up in order to develop practical strategies to reduce the acrylamide-forming
potential of wheat.

1.2.The acrylamide issue

Acrylamide is an organic compound formed during the Maillard reaction from free (soluble,
non-protein) asparagine and reducing sugars (e.g. glucose, fructose) (Figure 1.1), a reaction
that is also responsible for the formation of many desirable colour and flavour compounds
(Mottram et al., 2002; Stadler et al., 2002). It is present in many different foods; but the largest
food groups contributing to dietary acrylamide intake in the European Union are estimated to
be potato and wheat-based food products, and coffee (CONTAM Panel, 2015). Dietary
acrylamide consumption is very variable, depending on the types of food consumed, the
processes those foods have been through, and the raw materials used to manufacture those

foods.
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Figure 1.1. Simplified representation of asparagine biosynthesis in wheat (catalysed by
asparagine synthetase) and the formation of acrylamide in the maillard reaction during the

manufacture of wheat-based food products (catalysed by heat). ASN (asparagine synthetase).

The main issue concerning dietary consumption of acrylamide is its carcinogenicity, as
its other negative health effects (neurological, reproductive, and developmental) are not
predicted to be an issue at the concentrations consumed in the diet (CONTAM Panel, 2015).
Acrylamide is known to cause cancers in rodents when given at high doses (National
Toxicology Program, 2012) and mechanistically there is a feasible route through which it can
cause cancer in humans. In humans, acrylamide is metabolised to glycidamide (a genotoxic
compound) so it is possible that acrylamide could cause cancer in humans through this
mechanism (Koszucka et al., 2020). Zhivagui et al. (2019) showed that a mutational signature
from glycidamide was present in various human cancers, suggesting that this could be
contributing to oncogenesis (although the study did not show that these mutations were
oncogenic). On the other hand, epidemiological studies of dietary acrylamide intake have not
found consistent associations between acrylamide and cancer in either food frequency
questionnaire studies or biomarker studies (the latter being the more reliable methodology of
the two) (Lipworth et al., 2012; Virk-Baker et al., 2014). Consequently, it has not been possible
to conclude with certainty that acrylamide causes cancer in humans at the concentrations found

in food. Nor has it been possible to conclude that all concentrations of acrylamide in food are
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safe, due to the evidence from mechanistic and animal studies suggesting that it could cause

cancer.

As a result, some regulatory bodies have taken a precautionary approach and have
established regulations for acrylamide in food since negative health effects from dietary
acrylamide consumption cannot be excluded (see Raffan & Halford (2019) for review). Of all
regulatory bodies, the European Commission has the strongest regulations, with recommended
“Benchmark Levels” indicating concentrations of acrylamide in food that they think industry
can achieve (European Commission, 2017). However, since toxicologically-safe limits for
dietary acrylamide consumption have not been determined, these levels are instead based on
what is reasonably achievable in different foods. Consequently, the Benchmark Level for
wheat-based bread is relatively low (50 micrograms per kilogram) when compared to the
Benchmark Level for potato crisps (750 micrograms per kilogram). In most regulatory regions,

however, no such Benchmark or equivalent levels for acrylamide exist.

Despite the lack of legal limits across all regulatory regions for acrylamide in food,
some manufacturers have made substantial progress in reducing the acrylamide content of their
products, using the many changes to product processing and formulation that are available
(Powers et al., 2021). For example, some products can have asparaginase added during
processing, which vastly reduces the amount of free asparagine in the product, although at an
additional cost (Xu et al., 2016). Replacing ammonium bicarbonate and high-fructose corn
syrup with alternatives has also been shown to be effective at reducing acrylamide
concentrations in food (Amrein et al., 2006). Without changing product formulation, quality
control checks based on colour can also be effective at removing high-acrylamide products,
due to the association between acrylamide and colour (Gékmen et al., 2006; Gékmen et al.,
2008).

Another possibility is to use raw materials that do not favour the formation of
acrylamide. For wheat-based food products, free asparagine is the precursor that determines
the concentration of acrylamide in the final food product (reviewed in Raffan & Halford, 2019).
Consequently, the use of flour that is low in free asparagine would help to keep food products
low in acrylamide. Asparagine is an amino acid that is present naturally in plants, formed from
the ATP dependent reaction of aspartate with glutamine through the action of the enzyme
asparagine synthetase (ASN) (Figure 1.1) (Lea et al., 2007). As an amino acid, asparagine is

an important component of proteins, but the role of free (soluble, non-protein) asparagine in
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wheat is less clear. Numerous stressors have been shown to cause large increases in the free
asparagine content of wheat grain (e.g. sulphur deficiency (Curtis et al., 2014; Curtis et al.,
2018) and disease (Curtis et al., 2016)), but it is unclear why this occurs. It is known that the
ASNs have an important role in asparagine accumulation, as knocking out some of these genes
(the ASN2s, gene accessions provided in Table 1.1) has proved to be an effective method of

reducing grain free asparagine content (Raffan et al., 2021; Raffan et al., 2023).

Table 1.1. Ensembl accessions for the asparagine synthetase (ASN2) homeologs in varieties

Chinese Spring and Landmark (Howe et al., 2021).

Gene name Chinese Spring accession Landmark accession

TaASN-A2 TraesCS3A02G077100 TraesLDM3A03G01333300
TaASN-B2 Not present TraesLDM3B03G01566640
TaASN-D2 TraesCS3D02G077300 TraesLDM3D03G01816420

Many previous research projects have been undertaken to develop strategies to reduce
the free asparagine content of wheat grain, including research into wheat agronomy and
genetics (covered in Chapters 2 and 3). These have been successful and led to practical
recommendations (FoodDrinkEurope, 2019); however, industry continues to be troubled by
food products that exceed recommended acrylamide concentrations. For example,
approximately 15% of breakfast cereals in Spain sampled between 2006 and 2018 were found
to exceed Benchmark Levels in one study (Mesias et al., 2019). As the European Union looks
set to introduce Maximum Levels (legal limits) at current Benchmark Levels (European
Commission, 2022), further strategies to help manufacturers keep their acrylamide

concentrations low need to be developed to reduce the possibility of exceeding these limits.

1.3. Project objectives

This project sought to develop new strategies to reduce the acrylamide content of food products
by finding new ways of keeping free asparagine concentrations low in wheat grain. As
Mondeléz are a snack food company, this project was also designed with a particular focus on

soft wheat, as this is the wheat group used in the baking of products such as biscuits, wafers,
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and other snack foods (see Chapter 6 Introduction for a more detailed discussion of soft wheat
in the UK).

At the beginning of my PhD, a literature review (Oddy et al., 2020) was written to
summarise what was known about free asparagine accumulation in wheat grain (Chapter 2).
This review explored the known functions of asparagine in wheat and other species, as well as
strategies that existed at the time to control grain free asparagine content. Later on in the
project, a second literature review (Oddy et al., 2022) was written focusing on the relationship
between grain free asparagine content and other traits, with a greater focus on wheat in
particular, and how breeding for low free asparagine wheat may be achieved (Chapter 3).
Together, these literature reviews provide a comprehensive background to this project and what

is known about free asparagine accumulation in wheat grain.

The first sub-project of this PhD (Oddy et al., 2021) was to characterise a deletion of
the B genome homeolog of the asparagine synthetase 2 gene (TaASN-B2; Ta stands for
Triticum aestivum, ASN stands for asparagine synthetase, B denotes the B genome homoeolog
and the number (2) following the subgenome denotes the gene number) (Chapter 4). A number
of asparagine synthetase genes had been shown to exist in the wheat genome prior to this
project, but it was noticed that the Chinese Spring reference genome did not possess TaASN-
B2 (Table 1.1) whereas unpublished data suggested that other varieties did have a TaASN-B2
gene (Xu et al., 2018). When 1 started this project, other colleagues in my group were using
CRISPR/Cas9 technology to edit the TaASN2 genes (without any subgenome identifier,
TaASN2 refers to all A, B, and D subgenome genes) to reduce grain free asparagine content
(Raffan et al., 2021). As a result, a cDNA sequence for TaASN-B2 in the wheat variety Cadenza
had been identified. Beyond this data, nothing else was known about TaASN-B2 and no
analyses had been performed to locate the site and size of the deletion in Chinese Spring or to
investigate differences between homeologs. Consequently, the pursuit of a detailed
investigation into the variable presence and absence of this gene and its impact on grain free

asparagine content was of significant interest.

The second sub-project of this PhD was to investigate a soft wheat mapping population
formed from the soft wheat parental varieties, Claire and Robigus (Chapter 5). The genetic
control of grain free asparagine content was not well known during the development of this
project, with QTL identified for grain free asparagine content from only three previous studies

(Emebiri, 2014; Peng et al., 2018; Rapp et al., 2018). In order to breed a new commercial
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variety with low grain free asparagine content, ideally QTL would be identified in parents
commonly used in breeding programs, such as Claire and Robigus. This mapping population
had already been developed between Rothamsted Research and the John Innes Centre before
the planning stages of this project, so could be used as soon as the project began.

The third and final sub-project of this PhD was to investigate different agronomic
treatments of soft wheat varieties to see how these impacted grain free asparagine content
(Chapter 6). Although sulphur deficiency was known to cause increases in grain free asparagine
content (Curtis et al., 2014; Curtis et al., 2018), no field experiments had been performed
testing the importance of the ratio of nitrogen to sulphur application. Furthermore, no field
trials had been performed to investigate the effects of phosphorus and potassium deficiencies
on grain free asparagine content, although these are common components of fertilisers.
Consequently, the treatments used in the field trials were a combination of different nitrogen,
sulphur, potassium, and phosphorus application rates. Twelve different soft wheat varieties
were used in these trials to ensure that my conclusions about the effect of treatments were not
variety-specific (i.e. the conclusions drawn about the effect of treatment could be applicable to
many soft wheat varieties). As part of this sub-project, a three-month industrial placement was
planned to investigate acrylamide formation and other quality traits in biscuits baked from the
field trial samples. This placement was originally intended to take place at the Mondeléz
Biscuit R&D site in Saclay (France), but due to difficulties caused by the COVID-19 pandemic,

this placement instead took place at Mondeléz’s Reading Scientific Services Ltd.
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2.1. Introduction to paper

At the outset of this PhD, a comprehensive review of free asparagine in terms of its functions
and in particular its relationship with stress was lacking from the literature. The relationship
between free asparagine accumulation and stress had been highlighted in a number of studies
but had not been discussed in depth. This relationship is highly relevant to the formation of
acrylamide, since it is under stressful conditions that the highest concentrations of free
asparagine are often observed. Consequently, in this review I aimed to cover three main topics:
(1) the function of asparagine and the asparagine synthetases in wheat and other species, (2)
the functional role of asparagine accumulation during stress and the molecular basis of this
response, and (3) what strategies are available to prevent the accumulation of free asparagine

in wheat.

2.2. Background

The amino acid asparagine has long been of interest to plant biologists because of its role in
nitrogen transport and stress responses (Lea et al., 2007). In the early 2000s, however,
asparagine in crops gained new significance because of the discovery that free (soluble, non-
protein) asparagine is a precursor for the food processing by-product and contaminant,
acrylamide. Acrylamide forms from free asparagine and reducing sugars, mainly glucose,
fructose, and maltose, during a non-enzymatic reaction called the Maillard reaction. This
reaction occurs when food is heated above 120 °C under low moisture content in processes
such as frying, roasting, baking, and toasting (Mottram et al., 2002; Stadler et al., 2002). In
wheat products, free asparagine concentration determines the potential for acrylamide
formation (reviewed in Raffan & Halford (2019)).

Dietary acrylamide intake is concerning because of its links to cancer (reviewed in Raffan &
Halford (2019)) and authorities such as the European Commission have been prompted to
introduce regulations on acrylamide concentrations in food (European Commission, 2017).
Food manufacturers have adapted their processes and applied more effective quality control
measures to reduce the concentrations of acrylamide in their products, but there is a limit to
what can be achieved with that approach without affecting product quality. In order to make
further improvements they need raw materials with consistently-low potential for acrylamide
formation. Consequently, wheat growers need effective crop-management strategies to prevent

excess free asparagine accumulation in the grain while not compromising desirable traits, such
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as crop yield, protein content, disease resistance and stress tolerance. These strategies can only
be developed through a greater understanding of the mechanisms and functions underlying

asparagine accumulation.

2.3. Asparagine in normal development

As a proteinogenic amino acid, asparagine is a structural component of proteins, but its role in
plant biology extends beyond this. Asparagine has an essential role in nitrogen storage and
transport in many plant species. It acts as the main transport molecule of reduced nitrogen in
the vasculature; likely because it is the amino acid with the highest nitrogen to carbon ratio
(Lea et al., 2007; Gaufichon et al., 2010). Nitrogen is initially taken up from the soil as
ammonium or nitrate, the latter being reduced by nitrate reductase (NR) to form nitrite, which
is then reduced by nitrite reductase (NiR) to form ammonium (Masclaux-Daubresse et al.,
2010). Assimilation then occurs via the glutamine synthetase (GS)-glutamate synthetase
(GOGAT) cycle, in which GS incorporates ammonia into glutamate to form glutamine. Finally,

asparagine can then be synthesised from glutamine by asparagine synthetase.

Asparagine is synthesised similarly across eukaryotes by the asparagine synthetases, which
transfer an amine group from glutamine to aspartate (Dang et al., 1996; Lea et al., 2007,
Lomelino et al., 2017). This reaction requires ATP to occur and results in the formation of
asparagine and glutamate (Fig. 2.1). The breakdown of asparagine is controlled by different
proteins called asparaginases, which are also present across eukaryotes and catalyse the
breakdown of asparagine back into aspartate in a hydrolysis reaction that releases ammonia
(Fig. 2.1) (Lea et al., 2007; Batool et al., 2016). In bread wheat, there are five distinct
asparagine synthetase genes: TaASN1, TaASN2, TaASN3.1, TaASN3.2, and TaASN4, which
show different patterns of spatial and temporal expression during development (Gao et al.,
2016; Xu et al., 2018). TaASNL1 is the most highly expressed during early development in
vegetative tissues, whereas TaASN2 is the most highly expressed in the embryo and endosperm
during late development; both are upregulated in response to sulphur deficiency (Gao et al.,
2016; Xu et al., 2018; Curtis et al., 2019). These studies also highlighted that TaASN3.1,
TaASN3.2, and TaASN4 are all expressed at much lower levels than TaASN1 and TaASN2 and
these expression patterns are reflected in publicly-available RNA-seq datasets (Ramirez-
Gonzalez et al., 2018). At the homoeologue level, TaASNL1 is differentially expressed across

the A, B, and D genomes and TaASN2 is expressed differently in the A and D genomes
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(Ramirez-Gonzalez et al., 2018; Curtis et al., 2019). The absence of a B genome TaASN2
homoeologue in some varieties and its presence in others has been noted previously (Xu et al.,

2018), but the origin and effect of this deletion currently remains unclear.
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Figure 2.1. The reactions of asparagine synthetase (ASN) and asparaginase (ASNS).
Asparagine and glutamate are formed from aspartate and glutamine in an ATP-dependent
reaction catalysed by ASN. Asparagine is broken down into aspartate in a hydrolysis reaction

catalysed by ASNS, releasing ammonia.

The wheat asparaginase genes are less well characterised, but there is some information
regarding their genetics and expression. Curtis et al. (2019), for example, identified seven
putative asparaginase genes in the wheat genome and showed that the embryo and endosperm
specific expression of one of these asparaginases was responsive to sulphur deficiency. In
tobacco and lupin, asparaginase gene expression is highest in young developing tissues and in
tissues of the developing seed, both of which are nitrogen sinks (Grant & Bevan, 1994).
Potassium-dependent and potassium-independent forms of asparaginase are also present
(Sieciechowicz et al., 1988a), but it is not known if equivalent forms exist in wheat. Expression
of both potassium-dependent and potassium-independent asparaginases during development in
Arabidopsis is similarly localised to sink tissues, but the potassium-dependent asparaginase is
expressed at lower levels (Bruneau et al., 2006) and asparaginase function is not required for
normal development (lvanov et al. 2012). In contrast, the potassium-dependent asparaginase
of Lotus japonicus is crucial for plant growth and seed production (Credali et al., 2013). Further
analysis of asparaginase gene expression is required to fully understand the function of

asparaginase in wheat and its impact on asparagine concentrations and nitrogen mobilisation.

Across different plant species, asparagine transport and accumulation dynamics differ widely.

In bread wheat (Triticum aestivum L.), the dynamics and magnitude of asparagine transport
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within the plant are unclear. In particular, it is not known if asparagine is imported into the
grain or how much this import, if occurring, contributes to grain free asparagine concentrations
relative to in situ asparagine synthesis. Although this has not been studied directly, expression
analyses of asparagine synthetase genes highlight in situ synthesis as the foremost determinant,
as discussed below. In some species, asparagine transport enables nitrogen mobilisation from
source to sink organs in the xylem and enables nitrogen remobilisation in the phloem, in
processes such as seed-filling in Arabidopsis (Lam et al., 2003) and leaf senescence (Herrera-
Rodriguez et al., 2006; Lea et al., 2007; de Michele et al., 2009). In many, but not all species,
free asparagine accumulates to higher concentrations than any other amino acid during
germination in many, but not all, species (Lea et al., 2007). This mobilisation and
remobilisation of nitrogen in the form of asparagine allows some plant species to transport
nitrogen safely, whereas accumulation of excess ammonium, for example, is toxic (Britto et
al., 2001). These differences in asparagine transport dynamics have important consequences
for crop plants: most asparagine in chicory roots, for example, is transported from leaves
(Soares, 2020), whereas asparagine is synthesised in situ in potato tubers and is not imported
from the leaves at all (Chawla et al., 2012; Muttucumaru et al., 2014). Such differences will
influence any strategies used to reduce asparagine concentrations in crop plants. The function
of asparagine as a means of nitrogen mobilisation in some plant species is supported by a
number of functional studies on asparagine synthetase genes, which also highlight the different
roles of these genes and the enzymes they encode (Table 2.1). Such studies have also suggested
that the overexpression of certain endogenous asparagine synthetase genes may be a viable
strategy for improving nitrogen use efficiency for some species (reviewed in McAllister et al.,

(2012)), but the outcome is variable depending on the species and the gene.
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Table 2.1. Functional studies of asparagine synthetase genes (ASN) and the conclusions made

from those studies. N (nitrogen).

Species Modulation Reported conclusions Study
Arabidopsis ASN1 Tolerance to N deprivation in Lam et al,
thaliana overexpression  germination. Enhanced seed protein (2003)
content.
Slightly more N and protein content. Gaufichonetal.,
Higher dry weight. (2017)
CaAS1 Enhanced disease resistance. Hwang et al,
overexpression (2011)
ASN1 knockout  Some disruption of seed formation. Gaufichonetal.,
Slightly less N and more carbon. (2017)
Aberrant cell patterns in the embryo.
ASNL1 silencing  Negligible effect on virus replication. Fernandez-
Calvino et al.,
(2016)
ASN2 Increased asparagine concentrations. Igarashi et al.,
overexpression (2009)
ASN2 knockout Reduced salt tolerance. Maaroufi-
Dgumi et al.,
(2011)
Ammonium accumulation and defective Gaufichonetal.,
growth. (2013)
ASN3 knockout  No visible phenotype in development. Gaufichonetal.,
No difference in seed carbon or N. (2016)
Brassica  napus Asna (E. coli) Poorer performance at low N application Seiffert et al.,
(Qilseed rape) overexpression  than WT. (2004)

Better performance at high N.

Capsicum annuum CaAS1 Increased susceptibility to disease. Hwang et al.,
(Capsicum pepper) silencing (2011)
Lactuca sativa Asna (E. coli) Faster vegetative growth and greater dry Giannino et al.,

(Garden lettuce)

overexpression

weight.
Improved N status.

(2008)

Nicotiana ASN silencing Morphological defects upon infection. Fernandez-

benthamiana Reduced virus accumulation. Calvino et al.,
(2016)

Oryza sativa ASN1 knockout Reduced stature and fewer tillers. Luo et al,

(Rice) (2016)
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2.4. Why does asparagine accumulate during stress?

Alongside its role in normal development, asparagine has been shown to accumulate in
response to diverse types of abiotic and biotic stressors in many different species. These
stressors include disease, salt and water stress, and nutrient deficiencies, the latter in particular
when nitrogen is plentiful but other minerals are lacking (see Lea et al., (2007), Stewart &
Larher, (1980) for reviews). Functional studies have indicated that this stress-induced
asparagine accumulation may be adaptive against some stressors such as disease and mineral
limitation (Table 2.1). One possible explanation for this is that asparagine accumulates during
stress as part of the nitrogen remobilisation process or to store nitrogen, similarly to its function
in normal development (Fig. 2.2). This has been proposed to happen during infection, in order
to divert nitrogen away from the pathogen and to sequester it elsewhere, based on analyses of
tomato leaves in response to Pseudomonas syringae (Olea et al., 2004). In this model, ammonia
released from stress-induced proteolysis is assimilated into glutamine in mesophyll cells.
Glutamine is subsequently exported from these cells into the phloem, where asparagine is then
synthesised. Asparagine transport then allows mobilisation of nitrogen to healthy tissue and
the pathogen is deprived of a source of nitrogen from the host. Hwang et al. (2011) also show
that infection-induced asparagine synthetase expression leads to reactive oxygen species (ROS)
bursts and nitric oxide (NO) production, both of which have major roles in defence, so
asparagine accumulation may also increase disease resistance this way. Consequently,
overexpression of asparagine synthetase genes can confer greater disease resistance, whereas
asparagine synthetase gene silencing can confer greater sensitivity (Hwang et al., 2011).
However, Fernandez-Calvino et al. (2016) show that silencing of asparagine synthetase gene
expression in Nicotiana benthamiana can cause a reduction in viral replication. They suggest
that this is because asparagine accumulation detoxifies the cell of ammonium, allowing the cell
to remain healthy and consequently allowing the virus to replicate to a greater extent.
Asparagine accumulation has also been recorded in wheat grain in response to disease,
specifically in response to the withdrawal of fungicide application (Curtis et al., 2016),

indicating that these processes may also occur in wheat.
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Figure 2.2. Synthesis and functions of asparagine. Nitrate (NO3") is taken up from the soil
and reduced to ammonium (NH.*) through nitrate reductase (NR) and nitrite reductase (NiR).
Ammonium is assimilated via glutamate dehydrogenase (GDH) and glutamine synthetase (GS)
to form glutamine (Glu), which is then used to form asparagine (Asn) alongside aspartate
(Asp). Asparagine mobilises nitrogen from source to sink tissues during germination,
vegetative growth, senescence, and seed filling, as well as during stress. Detoxification of
ammonium may also be an important function of asparagine accumulation when nitrogen (N)

is abundant and during stress when ammonium accumulates.

Asparagine accumulation may also play a role in nitrogen remobilisation and ammonium
detoxification during abiotic stress. Beato et al. (2014) suggest that asparagine accumulation
occurs in these situations as a result of a high ammonium to hexose ratio in the cell. Many
different abiotic stressors can induce general energy stress (Lastdrager et al., 2014) and
proteolysis (Hildebrandt et al., 2015), causing decreases in cellular hexose concentrations and
increases in ammonium. Excess ammonium produced by proteolysis can be recycled into
amino acids and asparagine in particular by the GS/GOGAT cycle and asparagine synthetase,
respectively, thereby preventing the toxic build-up of ammonium. This function of asparagine
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accumulation remains experimentally unverified, but Lam et al. (2003) have shown that
asparagine accumulation is adaptive against nitrogen limitation during germination, and

Maaroufi-Dguimi et al. (2011) have also suggested a role in salt tolerance.

The proposed role of asparagine accumulation in salt and drought tolerance is comparable to
the role of the amino acid proline. Proline is considered to play a role in stress tolerance against
drought and salt stress: its accumulation allows it to function as an osmolyte and prevent ROS
bursts, although its adaptive value across species is uncertain (Szabados & Savouré, 2010).
Rashmi et al. (2019) suggest that asparagine may have a similar role as an osmolyte, because
of the upregulation of asparagine synthetase gene expression during salt stress in Pandanus
odorifer. However, Yadav et al. (2019) demonstrate that asparagine correlates negatively with
yield-gap based drought tolerance in wheat. Based on this, they suggest that asparagine instead
accumulates as a result of drought-induced senescence and that asparagine accumulation is
indicative of poor drought tolerance. Varieties of wheat less tolerant to drought will show more
drought-induced senescence, which increases asparagine concentrations and asparagine
synthetase gene expression. Therefore, the function of asparagine accumulation during abiotic
stress in wheat may be principally one of nitrogen remobilisation and ammonium detoxification

instead.

2.5. How does asparagine accumulate during stress?

The accumulation of asparagine during plant stress is reflected in the upregulation of
asparagine synthetase genes in response to diverse stressors in a range of plant species. Such
upregulation in response to diverse types of stress has been observed, for example, in sunflower
(Helianthus annuus) (Herrera-Rodriguez et al., 2007), Arabidopsis (Arabidopsis thaliana)
(Lam et al., 1998; Baena-Gonzalez et al., 2007), maize (Zea mays) (Chevalier et al., 1996), and
wheat (Triticum aestivum) (Wang et al., 2005; Curtis et al., 2019). Upregulation has also been
observed in soybean (Glycine max) (Antunes et al., 2008), sunflower (H.annuus) (Herrera-
Rodriguez et al., 2004), barley (Hordeum vulgare) (Avila-Ospina et al., 2015), poplar (Populus
simonii x Populus nigra) (Qu et al., 2019), and common bean (Phaseolus vulgaris) (Osuna et
al., 2001) in response to nitrogen. This implies that the asparagine that accumulates during
stress is synthesised predominantly de novo and not just as a result of proteolysis and amino
acid catabolism. Such studies showing the upregulation of asparagine synthetase gene

expression, alongside a comprehensive metabolic network (Curtis et al., 2018a) detailing its
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regulation in plants, suggest that asparagine synthetase is primarily regulated at the
transcriptional level, and therefore that asparagine accumulation is determined in the main by
the level of asparagine synthetase gene expression. In the proposed regulatory pathways for the
asparagine synthetase genes in Arabidopsis, there are two distinct pathways of upregulation for
AtASN1 and AtASN2 (Curtis et al., 2018a). For AtASN1, the signalling pathway (Fig. 2.3) starts
off with activation of SnRK1.1. and SnRK1.2 (sucrose nonfermenting-1-related protein
kinases) in response to low glucose availability and/or the activity of SnAKs (SnRK1-
activating kinases). The SnRK1s are protein kinases that are active during perio