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Abstract

Ascorbate (ascorbic acid, vitamin C) is essential for both plants and mammals. Ascorbate
is a reducing agent capable of donating electrons, enabling it to perform a range of
biochemical functions, such as scavenging reactive oxygen species, assisting enzymatic
activity, and reducing higher oxidative states of iron (Fe). In plants, ascorbate is the most
abundant water-soluble antioxidant and plays a key role in many fundamental processes,
such as photosynthesis, stress tolerance, and the transport of Fe. In humans, ascorbate is
an essential micronutrient that must be obtained through diet and takes part in a range of
important physiological functions, such as collagen synthesis, epigenetic programming,
and Fe uptake in human digestion. Several pathways towards ascorbate biosynthesis have
been proposed in plants, but there is only definitive evidence for the L-galactose pathway.
The GDP-L-galactose phosphorylase (GGP or vtc2/5) gene encodes the first-committed
and rate-limiting enzymatic step of the L-galactose pathway and represents the most
promising candidate for increasing ascorbate biosynthesis in plants. In addition to
transcriptional regulation, the translation of GGP is regulated through a highly conserved,
cis-acting upstream open reading frame (uORF) in the 5’ leader sequence of the GGP
mRNA. Developing strategies to increase ascorbate biosynthesis in rice (Oryza sativa L.)
and wheat (7riticum aestivum L.), two of the world’s most important staple crops, has the
potential to improve both food security and crop productivity. As part of this PhD project,
two distinct metabolic engineering strategies were employed to increase ascorbate
concentrations in rice: (i) constitutive overexpression of the OsGGP coding sequence
(35S-OsGGP plants), and (i1) CRISPR/Cas9-targeted mutagenesis of the OsGGP uORF
(uorfoscop mutants). Ascorbate levels were negligible in both 35S-OsGGP and uorfoscep
brown rice, likely due to the decline of ascorbate levels in maturing grain reported in
cereals; highlighting the challenge of increasing ascorbate levels in cereal species, such
as rice. Ascorbate concentrations were significantly increased in germinated brown rice
and tissues of 35S-OsGGP plants at the vegetative growth phase. In contrast, foliar
ascorbate concentrations were significantly reduced in 35S-OsGGP plants at the
reproductive growth phase. This was dependent on homozygosity of the 35S-OsGGP
transgene and was associated with a significant reduction in endogenous OsGGP
transcript levels, suggesting the occurrence of gene silencing. Foliar ascorbate
concentrations were significantly increased in uorfoscgp mutants, without any changes to

OsGGP transcript levels, attributed to alleviated ribosomal stalling on the OsGGP uORF
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and enhanced translation of the GGP major ORF. Editing the GGP uORF represents an
effective transgene-free strategy to increase ascorbate concentrations not only in rice, but
other species. Challenging convention, automated imaging revealed that neither the 35S-
OsGGP nor the uorfosgop plants displayed increased salt tolerance at the vegetative
growth phase, despite having elevated ascorbate levels. Ascorbate concentrations were
positively correlated with ferritin concentrations in Caco-2 cells—an accurate predictor
of Fe uptake in human digestion—exposed to in vitro digests of null segregant and 35S-
OsGGP brown rice and germinated brown rice, suggesting that ascorbate-enriched crops
may be able to improve Fe bioavailability in human diets. Grain Fe concentrations were
not changed in the uorfoscop mutants, indicating that ascorbate may not facilitate the
transport of Fe into developing rice grain. Next, this PhD project identified six 7TaGGP
genes in the hexaploid bread wheat genome, each with a highly conserved uORF in the
5’ leader sequence. Phylogenetic analyses demonstrated that the TaGGP genes separate
into two distinct groups and identified a duplication event of the GGP gene in the ancestor
of the Brachypodium/Triticeae lineage. A microsynteny analysis revealed that the
TaGGPI and TaGGP?2 subchromosomal regions have no shared synteny suggesting that
TaGGP2 may have been duplicated via a transposable element. A transcript analysis of
the TaGGP genes identified that the TaGGP1 homoeologs were broadly expressed across
different tissues and developmental stages and that the TaGGP2 homoeologs were highly
expressed in anthers. Finally, transient transformation of the 7aGGP coding sequences in
Nicotiana benthamiana significantly increased foliar ascorbate concentrations more than
five-fold, confirming their activity toward ascorbate biosynthesis in planta. The six
TaGGP genes and uORFs identified in this study present an opportunity to fine-tune

ascorbate biosynthesis in this important staple crop.
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Chapter 1.

Metabolic Engineering Strategies to Increase

Ascorbate Concentrations in Plants



1.1. Introduction

Providing adequate, safe, and nutritious food for the growing human population under changing
climatic conditions represents one of the greatest challenges of the 21% century. Adverse
environmental conditions such as extreme temperatures, drought, and soil salinity are the primary
cause of crop losses worldwide, and are predicted to be exacerbated by climate change [1]. With
the human population expected to reach 9.7 billion by the year 2050, the need for more abiotic
stress tolerant crops is critical for ensuring global food security [2]. Essential vitamin and mineral
deficiencies—a form of undernutrition often referred to as hidden hunger—are a major threat to
the health and development of populations worldwide, affecting more than 2 billion people [3].
Hidden hunger predominantly affects women and children and is often acute and long-lasting—
leading to impaired mental and physical development, poor health, reduced productivity, and death
[3]. In addition to negatively impacting human health, hidden hunger restricts the socioeconomic
growth of low- and middle-income countries by maintaining a cycle of malnutrition, poverty, and
reduced economic productivity [3]. Improving the nutritional content of crops through agronomic
practices, plant breeding, or biotechnology—a process known as biofortification—offers a low-

cost and sustainable strategy to combat hidden hunger [4].

L-ascorbic acid (also known as vitamin C, and hereafter referred to as ascorbate) is an
important multifunctional molecule for both plants and mammals [5]. Ascorbate is a reducing
agent capable of donating electrons and primarily functions as a cellular antioxidant and enzymatic
co-factor [5]. In plants, ascorbate is the most abundant water-soluble antioxidant and is well-
known for its important role in photosynthetic functions and stress tolerance, but also plays a key
role in regulating plant growth and developmental processes, such as the transport of Fe into
developing seeds [6, 7]. In humans, ascorbate is an essential micronutrient well-known for its role
in collagen formation and the prevention of the disease scurvy [8], but also plays other key roles
in human physiology, such as promoting the dietary uptake of iron (Fe) in the gut [9]. Increasing
ascorbate concentrations in crops has the potential to improve both the abiotic stress tolerance of

crops and human health.

Four ascorbate biosynthetic pathways have been proposed in plants: the L-galactose, L-
gulose, myo-inositol, and D-galacturonate pathways [10, 11]. The L-galactose pathway, however,

is the only pathway to have all the enzymatic steps characterized. Substantial genetic evidence



now also supports the L-galactose pathway as the dominant pathway towards ascorbate
biosynthesis in plants [12-16]. The GDP-L-galactose phosphorylase (GGP or vtc2/5) gene
encodes the rate-limiting and first committed step toward ascorbate biosynthesis of the L-galactose
pathway and is regulated at both the transcriptional and translational level [17]. Increasing the
production of GGP has emerged as the most promising strategy to increase ascorbate

concentrations in crops [17, 18].

In this chapter the role of ascorbate in plants and humans is first discussed, followed by an
overview of ascorbate concentrations in major global crops. A review of ascorbate biosynthesis,
recycling, and regulation in plants is then presented, including a summary of all metabolic
engineering strategies utilized to date to increase ascorbate concentrations in model and crop
species. Finally, the opportunity to metabolically engineer increased ascorbate concentrations in
rice (Oryza sativa L.) and wheat (Triticum aestivum L.), two of the world’s most important staple

crops, is highlighted, and the aims and objectives of this thesis outlined.



1.2. Role of Ascorbate in Plants

Ascorbate is the most abundant water-soluble antioxidant in plant cells found in high
concentrations in the cytosol, peroxisomes, nuclei, mitochondria, and chloroplasts [19]. Ascorbate
is particularly well-known for its role in photosynthetic functions and stress tolerance in plants.
This is largely due to the ability of ascorbate to counteract oxidative stress produced by normal or
stressed cellular metabolism, either directly as a reactive oxygen species (ROS) scavenger, or
through the ascorbate-glutathione cycle—a major antioxidant system of plants cells (Figure 1.1)
[6,20, 21]. In this cycle, H>O» is detoxified to H>O by ascorbate peroxidase (APX) using ascorbate
as an electron donor. The oxidized ascorbate can then be regenerated by the ascorbate recycling
enzymes monodehydroascorbate reductase (MDAR) or dehydroascorbate reductase (DHAR)
using NADPH and glutathione, respectively, as electron donors (see Section 1.6) [21, 22].

Photosynthesis is a well-known source of ROS in plant cells [23]. Consequently,
photoprotective mechanisms—which ascorbate plays key roles in—are critical in preventing
photoinhibition and oxidative stress. For example, ascorbate serves as a co-factor for the enzyme
violaxanthin de-epoxidase which catalyzes the de-epoxidation of violaxanthin and antheraxanthin
to zeaxanthin—which plays a direct photoprotective role in dissipating excess energy [24, 25].
Ascorbate also plays a role in the photoprotective water-water cycle where it serves as an electron
donor for APX in the reduction of H>O» produced by photosynthesis to H>O [26]. Further,
ascorbate can serve as an alternative electron donor to photosystem II when the oxygen-evolving

complex of photosystem II is inactivated in order to sustain electron transport activity [27, 28].

A common consequence of many abiotic stresses is the overproduction of ROS [22]. For
example, stomatal closure during drought and salt stress limits carbon dioxide uptake which has
both direct and indirect effects on ROS production. For instance, reduced NADP" regeneration
through the Calvin cycle or enhanced photorespiration results in a higher leakage of photosynthetic
or respiratory electrons, that in turn stimulate ROS production [29, 30]. Similarly, Na" and CI’
toxicity during salt stress can disrupt the photosynthetic electron transport chain further promoting
electron leakage and ROS accumulation [31]. Likewise, temperature stresses are capable of
uncoupling temperature-sensitive pathways such as photosynthesis and respiration, consequently

increasing ROS formation [32]. Genetic approaches elevating ascorbate concentrations in model
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Figure 1.1. The ascorbate-glutathione cycle—a major antioxidant system of plants cells. In this cycle electrons flow from NADPH to
H>0,. The genes encoding the enzymatic steps are shown in italics. Dashed arrows indicate non-enzymatic disproportionation. APX,
ascorbate peroxidase; MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR, glutathione reductase.



and crop species have demonstrated that even minor increases in ascorbate can improve plant
performance under a broad range of abiotic stresses by mitigating the harmful effects of the

overproduction of ROS (see Sections 1.5, 1.6, and 1.7).

Numerous other roles for ascorbate in plants include the transport of Fe into developing
seeds [7], biosynthesis of ethylene and organic acids [33, 34], regenerating oxidized a-tocopherol

[35], and influencing cell division [36], cell expansion [37], flowering time, and senescence [38].



1.3. Role of Ascorbate in Humans

In contrast to most other mammals, humans are not able to synthesize ascorbate due to loss-of-
function mutations in the L-gulono-1,4-lactone oxidase (L-GulLO, also known as GULO or
GLOase) gene, which encodes the last enzymatic step of ascorbate biosynthesis in vertebrates [39].
These loss-of-function mutations in L-GulLO likely occurred in the ancestor of humans and other
anthropoid primates when the ancestral diet was rich in ascorbate, and therefore would not cause
a selective disadvantage [39]. This hypothesis is consistent with the diets of modern wild
anthropoid primates that consume far more ascorbate than the recommended daily allowance
(RDA) for adults in the United States of about 1 mg/kg/day [39]. Loss-of-function mutations in L-
GulLO have also independently occurred in guinea pigs and fruits bats, both of which also have
diets rich in ascorbate [39]. Humans must therefore obtain ascorbate through diet, principally

through fresh fruits and vegetables which are rich sources of ascorbate (see Section 1.4).

Ascorbate is the most abundant water-soluble antioxidant in the plasma and tissue of
humans, and plays a critical role in human physiology as a general antioxidant and as an enzymatic
co-factor [40, 41]. Ascorbate is best known for its role in collagen formation and the prevention of
the disease scurvy [8]; the name ascorbate is derived from ‘antiscorbutic factor’. Ascorbate is a
co-factor for the dioxygenase enzymes involved in the hydroxylation of prolyl and lysyl residues
of procollagen, and is responsible for maintaining the Fe in the active site of these enzymes in the
reduced ferrous state (Fe**) [40]. Ascorbate has also recently been identified as a co-factor for
dioxygenase enzymes involved in epigenetic programming, such as DNA demethylation and
histone demethylation [42]. Another important role for ascorbate in human physiology includes
the dietary uptake of Fe [9]. Ascorbate is a potent enhancer of Fe absorption and is able to
overcome strong inhibitors of Fe absorption in the human digestive system, such as phytates and
polyphenols [43, 44]. Ascorbate is proposed to enhance Fe absorption by reducing ferric Fe (Fe**)
to bioavailable Fe**, and then forming a soluble Fe* chelate that is well absorbed in the small
intestines [40, 45]. In addition to promoting Fe bioavailability, ascorbate also regulates mammalian
cellular Fe uptake and metabolism [46]. For example, ascorbate stimulates the uptake of Fe-citrate
complexes, modulates the transferrin Fe uptake pathway, stimulates ferritin synthesis, inhibits
ferritin degradation, and decreases cellular Fe efflux [46, 47]. Beyond its critical role in human

physiology, ascorbate has a wide range of positive health effects, for example by reducing



infectious diseases, arterial plaque formation, blood pressure, the risk of stroke, diabetic

complications, and the formation of cancer [40].

Despite severe ascorbate deficiency, or scurvy, being regarded as a disease of historical
significance, suboptimal intake of ascorbate and ascorbate deficiencies are still present in both
developing and developed countries [48-50]. The re-emergence of scurvy has also been recently
documented in diabetic patients in Australia due to poor dietary habits [51]. Given the importance
of ascorbate in human health and physiology, suboptimal intake of ascorbate could be a significant

factor in reducing healthy life years.



1.4. Ascorbate Concentrations in Crops

Ascorbate concentrations vary widely between plant species, plant cultivars, and plant tissues
within a species [17]. Fresh fruits and vegetables are the richest sources of ascorbate, with some
fruits such as the acerola (Malpighia emarginata) cherry accumulating ascorbate concentrations
as high as 1677.6 mg/100 g [52]. Other fruits known for their high ascorbate concentrations include
guava (Psidium guajava L.) (228.3 mg/100 g), capsicum (Capsicum annuum L.) (183.5 mg/100
g), and kiwifruit (Actinidia chinensis) (161.3 mg/100 g) [52]. The edible portions of many major
global crops, however, have relatively low ascorbate concentrations (Table 1.1). Since ascorbate
is also susceptible to oxidation, the ascorbate concentrations of these foods are further reduced by
storage, processing, and cooking [53]. Achieving the RDA for adults in the United States of about
1 mg/kg/day ascorbate would be extremely challenging with diets dependent on many of these
major global crops. Notably, cereal grains have negligible ascorbate levels due to the decline of
ascorbate during grain maturation [54, 55], with the exception of the sweet corn variety of maize
(Zea mays L.) which is consumed when the kernels are immature. Cornmeal, a common staple

food made from ground dried maize, however, also contains negligible ascorbate levels [52].

Increasing ascorbate concentrations in these major global crops through plant breeding or
biotechnology could represent a low-cost and sustainable strategy to improve the global dietary
intake of ascorbate. Further, increasing ascorbate concentrations in these major global crops may
help combat global Fe deficiency, the most common and widespread nutritional disorder in the
world, affecting approximately two billion people worldwide [56]. Since most diets contain Fe in
at least the non-heme form, it has been argued that the problem of Fe deficiency anemia could be
viewed as one of inadequate Fe bioavailability. Given that ascorbate is a powerful enhancer of Fe
absorption in humans, the problem of Fe deficiency anemia may be better viewed as one of

inadequate ascorbate intake [40].



Table 1.1. Ascorbate* and production® values of major global

crops®.

Crop Ascorbate (mg/100 g FW) Production (tonnes)
Wheat 0.0 771,718,579
Rice 0.0 769,657,791
Barley 0.0 147,404,262
Sorghum 0.0 57,601,588
Eggplants 2.2 52,309,119
Sweet potatoes 2.4 112,835,316
Coconuts 33 60,773,435
Grapes 4.0 74,276,583
Apples 4.6 83,139,326
Soybeans 6.0 352,643,548
Maize 6.8¢ 1,134,746,667
Onions 7.4 97,862,928
Watermelons 8.1 118,413,465
Bananas 8.7 113,918,763
Tomatoes 14.0 182,301,395
Yams 17.1 73,018,874
Potatoes 19.7 388,190,674
Cassava 20.6 291,992,646
Oranges 53.2 73,313,089

*According to the USDA Food Composition Database [52]. *According to FAOSTAT (>50,000,000
tonnes) [57]. “Excluding ‘sugar cane’, ‘oil palm fruit’, ‘vegetable, fresh’, ‘cucumbers and gherkins’,
‘rapeseed’, ‘seed cotton’, ‘cabbages and other brassicas’, and ‘mangoes, mangosteens, guavas’.
dMaize ascorbate value is based on the sweet corn variety.
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1.5. Biosynthesis of Ascorbate in Plants

Four pathways toward ascorbate biosynthesis have been proposed in plants: the L-galactose, L-
gulose, myo-inositol, and D-galacturonate pathways [10, 11] (Figure 1.2). All four pathways share
an aldonolactone as the direct precursor to ascorbate (L-galactono-1,4-lactone for the L-galactose
and D-galacturonate pathways and L-gulono-1,4-lactone for the L-gulose and myo-inositol
pathways). While there is strong evidence for the L-galactose pathway as the dominant ascorbate
biosynthetic pathway in plants, the contribution of the L-gulose, myo-inositol, and D-galacturonate
pathways toward ascorbate biosynthesis in plants is not as well documented, and often
controversial. An overview of metabolic engineering strategies utilizing ascorbate biosynthetic
genes to increase ascorbate concentrations in model and crop species, including the tissue

examined and any stress tolerances observed, is summarized in Table 1.2.
1.5.1. The L-Galactose Pathway

The L-galactose pathway (also known as the D-mannose/L-galactose pathway or Smirnoff-
Wheeler pathway) is the only ascorbate biosynthetic pathway in plants to have all its enzymatic
steps characterized. The L-galactose pathway is responsible for converting D-fructose-6-P to
ascorbate via eight enzymatic steps by phosphomannose isomerase (PMI), phosphomannose
mutase (PMM), GDP-D-mannose pyrophosphorylase (GMP), GDP-D-mannose-3',5'-epimerase
(GME), GDP-L-galactose phosphorylase (GGP), L-galactose-1-phosphate phosphatase (GPP), L-
galactose dehydrogenase (L-GalDH), and L-galactono-1,4-lactone dehydrogenase (L-GalLDH)
[10, 11] (Figure 1.2). All enzymatic steps of the L-galactose pathway take place in the cytosol
except for the conversion of L-galactono-1,4-lactone to ascorbate by L-GalLDH, which occurs in

mitochondria [58].
1.5.1.1. Phosphomannose Isomerase (PMI)

The PMI enzyme is responsible for the first enzymatic step of the L-galactose pathway, catalyzing
a reversible conversion of D-fructose-6-P to D-mannose-6-P (Figure 1.2). Knock-down of the
PMII gene in Arabidopsis thaliana by RNA1 reduced ascorbate to 47% of wild-type levels,
supporting its role in L-galactose ascorbate biosynthesis [59]. To date, no studies have investigated

the stable increased expression of the PMI gene in plants. However, transient expression of the
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Figure 1.2. The four proposed ascorbate biosynthetic pathways in higher plants. The genes
encoding the enzymatic steps are shown in italics. Dashed arrows indicate multiple and/or
unknown biosynthetic steps in higher plants. PMI, phosphomannose isomerase; PMM,
phosphomannose mutase;, GMP, GDP-D-mannose pyrophosphorylase, GME, GDP-D-mannose-
3" 5"-epimerase; GGP, GDP-L-galactose phosphorylase; GPP, L-galactose-1-P phosphatase; L-
GalDH, L-galactose dehydrogenase; L-GalLDH, L-GalLDH L-galactono-1,4-lactone
dehydrogenase;, L-GulLO, L-gulono-1,4-lactone oxidase; MIOX, myo-inositol oxygenase; D-
GalUR, D-galacturonate reductase.
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Table 1.2. Overview of metabolic engineering strategies utilizing ascorbate biosynthetic genes to increase ascorbate

concentrations in model and crop species.

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference

transformed transformed  source(s) change

L-galactose pathway genes

Tobacco PMM Acerola CaMV 358 ~2.5 Leaves - [60]
Arabidopsis PMM-GFP Arabidopsis CaMV 358 1.3 Leaves Methyl viologen [61]
Arabidopsis GMP Arabidopsis CaMV 358 1.3 Leaves - [62]
Arabidopsis GMP Arabidopsis CaMV 358 ~1.2" Seedlings - [63]
Rice GMP Arabidopsis ZmUbi ~1.5 Leaves - [64]
Tobacco GMP Peach CaMV 358 ~1.3" Leaves - [65]
Tobacco GMP Acerola MgGMP ~2.5 Leaves - [66]
Tobacco GMP Acerola CaMV 358 ~2.0 Leaves - [66]
Tomato GMPI1 Tomato CaMV 358 ~14,~1.2 Leaves, Red Fruit - [67]
Tobacco GMP + GME Peach CaMV 358 ~1.4™, ~1.8™, Young Leaves, Old Leaves, - [65]
~1.0™, ~1.1™ Flower Buds, Immature Fruits
Tomato GMP1 + GME2 Tomato CaMV 358 2.0,~1.3 Leaves, Red Fruit Methyl viologen [67]
Tomato GMPI + GME2 + Tomato CaMV 358 2.0,~1.3 Leaves, Red Fruit Methyl viologen [67]
GGPI + GPPI
Arabidopsis GME Arabidopsis CaMV 358 14 Leaves - [62]
Arabidopsis GME Alfalfa CaMV 358 1.8 Leaves Low pH, drought, salt [68]
Arabidopsis GME Rose CaMV 358 1.9 Leaves - [69]
Rice GME Arabidopsis ZmUbi ~1.9 Leaves Salt [64]
Tobacco GME Peach CaMV 358 ~1.3" Leaves - [65]
Tomato GME] Tomato CaMV 358 14,16 Leaves, Fruits Methyl viologen, cold, salt  [70]
Tomato GME?2 Tomato CaMV 358 ~1.8,~1.2 Leaves, Red Fruit - [67]
Tomato GME?2 Tomato CaMV 358 13,12 Leaves, Fruits Methyl viologen, cold, salt  [70]
Arabidopsis GGP Kiwifruit CaMV 358 4.1 Leaves - [71]
Rice GGP Kiwifruit OsLP2 2.5 Leaves Salt, ozone [72]
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Table 1.2. (Continued).

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference
transformed transformed  source(s) change

Strawberry GGP Kiwifruit CaMV 358 1.8,2.1 Leaves, Fruit - [73]
Tomato GGP Kiwifruit CaMV 358 2.0,6.2 Leaves, Fruit - [73]
Arabidopsis GGPI Arabidopsis CaMV 358 29 Leaves - [62]
Potato GGPI Arabidopsis CaMV 358 L7 Tubers - [73]
Potato GGPI Potato CaMV 358 1.8™ Tubers - [73]
Potato GGPI Potato StPAT 3.0 Tubers - [73]
Potato GGPI Arabidopsis CaMV 358 1.5™ Tubers - [73]
Rice GGPI Arabidopsis CaMV 358 2.6 Leaves Salt [64]
Tobacco GGPI Tomato CaMV 358 1.4 Leaves Cold [74]
Tomato GGPI Tomato CaMV 358 2.0,~1.1™ Leaves, Red Fruit - [67]
Arabidopsis GGPI + L-GalLDH  Arabidopsis CaMV 358 3.6 Leaves - [62]
Arabidopsis GGPI + GPP Arabidopsis CaMV 358 4.1 Leaves - [62]
Tomato GGPI + GPPI Tomato CaMV 358 ~1.8,~1.0" Leaves, Red Fruit Methyl viologen [67]
Potato GGP2 Potato CaMV 358 24 Tubers - [73]
Potato GGP2 Potato StPAT 3.1 Tubers - [73]
Arabidopsis GPP Arabidopsis CaMV 358 1.5 Leaves - [62]
Rice GPP Arabidopsis ZmUbi ~1.4 Leaves - [64]
Tomato GPPI Tomato CaMV 358 ~1.7, ~1.1™ Leaves, Red Fruit - [67]
Arabidopsis L-GalDH Arabidopsis CaMV 358 1.2 Leaves - [62]
Rice L-GalDH Arabidopsis ZmUbi ~1.7 Leaves - [64]
Tobacco L-GalDH Arabidopsis CaMV 358 ~1.1" Leaves - [75]
Arabidopsis L-GalLDH Arabidopsis CaMV 358 1.8 Leaves - [62]
Lettuce L-GalLDH Lettuce PspetE 1.3 Leaves - [76]
Lettuce L-GalLDH Arabidopsis CaMV 358 32 Leaves - [77]
Lily L-GalLDH Apple CaMV 358 7.0 Leaves - [78]
Rice L-GalLDH Rapeseed ZmUbi ~1.5 Leaves - [64]
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Table 1.2. (Continued).

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference

transformed transformed  source(s) change

Rice L-GalLDH Rice ZmUbi 1.3 Leaves - [79]

Tobacco L-GalLDH Rose CaMV 358 2.1 Leaves Salt, methyl viologen [80]

Tobacco L-GalLDH Sweet potato CaMV 358 1.0m Leaves - [81]

L-gulose and myo-inositol pathway genes

Arabidopsis L-GulLO3 Arabidopsis CaMV 358 ~0.8" Leaves - [82]

Arabidopsis L-GulLOS5 Arabidopsis CaMV 358 ~1.1" Leaves - [82]

Rice MIOX Rice CaMV 358 1.0m Leaves Drought [83]

Tomato MIOX2 Arabidopsis CaMV 358 0.5,14,1.3 Leaves, Green Fruit, Red Fruit - [84]

Arabidopsis MIOX4 Arabidopsis CaMV 358 1.6 Leaves Salt, cold, heat, pyrene [85]

Arabidopsis MIOX4 Arabidopsis CaMV 358 3.0 Leaves - [86]

Arabidopsis MIOX4 Arabidopsis CaMV 358 1.7 Leaves Heat [27]

Arabidopsis MIOX4 Arabidopsis CaMV 358 1.o™ Leaves - [87]

D-galacturonate pathway genes

Arabidopsis D-GalUR Strawberry CaMV 358 3.0 Leaves - [88]

Potato D-GalUR Strawberry CaMV 358 2.0 Tubers Methyl viologen, salt, [89]
drought

Potato D-GalUR Strawberry CaMV 358 ~2.1 Tubers Methyl viologen, salt, zinc ~ [90]
chloride

Potato D-GalUR Strawberry CaMV 358 ~1.7 Tubers Salt [91]

Tomato D-GalUR Strawberry CaMV 358 2.5 Fruit Methyl viologen, salt, [92]
drought

Tomato D-GalUR Strawberry CaMV 358 1.8,2.0 Leaves, Red Fruit Methyl viologen, salt, cold ~ [93]

Tomato D-GalUR Strawberry CaMV 358 1.3,~1.0™, 1.4 Leaves, Green Fruit, Light Red - [94]

Fruit
Tomato D-GalUR Strawberry SIPG ~1.0™, ~1.0™, Leaves, Green Fruit, Light Red - [94]
1.4 Fruit
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Table 1.2. (Continued).

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference

transformed transformed  source(s) change

Animal and yeast genes

Tobacco ALO Yeast CaMV 358 ~2.5 Leaves Cold [95]
Tobacco ALO Yeast CaMV 358 ~1.5,~1.5,~2.0  Young Leaves, Mature Leaves, =~ Methyl viologen, high [96]
Old Leaves light, Al toxicity
Tomato ALO Yeast CaMV 358 1.5,1.3,1.1™ Leaves, Green Fruit, Red Fruit - [84]
Stylo ALO + NCED Yeast/stylo CaMV 358 3.4 Leaves Drought, cold [95]
Tobacco ALO + NCED Yeast/stylo CaMV 358 ~2.5 Leaves Drought, cold [95]
Tomato GMP Yeast CaMV 358 1.7,1.5,1.4 Leaves, Green Fruit, Red Fruit - [84]
Arabidopsis L-GulLO Rat CaMV 358 1.8 Leaves Salt, cold, heat, pyrene [85]
Arabidopsis L-GulLO Rat CaMV 358 2.0 Leaves - [97]
Lettuce L-GulLO Rat CaMV 358 7.0 Leaves - [98]
Potato L-GulLO Rat CaMV 358 24 Tubers Methyl viologen, salt, [99]
drought
Tobacco L-GulLO Rat CaMV 358 7.0 Leaves - [98]
Tomato L-GulLO Rat CaMV 358 1.5 Red fruit Methyl viologen, salt, [92]
drought

PMM, phosphomannose mutase; GFP, green fluorescent protein; GMP, GDP-D-mannose pyrophosphorylase; GME, GDP-D-mannose-3',5"-epimerase; GGP, GDP-L-galactose
phosphorylase; GPP, L-galactose-1-P phosphatase; L-GalDH, L-galactose dehydrogenase; L-GalLDH, L-GalLDH L-galactono-1,4-lactone dehydrogenase; L-GulLO, L-gulono-1,4-
lactone oxidase; MIOX, myo-inositol oxygenase; D-GalUR, D-galacturonate reductase; ALO, D-arabinono-1,4-lactone oxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; CaMV 358,
cauliflower mosaic virus 35S constitutive promoter; ZmUbi, maize ubiquitin constitutive promoter; MgGMP, native promoter of acerola GMP; OsLP2, rice leaf panicle 2 leaf-specific
promoter; StPAT, potato polyubiquitin constitutive promoter; PspetE, pea plastocyanin constitutive promoter; SIPG, tomato polygalucturonase fruit-specific promoter; ~, approximately;
ns, non-significant.
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PMII gene in Arabidopsis did not significantly change ascorbate concentrations, indicating that

PMI is not a rate-limiting step in the L-galactose pathway in Arabidopsis [100].
1.5.1.2. Phosphomannose Mutase (PMM)

The PMM enzyme is responsible for the second enzymatic step of the L-galactose pathway,
catalyzing a reversible conversion of D-mannose-6-P to D-mannose-1-P (Figure 1.2).
Temperature-sensitive mutations in the Arabidopsis PMM gene reduced ascorbate to 20% of wild-
type levels, supporting its important role in L-galactose ascorbate biosynthesis [101]. Increased
expression of the PMM gene has increased ascorbate concentrations 1.3-fold in Arabidopsis [61]
and 2.5-fold in tobacco (Nicotiana tabacum L.) [60] (Table 1.2). The small increase in ascorbate
concentrations observed in the Arabidopsis plants with increased expression of the PMM gene was
not proportionate to the highly upregulated PMM enzymatic activity indicating that PMM is not a
rate-limiting step of the L-galactose pathway in Arabidopsis [61]. Increased expression of the
PMM gene in Arabidopsis was associated with enhanced tolerance to methyl viologen-induced

stress [61] (Table 1.2).
1.5.1.3. GDP-D-Mannose Pyrophosphorylase (GMP)

The GMP (also known as VITAMIN C-1 [VTC1]) enzyme is responsible for the third enzymatic
step of the L-galactose pathway, catalyzing a reversible conversion of D-mannose-1-P to GDP-D-
mannose (Figure 1.2). Missense mutations in the Arabidopsis GMP gene reduced ascorbate to 25%
of wild-type levels, supporting its important role in L-galactose ascorbate biosynthesis [102-104].
Increased expression of the GMP gene has increased ascorbate concentrations in a range of species
including 1.3-fold in Arabidopsis [62], 2.5-fold in tobacco [66], 1.4- to 1.7-fold in tomato
(Solanum lycospersicum L.) [67, 84], and 1.5-fold in rice [64] (Table 1.2). Increased co-expression
of the GMP + GME genes in tomato increased ascorbate concentrations 2.0-fold, a greater increase
than the individual genes alone, suggesting that GMP may act synergistically with GME to
increase ascorbate concentrations in tomato [67]. Increased co-expression of the GMP + GME +
GGP + GPP genes in tomato also increased ascorbate concentrations 2.0-fold, however this was
the same fold-change for increased expression of the GGP gene alone, suggesting that GMP is not
a major rate-limiting step in the L-galactose pathway in tomato [67]. This conclusion is also

supported by other studies increasing the expression the GMP gene in Arabidopsis and tobacco
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and increasing the co-expression the GMP + GME genes in tobacco that did not report significant

changes in ascorbate concentrations [63, 65] (Table 1.2).
1.5.1.4. GDP-D-Mannose-3',5'-Epimerase (GME)

The GME enzyme is responsible for the fourth enzymatic step of the L-galactose pathway,
catalyzing a reversible conversion of GDP-D-mannose to produce GDP-L-galactose (Figure 1.2).
The GME enzyme also catalyzes a reversible conversion of GDP-D-mannose to produce GDP-L-
gulose. Consequently, an alternative L-gulose pathway has been proposed to contribute towards
ascorbate biosynthesis in plants (see Section 2.2) [105]. Knock-down of the GME gene in tomato
by RNAi reduced ascorbate to 44% of wild-type levels, supporting its important role in L-galactose
ascorbate biosynthesis [106]. Increased expression of the GME gene has increased ascorbate
concentrations 1.4- to 1.9-fold in Arabidopsis [62, 68, 69], 1.4- to 1.8-fold in tomato [67, 70], and
1.9-fold in rice [64] (Table 1.2). Increased expression of the GMP + GME + GGP + GPP genes in
tomato only increased ascorbate concentrations 2.0-fold, the same fold-change for increased
expression of the GGP gene alone suggesting that GME is not a major rate-limiting step in the L-
galactose pathway in tomato [67]. Moreover, increased expression of the GME gene in tobacco
did not significantly change ascorbate concentrations, suggesting that GME is not a rate-limiting
step of the L-galactose pathway in tobacco [65]. Increased expression of the GME gene in plants
has been associated with enhanced tolerance to salt, low pH, drought, cold, and methyl viologen-

induced stress [64, 68, 70] (Table 1.2).
1.5.1.5. GDP-L-Galactose Phosphorylase (GGP)

The GGP (also known as VTC2/5) enzyme is responsible for the fifth enzymatic step of the L-
galactose pathway, catalyzing the conversion of GDP-L-galactose to L-galactosel-P and
represents the first committed step toward ascorbate biosynthesis since GDP-D-mannose and
GDP-L-galactose are also used as precursors for cell wall polysaccharides and glycoproteins
(Figure 1.2). Splice junction and missense mutations in the Arabidopsis GGP gene reduced
ascorbate to 10% of wild-type levels, supporting its critical role in L-galactose ascorbate
biosynthesis [12, 13, 107, 108]. The ggpl(vtc2)/ggp2(vtc5) double mutants in Arabidopsis also
exhibit a seedling-lethal phenotype without the supplementation of L-galactose or ascorbate [12,

13]. These results support the pivotal role of the GGP gene in L-galactose ascorbate biosynthesis,
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as well as highlight the importance of L-galactose ascorbate biosynthesis for plant growth and
development. Increased expression of the GGP gene has increased ascorbate concentrations in a
wide range of species including 2.9- to 4.1-fold in Arabidopsis [62, 71], 3.1-fold in potato
(Solanum tuberosum L.) [73], 2.1-fold in strawberry (Fragaria x ananassa) [73], 2.0- to 6.2-fold
in tomato [67, 73], 1.4-fold in tobacco [74], and 2.5- to 2.6-fold in rice [64, 72] (Table 1.2).
Increased co-expression of the GGP + L-GalLDH genes or the GGP + GPP genes increased
ascorbate concentrations 3.6- and 4.1-fold, respectively, in Arabidopsis, a greater fold-change than
increased expression of the GGP gene alone, suggesting that GGP may act synergistically with L-
GalLDH and GPP in the L-galactose pathway [62]. However, increased co-expression of the GGP
+ GPP genes in tomato only increased ascorbate concentrations 1.8-fold, less than the fold-change
for increased expression of the GGP gene alone, suggesting that GGP and GPP do not act
synergistically in the L-galactose pathway in tomato [67]. Relative to other genes from the L-
galactose pathway, increased expression of the GGP gene consistently leads to the greatest
increase in ascorbate concentrations, providing strong genetic evidence that GGP represents the
rate-limiting enzymatic step of the L-galactose pathway in many species [62, 64, 67, 71, 100].
Consistent with being the first committed step towards ascorbate biosynthesis and rate-limiting
step of the L-galactose pathway, the strongest regulation of ascorbate concentrations in plants has
been proposed to occur through the GGP gene [17]. Increased expression of the GGP gene in
plants has been associated with enhanced tolerance to salt, ozone, and cold stress [64, 72, 74]

(Table 1.2).
1.5.1.6. L-Galactose-1-Phosphate Phosphatase (GPP)

The GPP (also known as VTC4) enzyme is responsible for the sixth enzymatic step of the L-
galactose pathway, catalyzing the conversion of L-galactosel-P to L-galactose (Figure 1.2). A
missense mutation in the Arabidopsis GPP gene reduced ascorbate to 50% of wild-type levels,
supporting its important role in L-galactose ascorbate biosynthesis [107, 109]. Increased
expression of the GPP gene has increased ascorbate concentrations 1.5-fold in Arabidopsis [62],
1.7-fold in tomato [67], and 1.4-fold in rice [64] (Table 1.2). Increased co-expression of the GGP
+ GPP genes or the GMP + GME + GGP + GPP genes in tomato did not increase ascorbate
concentrations higher than increased expression of the GGP gene alone, indicating that GPP is not

a major rate-limiting step in the L-galactose pathway in tomato [67].
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1.5.1.7. L-Galactose Dehydrogenase (L-GalDH)

The L-GalDH enzyme is responsible for the penultimate enzymatic step of the L-galactose
pathway, catalyzing the conversion of L-galactose to L-galactono-1,4-lactone (Figure 1.2). Knock-
down of the L-GalDH gene in Arabidopsis with RN A1 had no effect on ascorbate concentrations
under low light conditions, but reduced ascorbate to 45% of wild-type levels under high light
conditions when a larger pool of ascorbate is required, supporting its role in L-galactose ascorbate
biosynthesis [75]. Increased expression of the L-GalDH gene increased ascorbate concentrations
1.2-fold in Arabidopsis [62] and 1.7-fold in rice [64] (Table 1.2). However, increased expression
of the L-GalDH gene in tobacco did not significantly change ascorbate concentrations, despite
having a 3.5-fold increase in L-GalDH enzymatic activity, indicating that L-GalDH is not a rate-
limiting step in the L-galactose pathway in tobacco [75].

1.5.1.8. L-Galactono-1,4-Lactone Dehydrogenase (L-GalLDH)

The L-GalLDH enzyme is responsible for the final enzymatic step of the L-galactose pathway,
catalyzing the conversion of L-galactono-1,4-lactone to ascorbate (Figure 1.2). Similar to the
ggpl(vtc2)/ggp2(vtc5) double mutants in Arabidopsis, loss-of-function Arabidopsis [-galldh
mutants exhibited a seedling lethal phenotype in the absence of ascorbate supplementation,
supporting the critical role of L-GalLDH in L-galactose ascorbate biosynthesis [110]. Increased
expression of the L-GalLDH gene has increased ascorbate concentrations in a range of species,
including 1.8-fold in Arabidopsis [62], 1.3- to 3.2-fold in lettuce (Lactuca sativa L.) [76, 77], 7.0-
fold in lily (Lilium davidii) [78], 1.3- to 1.5-fold in rice [64, 79], and 2.1-fold in tobacco [80]
(Table 1.2). One study, however, found that increased expression of the L-GalLDH gene in tobacco
did not significantly change ascorbate concentrations, despite having 10-fold higher L-GalLDH
enzymatic activity, suggesting that L-GalLDH is not a major rate-limiting step of the L-galactose
pathway in tobacco [81]. Increased co-expression of the GGP + L-GalLDH genes increased
ascorbate concentrations 3.6-fold in Arabidopsis, a greater fold-change than increased expression
of each gene alone, suggesting that L-GalLDH may act synergistically with GGP in the L-galactose
pathway in Arabidopsis [62]. Increased expression of the L-GalLDH gene in tobacco was

associated with enhanced tolerance to salt and methyl viologen-induced stress [80] (Table 1.2).
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1.5.2. The L-Gulose Pathway

The L-gulose pathway (also known as the L-gulose shunt), is a result of the epimerization of GDP-
D-mannose to GDP-L-gulose by GME, in addition to the epimerization of GDP-D-mannose to
GDP-L-galactose [105] (Figure 1.2). In this pathway, GDP-L-gulose is proposed to be converted
to the ascorbate precursor L-gulono-1,4-lactone via L-gulose-1-P and L-gulose intermediates,
however the genes and enzymes responsible for catalyzing these steps in plants have not yet been
identified. The GGP and L-GalDH enzymes from the L-galactose pathway have been proposed to
catalyze these reactions, however GGP does not appear to have any enzymatic activity on GDP-
L-gulose, and L-GalDH has a much lower affinity for L-gulose than L-galactose [75, 111, 112].
L-gulono-1,4-lactone is then proposed to be converted to ascorbate by L-GulLO (Figure 1.2).
Increased expression of the rat (Rattus rattus) L-GulLO gene has increased ascorbate
concentrations in a range of species including 1.8- to 2.0-fold in Arabidopsis [85, 97], 7.0-fold in
lettuce [98], 2.4-fold in potato [99], 7.0-fold in tobacco [98], and 1.5-fold in tomato [92] (Table
1.2). However, increased expression of the Arabidopsis L-GulLOs genes in Arabidopsis did not
change ascorbate concentrations [82] (Table 1.2) and increased expression of the Arabidopsis L-
GulLOs genes in tobacco cells only increased ascorbate concentrations when supplied with L-
gulono-1,4-lactone, together suggesting that the L-gulose pathway is not a major contributor to
ascorbate biosynthesis in plants [113]. Increased expression of the rat L-GulLO gene in plants has
been associated with enhanced tolerance to salt, cold, heat, drought, and pyrene- and methyl

viologen-induced stress [85, 92, 99] (Table 1.2).
1.5.3. The Myo-Inositol Pathway

The myo-inositol pathway (also known as the D-gluconorate pathway), which operates in animals,
has also been proposed to be present in plants (Figure 1.2). In this pathway, myo-inositol is
proposed to be converted to the ascorbate precursor L-gulono-1,4-lactone via D-gluconorate and
D-gulonate intermediates, however the gene and enzyme responsible for catalyzing the conversion
of D-gluconorate to D-gulonate has not yet been identified (Figure 1.2). L-gulono-1,4-lactone is
then proposed to be converted to ascorbate by L-GulLO (Figure 1.2). The contribution of the myo-
inositol pathway towards ascorbate biosynthesis in plants has been controversial. Supporting its
contribution are studies that increased the expression of the myo-inositol oxygenase (MIOX) gene,

which encodes the enzyme responsible for catalyzing the conversion of myo-inositol to D-
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glucuronate (Figure 1.2). For example, increased expression of the MIOX gene in Arabidopsis has
increased ascorbate concentrations 1.6- to 3.0-fold, and was associated with enhanced tolerance to
salt, cold, heat, and pyrene-induced stress [27, 85, 86] (Table 1.2). Varying results were obtained
when the expression of the MIOX gene was increased in tomato, with ascorbate reduced to 50%
of wild-type levels in leaves, but increased 1.4- and 1.3-fold in green and red fruit, respectively,
indicating that the myo-inositol pathway may be tissue-specific in tomato [84]. Further support for
the myo-inositol pathway comes from increased expression of phytases that are proposed to
increase the pool of myo-inositol that can then serve as an entry point for ascorbate biosynthesis
via the myo-inositol pathway. For example, increased expression of the Arabidopsis purple acid
phosphatase 15 (PAP15) gene [114] and the bacterial beta-propeller phytase PHY-US417 gene
[115] in Arabidopsis has increased ascorbate concentrations 2.0- to 2.3-fold and were associated
with enhanced tolerance to drought and salt stress. Loss-of-function mutations in the Arabidopsis
PAPI5 gene reduced ascorbate to 70% of wild-type levels, supporting the contribution of PAP15
toward myo-inositol ascorbate biosynthesis [114]. The PAPI5 gene, however, has also been
proposed to encode a GPP in Arabidopsis, which may provide an alternative explanation for these
results [10]. While there are several studies supporting the contribution of the myo-inositol
pathway towards ascorbate biosynthesis in plants, there are equally as many studies opposing its
contribution. For example, increased expression of the MIOX gene in Arabidopsis [87] and rice
[83] did not change ascorbate concentrations, despite the Arabidopsis lines with increased MIOX
expression having higher MIOX enzymatic activity (Table 1.2). Further, loss-of-function
mutations in the Arabidopsis [116] and rice [14] MIOX genes did not change ascorbate
concentrations relative to wild-type, challenging the view that the myo-inositol pathway
contributes towards ascorbate biosynthesis. Further opposition comes from a recent study utilizing
CRISPR/Cas9-induced knockout mutations in the Arabidopsis glucuronokinasel (GlcAKI) gene,
and radiotracer experiments with *H-myo-inositol. Knockout of GlcAK1 ought to increase the flux
from myo-inositol to ascorbate if the myo-inositol pathway is operational, however no changes in
ascorbate concentrations were detected in the Arabidopsis glcakl mutants. Moreover, radiolabeled
3H-myo-inositol in the Arabidopsis glcakl mutants accumulated as D-gluconorate and ascorbate
remained unlabeled, leading the authors to conclude that the myo-inositol pathway does not

contribute toward ascorbate biosynthesis in plants [117].
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1.5.4. The D-Galacturonate Pathway

Evidence for the D-galacturonate pathway was discovered in strawberry fruits [88]. In this
pathway, D-galacturonate derived from pectin in the cell wall is proposed to be converted to the
ascorbate precursor L-galactono-1,4-lactone via a L-galactonate intermediate, however the gene
and enzyme responsible for converting L-galactonate to L-galactono-1,4-lactone has not yet been
identified in plants (Figure 1.2). L-galactono-1,4-lactone is then proposed to be converted to
ascorbate by L-GalLDH, the final enzymatic step of the L-galactose pathway (Figure 1.2). To date,
the D-galacturonate reductase (D-GalUR) gene, which encodes the enzyme responsible for
catalyzing the conversion of D-galacturonate to L-galactonate, has only been identified in
strawberry (Figure 1.2). Knock-out or knock-down studies of the D-GalUR gene in strawberry or
other plant species have not yet been reported, making it difficult to determine the relative
contribution of the D-galacturonate pathway toward ascorbate biosynthesis in plants. Nevertheless,
increased expression of the D-GalUR gene has increased ascorbate concentrations 3.0-fold in
Arabidopsis [88], 1.7- to 2.1-fold in potato [89-91], and 1.0- to 2.5-fold in tomato [93, 94, 118].
Increased expression of the D-GalUR gene in plants has been associated with enhanced tolerance
to salt, drought, cold, zinc chloride, and methyl viologen-induced stress [89-91, 93, 118] (Table
1.2).
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1.6. Recycling of Ascorbate in Plants

In addition to de novo biosynthesis of ascorbate, oxidized ascorbate can be regenerated via the
recycling enzymes MDAR and DHAR to maintain cellular ascorbate levels (Figure 1.1).
Following ascorbate oxidation, a short-lived monodehydroascorbate radical is produced.
Monodehydroascorbate can then be recycled back to ascorbate by MDAR using NADPH as a
reductant, however if not recycled monodehydroascorbate will rapidly undergo non-enzymatic
disproportionation with another monodehydroascorbate molecule to produce an ascorbate and
dehydroascorbate molecule [119]. Dehydroascorbate can then be recycled back to ascorbate by
DHAR using glutathione as a reductant, however if not recycled dehydroascorbate will undergo
an irreversible hydrolysis to generate 2,3-diketogulonic acid [119]. An overview of metabolic
engineering strategies utilizing ascorbate recycling genes to increase ascorbate concentrations in
model and crop species, including the tissue examined and any stress tolerances observed, is

summarized in Table 1.3.

Loss-of-function mutations in the Arabidopsis MDAR4 gene reduced the ratio of ascorbate
to dehydroascorbate, but did not affect the pool size of total ascorbate (ascorbate +
dehydroascorbate), supporting the role of MDAR in ascorbate recycling [120]. Increased
expression of the MDAR gene has increased the concentrations of reduced ascorbate 1.2- to 2.2-
fold in tobacco [121-123] and 1.2-fold in tomato [124] (Table 1.3). However, other studies
increasing the expression of the MDAR gene in tobacco [125] and tomato [126] did not report any
significant changes to reduced ascorbate concentrations, indicating that MDAR may not be a rate-
limiting step in the recycling of ascorbate in these species (Table 1.3). Increased expression of the
MDAR gene in plants has been associated with enhanced tolerance to salt, ozone, drought, cold,

heat, and methyl viologen-induced stress [121, 122, 124, 125] (Table 1.3).

Similar to the mdar4 mutant in Arabidopsis, loss-of-function mutations in the Arabidopsis
DHAR3 gene reduced the ratio of ascorbate to dehydroascorbate, but did not affect the pool size
of total ascorbate, supporting the role of DHAR in ascorbate recycling [127]. Increased expression
of the DHAR gene has increased the concentrations of reduced ascorbate in a wide range of species
including 1.1- to 3.3-fold in Arabidopsis [69, 128-132], 1.9- to 6.1-fold in maize [133, 134], 1.3-
to 2.8-fold in potato [135-137], 1.7-fold in rice [138], 1.3- to 3.9-fold in tobacco
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Table 1.3. Overview of metabolic engineering strategies utilizing ascorbate recycling genes to increase ascorbate concentrations in model

and crop species.

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference
transformed transformed source(s) change
Tobacco MDAR Acerola CaMV 358 2.0 Leaves Salt [121]
Tobacco MDAR Mangrove CaMV 358 ~1.3™ Leaves Salt [125]
Tomato MDAR Tomato CaMV 358 1.2 Leaves Cold, heat, methyl viologen [124]
Tomato MDAR Tomato FMV 348 1.2™,1.0™ Leaves, red fruit - [126]
Tobacco MDARI Arabidopsis CaMV 358 22 Leaves Ozone, salt, drought [122]
Tobacco MDARI Arabidopsis CaMV 358 ~1.2 Roots - [123]
Arabidopsis DHAR Chinese tulip tree CaMV 358 ~1.4 Leaves Salt, drought [128]
Arabidopsis DHAR Rose CaMV 358 3.0 Leaves - [69]
Maize DHAR Wheat ZmUbi 1.8,1.9 Leaves, kernels - [133]
Potato DHAR Sesame CaMV 358 1.5,1.6 Leaves, tubers - [135]
Potato DHAR Sesame PtPal 1.3 Tubers - [135]
Tobacco DHAR Wheat CaMV 358 2.1 Leaves Ozone [139]
Tobacco DHAR Human CaMV 358 1.6 Leaves Methyl viologen, H,0,, cold, salt [140]
Tobacco DHAR Human CaMV 358 1.6,2.0 Young leaves, mature leaves Methyl viologen [141]
Tobacco DHAR Wheat CaMV 358 24,39, Expanding leaves, mature - [133]
2.2 leaves, presenescent leaves
Tomato DHAR Tomato FMV 348 1.1™,1.6, 1.6 Leaves, green fruit, red fruit - [126]
Tobacco DHAR + CuZnSOD  Human + pea CaMV 358 1.5 Leaves Methyl viologen, salt [142]
+ APX + pea
Arabidopsis DHARI Arabidopsis CaMV 358 33 Leaves High light, heat, paraquat [129]
Arabidopsis DHARI Kiwifruit CaMV 358 ~1.5 Leaves Salt [130]
Arabidopsis DHARI Rice CaMV 358 1.2 Leaves Salt [131]
Maize DHARI Rice HvHor 6.1 Kernels - [134]
Potato DHARI Arabidopsis CaMV 358 2.8 Leaves Methyl viologen, drought, salt [136]
Potato DHARI Potato CaMV 358 17,13 Leaves, tubers - [137]
Rice DHARI Rice ZmUbi ~1.7 Leaves - [138]
Tobacco DHARI Rice PsPrrn 1.6 Leaves Salt, cold [143]
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Table 1.3. (Continued).

Species Gene(s) Gene Promoter Max fold- Tissue examined Stress tolerance Reference
transformed transformed source(s) change

Tomato DHARI Potato CaMV 358 19,14 Leaves, fruit Methyl viologen, salt [144]
Tobacco DHARI + GR Rice + E. coli PsPrrn ~2.5 Leaves Salt, cold, methyl viologen [143]
Arabidopsis DHAR?2 Kiwifruit CaMV 358 ~1.4 Leaves Salt [145]
Potato DHAR?2 Potato CaMV 358 1.5, ~1.1™ Leaves, tubers - [137]
Tobacco DHAR?2 Arabidopsis CaMV 358 2.1 Leaves Ozone, drought, salt [146]
Tobacco DHAR?2 Arabidopsis CaMV 358 ~1.3 Roots Aluminium [123]
Tomato DHAR2 Potato CaMV 358 1.8, ~1.1™ Leaves, fruit Methyl viologen, salt [144]
Tomato DHAR?2 Pear CaMV 358 1.5 Leaves Salt, cold [147]
Arabidopsis DHAR3 Sweet potato CaMV 358 ~1.1™ Leaves Salt, drought [132]

MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; CuZnSOD, copper zinc superoxide dismutase; APX, ascorbate peroxidase; GR, glutathione reductase; E. coli, Escherichia
coli; CaMV 358, cauliflower mosaic virus 35S constitutive promoter; FMV 34S, figwort mosaic virus 34S constitutive promoter; ZmUbi, maize ubiquitin constitutive promoter; PtPal, potato patatin tuber-
specific promoter; HvHor, barley D-hordein endosperm-specific promoter; PsPrrn, pea plastid rRNA operon constitutive promoter; ~, approximately; ns, non-significant.
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[123, 133, 139-143, 146], and 1.5-fold to 1.9-fold in tomato [126, 144, 147] (Table 1.3). These
studies suggest that DHAR is the rate-limiting step in ascorbate recycling in plants relative to
MDAR. Increased expression of the DHAR gene in plants has been associated with enhanced
tolerance to salt, drought, high light, heat, ozone, cold, aluminum, hydrogen peroxide, and methyl

viologen-induced stress [123, 128-132, 136, 139-144, 146, 147] (Table 1.3).
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1.7. Regulation of Ascorbate Biosynthesis in Plants

The genes and enzymes responsible for the major biosynthetic route towards ascorbate
biosynthesis—the L-galactose pathway—and the recycling of ascorbate in plants have been well
characterized for over a decade now [108, 112]. The regulation of ascorbate biosynthesis and
recycling, on the other hand, has remained relatively unexplored until more recently. Several key
regulators have now been identified, and it is becoming clear that ascorbate biosynthesis and
recycling is tightly regulated at the transcriptional, translational, and post-translational level [17].
An overview of metabolic engineering strategies utilizing ascorbate regulatory factors to increase
ascorbate concentrations in model and crop species, including the tissue examined and any stress

tolerances observed, is summarized in Table 1.4.

1.7.1. Ascorbic Acid Mannose Pathway Regulator 1 (AMR1)

The ascorbic acid mannose pathway regulator 1 (AMRI) gene was identified in an activation-
tagged Arabidopsis mutant that contained 40% of wild-type ascorbate levels [148]. The AMRI
gene encodes an F-box protein that negatively regulates the transcription of genes of the L-
galactose pathway, including GMP, GME, GGPI, GPP, L-GalDH, and L-GalLDH [148]. The
expression of the AMR 1 gene was developmentally and environmentally controlled, with increased
expression as the plants aged and decreased expression under high light [148]. Loss-of-function
mutations in the AMRI gene in Arabidopsis increased ascorbate concentrations 2.0-fold and was

associated with enhanced ozone stress [148] (Table 1.4).
1.7.2. Basic Helix-Loop-Helix 59 Transcription Factor (hHLHS59)

The tomato basic helix-loop-helix 59 (PHLH59) gene was recently identified as the likely
candidate underlying the ascorbate quantitative trait locus TFA9 in tomato [149]. The bHLH59
transcription factor positively regulates the transcription of genes of the L-galactose pathway,
including PMI, PMM, GMP1, GMP2, GMP3, GMP4, and GMEI [149]. Knock-down of the
bHLHS59 gene with RNAI in tomato reduced ascorbate to 65% of wild-type levels [149]. Increased
expression of the PHLH59 gene in tomato increased ascorbate concentrations 1.5-fold and was

associated with enhanced tolerance to methyl viologen-induced stress [149] (Table 1.4).
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Table 1.4. Overview of metabolic engineering strategies utilizing ascorbate regulatory factors to increase ascorbate concentrations in

model and crop species.

Species Regulatory Strategy Gene Promoter Max fold- Tissue Stress tolerance Reference
Factor source change examined
Arabidopsis ~ AMRI T-DNA insertion - - 2.0 Leaves Ozone [148]
Tomato bHLH59 Increased expression ~ Tomato CaMV 358 ~1.5 Fruit Methyl viologen [149]
Arabidopsis  CSN5B T-DNA insertion - - ~1.4 Seedlings Salt [150]
Arabidopsis  CSNS T-DNA insertion - - ~1.8 Seedlings - [150]
Tomato Dof22 RNAi - - 1.3,1.6 Leaves, red fruit - [151]
Arabidopsis  ERF98 Increased expression  Arabidopsis CaMV 358 1.7 Leaves Salt [152]
Arabidopsis  GGP1 uORF Genome editing - - 1.7 Leaves - [153]
Lettuce GGP1 uORF Genome editing - - 1.4 Leaves Methyl viologen [153]
Lettuce GGP2 uORF Genome editing - - 2.6 Leaves Methyl viologen [153]
Tomato GGP2 uORF Genome editing - - ~1.4 Leaves - [154]
Tomato HZ24 Increased expression ~ Tomato CaMV 358 1.5,~1.2 Leaves, breaker fruit ~ Methyl viologen [155]
Arabidopsis  KJCI Increased expression  Arabidopsis CaMV 358 1.4 Seedlings - [63]
Arabidopsis  KJC1 + GMP Increased expression  Arabidopsis CaMV 358 ~1.0™ Seedlings - [63]
Arabidopsis  KJC2 Increased expression  Arabidopsis CaMV 358 ~1.0™ Seedlings - [63]
Tobacco MYBS Increased expression ~ Pear CaMV 358 ~1.3 Leaves Cold [156]
Tomato NL33 RNAi - - 27,13 Leaves, red fruit Methyl viologen, Botrytis cinerea [157]
Potato nsLTPI Increased expression  Potato CaMV 358 2.3 Leaves Heat, drought, salt [158]
Arabidopsis  VIC3 Increased expression  Arabidopsis CaMV 358 ~0.8™ Seedlings - [159]
Arabidopsis ~ WAXI Increased expression  Saltwater SP 1.3 Leaves - [160]
cress
Arabidopsis ~ WAXI Increased expression  Saltwater AtRD294 ~1.4% Leaves Drought [160]
cress

Arabidopsis  ZF3 Increased expression ~ Tomato CaMV 358 1.8 Leaves Salt [161]
Tomato ZF3 Increased expression ~ Tomato CaMV 358 ~2.1 Leaves Salt [161]

AMRI, ascorbic acid mannose pathway regulator 1; CSN5B, COP9 signalosome subunit 5B; Dof22, DNA-binding with one finger 22; ERF98, ethylene response factor 98; GGP uORF, GDP-L-galactose
phosphorylase upstream open reading frame; HZ24, HD-Zip 1 transcription factor 24; KJC, KONJAC; MYB5, myeloblastosis transcription factor 5; NL33, NBS-LRR 33; nsLTP1, non-specific lipid
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transfer protein-1; VTC3, VITAMIN C-3; CaMV 358, cauliflower mosaic virus 35S constitutive promoter; SP, super-promoter constitutive promoter; AtfRD29A4, Arabidopsis stress-inducible promoter;
~, approximately; ns, non-significant; *under drought stress.
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1.7.3. Calmodulin-Like 10 (CML10)

A calcium sensor, calmodulin-like 10 (CML10), was recently identified to interact with
Arabidopsis PMM in a yeast two-hybrid screen [162]. The expression of the CMLI0 gene was
upregulated under oxidative stress, and the CML10 protein increased PMM enzymatic activity in
a calcium-dependent manner [162]. Knock-down of the CMLI0 gene in Arabidopsis by RNAi
reduced ascorbate to 70% of wild-type levels and was associated with decreased drought and
H>0z-induced stress [162]. To date, no studies have investigated increased expression of the

CML10 gene in plants.
1.7.4. COP9 Signalosome Subunit 5B and 8 (CSN5SB and CSNS)

The Arabidopsis COP9 signalosome subunit 5B (CSN5B), a component of the photomorphogenic
COP?9 signalosome, was identified to interact with GMP in a yeast two-hybrid screen [150]. Under
darkness, CSN5B promotes the ubiquitination and degradation of GMP through the 26S
proteasome pathway [150]. Loss-of-function mutations in the CSN5B gene in Arabidopsis
increased ascorbate concentrations 1.4-fold and was associated with enhanced salt stress [150]
(Table 1.4). Loss-of-function mutations in the CSN8 gene in Arabidopsis also increased ascorbate
concentrations 1.8-fold (Table 1.4), however CSN8 did not interact with GMP in the yeast-two

hybrid screen, and its mechanism of action has yet to be determined [150].
1.7.5. DNA-Binding with One Finger 22 (Dof22)

The DNA-binding with one finger 22 (Dof22), a member of the Dof family of plant specific
transcription factors, has recently been proposed as a negative transcriptional regulator of L-
galactose pathway, ascorbate recycling, and ascorbate-glutathione cycle genes in tomato, such as
GGPI1, GGP2, L-GalDH, L-GalLDH, MDAR, cytosolic APX, and glutathione reductase (GR)
[151]. Knock-down of the Dof22 gene with RNAIi in tomato increased ascorbate concentrations up
to 1.6-fold (Table 1.4), but was associated with reduced tolerance to salt stress due to the
transcriptional downregulation of the salt overly sensitive 1 (SOSI) gene, which encodes a plasma

membrane Na'/H" antiporter [151].
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1.7.6. Ethylene Response Factor 98 (ERF98)

In a reverse genetic screen of a pool of Arabidopsis ethylene response factor (ERF) T-DNA
insertion mutants, loss-of-function mutations in the ERF'98 gene reduced ascorbate to 65% of wild-
type levels [152]. The ERF98 gene encodes a transcription factor belonging to the AP2/ERF
superfamily that positively regulates the transcription of ascorbate biosynthetic, ascorbate
recycling, and ascorbate-glutathione cycle genes, including GMP, GGP1, L-GalDH, L-GalLDH,
MIOX4, MDAR3, chloroplastic DHAR, cytosolic DHAR, and GRI [152]. Increased expression of
the ERF98 gene in Arabidopsis increased ascorbate concentrations 1.7-fold and was associated

with enhanced tolerance to salt stress [152] (Table 1.4).
1.7.7. GGP Upstream Open Reading Frame (GGP uORF)

The translation of GGP has been discovered to be post-transcriptionally regulated through a highly
conserved, cis-acting upstream open reading frame (UORF) in the long 5’ leader sequence of the
GGP mRNA [163, 164]. The GGP uORF is proposed to initiate from a non-canonical AUC or
ACG start-codon, and encode a 60- to 65-residue long peptide [163]. Disruption of the GGP uORF
increased ascorbate concentrations when a GGP promoter-uORF-GGP construct was transiently
transformed in Nicotiana benthamiana [163]. It is proposed that under high ascorbate
concentrations the GGP uORF is translated and causes ribosomal stalling, thereby preventing
translation of the GGP major ORF (mORF), while under low ascorbate concentrations, the uUORF
is skipped and the GGP mOREF is translated [163]. The precise mechanism of how ascorbate
influences the translation of the GGP uORF or mORF, however, has yet to be determined.
Recently, disruption of the GGP uORF with the CRISPR/Cas9 genome editing system increased
ascorbate concentrations 1.7-fold in Arabidopsis [153], 1.4- to 2.6-fold in lettuce [153], and 1.4-
fold in tomato [154] (Table 1.4). Moreover, disruption of the lettuce GGP uORFs was associated
with enhanced tolerance to methyl viologen-induced stress [153] (Table 1.4). Disrupting the GGP
uORF with the CRISPR/Cas9 genome editing system has established itself as a very promising
transgene-free strategy to engineer plants with enhanced production of GGP for increased

ascorbate biosynthesis in crops.
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1.7.8. HD-Zip I Family Transcription Factor 24 (HZ24)

The HD-Zip 1 family transcription factor 24 (HZ24) was recently identified based on a yeast-one
hybrid assay to the promoter region of tomato GMP3 [155]. Knock-down mutants of the HZ24
gene with RNAIi in tomato reduced ascorbate to 60% of wild-type levels [155]. The HZ24
transcription factor positively regulates the transcription of a wide range of genes from the L-
galactose pathway in tomato, including PMM, GMP4, GMEI, GME2, GGP, GPPI, GPP2, and L-
GalDH [155]. Increased expression of the HZ24 gene in tomato increased ascorbate concentrations
1.5-fold and was associated with enhanced tolerance to methyl viologen-induced stress [155]

(Table 1.4).
1.7.9. High-Pigment-1 (HP1)

The High-Pigment-1 (HPI) tomato mutants—previously characterized as having increased
carotenoid and flavonoid concentrations—were found to have reduced ascorbate concentrations at
various stages of fruit development and ripening relative to wild-type [165]. The HPI gene is
orthologous to the Arabidopsis UV-DAMAGED DNA-BINDING PROTEIN I (DDBI) gene which
encodes a component of the CUL4-based E3 ligase complex [166]. Fourteen genes involved in
ascorbate biosynthesis and recycling were differentially expressed in the developing fruit of the
hpl mutant, and it was proposed that HP1 positively regulates the transcription of the GMP and
GME I genes, but negatively regulates the transcription of the L-GalLDH gene in tomato, ultimately
resulting in the reduced ascorbate concentrations observed in the developing and ripening fruit
[165]. To date, no studies have investigated the effect of increasing the expression of the HPI gene

on ascorbate concentrations in plants.
1.7.10. KONJAC 1 and 2 (KJC1 and KJC2)

Two nucleotide sugar phosphorylase-like proteins KONJAC 1 and 2 (KJCI and KJC2) were
identified based on their phylogenetic relationship to GMP [63]. Loss-of-function mutations in the
KJCI and KJC?2 genes in Arabidopsis reduced ascorbate to 40% and 70% of wild-type levels,
respectively, due to reducing GMP enzymatic activity to 10% and 70% of wild-type levels,
respectively [63]. The KJC1 and KJC2 proteins are proposed to post-translationally regulate GMP
enzymatic activity, and may function opposite that of the COP9 signalosome in the regulation of

GDP-D-mannose biosynthesis [63]. Increased expression of the KJC/ gene increased ascorbate
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concentrations 1.4-fold in Arabidopsis, but increased co-expression of the KJCI and GMP genes

or increased expression of the KJC2 gene did not change ascorbate concentrations [63] (Table 1.4).
1.7.11. Myeloblastosis Transcription Factor 5 (MYBS5)

Pear (Pyrus betulaefolia) myeloblastosis transcription factor 5 (MYBS5) was recently identified in
a yeast one-hybrid screen to interact with the promoter region of the DHAR2 gene [156]. The
expression of the MYBS5 gene was induced by a wide range of stresses including cold, drought, and
salt stress [156]. The MYBS protein positively regulates the transcription of ascorbate recycling,
ascorbate-glutathione cycle, and stress-associated genes, including MDAR, DHAR2, APX,
cystathionine-f-synthase 1 (CBFI), CBF2, and CBF3 [156]. Increased expression of the MYBS
gene in tobacco increased ascorbate concentrations 1.3-fold and was associated with enhanced

tolerance to cold stress [156] (Table 1.4).
1.7.12. NBS-LRR 33 (NL33)

The tomato NBS-LRR 33 (NL33) resistance protein was recently identified based on a candidate
gene-based association study with ascorbate concentrations in tomato [157]. The NL33 protein
negatively regulates the transcription of ascorbate biosynthetic, ascorbate recycling, and ascorbate-
glutathione cycle genes, including PMM, GMP1, GMP4, GMEl, GGP1, GPPI, GPP2, L-GalDH,
L-GalLDH, MIOX, MDAR, DHAR, and cytosolic APX [157]. Knock-down of the NL33 gene with
RNAI in tomato increased ascorbate concentrations 2.7-fold and was associated with enhanced
tolerance to methyl viologen-induced stress and gray mold infection (Botrytis cinerea) [157]

(Table 1.4).
1.7.13. Non-specific Lipid Transfer Protein-1 (nsLTP1)

The potato thermo-tolerance gene non-specific lipid transfer protein-1 (nsLTPI1) was first
identified in a functional screen of potato high-temperature stress-responsive genes to impart heat
tolerance in yeast [167]. The nsLTP1 protein in potato has now recently been identified to
positively regulate the transcription of ascorbate-glutathione cycle and stress-related genes,
including APX, catalase (CAT), superoxide dismutase (SOD), heat shock protein 20 (HSP20),
HSP70, and HSP90 [158]. Increased expression of the nsLTPI gene increased ascorbate
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concentrations 2.3-fold in potato and was associated with enhanced tolerance to heat, drought, and

salt stress [158] (Table 1.4).
1.7.14. VITAMIN C-3 (VTC3)

The Arabidopsis vtc3 mutants were first identified in a forward genetic screen for ozone-sensitive
mutants, and contained 40% of wild-type ascorbate levels [107]. Over a decade later the V'7C3
gene was mapped to a unique dual-function polypeptide containing an N-terminal protein kinase
domain and a C-terminal protein phosphatase domain [159]. The Arabidopsis vtc3 mutants were
reported to be defective in their ability to increase ascorbate concentrations in response to light
and heat [159]. Little is known about the mechanism of action for VTC3 but it is proposed to act
as a signal transduction protein that is capable of perceiving a change in the environment to
influence cellular ascorbate levels [159]. It has been suggested that VTC3 may play a role in the
GGP uORF sensing mechanism of ascorbate levels [17]. Increased expression of the VTC3 gene
in the Arabidopsis vtc3 mutants recovered ascorbate concentrations back to wild-type levels,
however, increased expression of the V'7TC3 gene in wild-type Arabidopsis did not significantly

change ascorbate concentrations [159] (Table 1.4).
1.7.15. WAX1

The saltwater cress (Eutrema salsugineum) WAXI gene was identified based on being rapidly
induced in abiotic stress-treated saltwater cress plants [160]. The WAXI gene encodes a MYB
transcription factor that positively regulates wax related genes, as well as ascorbate biosynthetic
genes, including GGP1, L-GalDH, and MIOX4 [160]. Increased expression of the WAXI gene with
the constitutive super-promoter in Arabidopsis increased ascorbate concentrations 1.3-fold but
severely disrupted plant growth and development [160] (Table 1.4). Increased expression of the
WAXI gene with the Arabidopsis RD29A stress-inducible promoter, instead of the constitutive
super-promoter, increased ascorbate concentrations 1.4-fold under drought stress and was

associated with enhanced tolerance to drought stress [160] (Table 1.4).
1.7.16. Zinc-finger 3 (ZF3)

The tomato C2H2-type zinc finger 3 (ZF'3) gene was first identified based on being induced in salt-

stressed tomato plants [168]. The ZF3 protein in tomato has now recently been identified to interact
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with CSN5B and inhibit the interaction between CSN5SB and GMP [161]. By doing so, ZF3
prevents the ubiquitination and degradation of GMP through the 26S proteasome pathway,
promoting the accumulation of GMP [161]. Knock-down of the ZF3 gene with RNAI in tomato
reduced ascorbate to 80% of wild-type levels [161]. Increased expression of the tomato ZF3 gene
increased ascorbate concentrations 1.8-fold and 2.1-fold in Arabidopsis and tomato, respectively,

and was associated with enhanced tolerance to salt stress [161] (Table 1.4).
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1.8. Rice and Wheat as Targets for Ascorbate Metabolic Engineering

Rice is the most important source of human calories—providing 3.5 billion humans with more
than 20% of their daily caloric intake—and has a global production of more than 700 million
tonnes (Table 1.1) [169]. Rice plays an important role as a staple crop in many parts of the world,
particularly in Eastern Asia, Southern Asia, and South-East Asia, where it provides a major source
of calories for those populations [169]. Not only is rice one of the most important staple crops in
the world, but rice also serves as an important model organism for plant biology [170]. Relative to
other major cereal crops, rice has a small genome of 430 Mb—approximately 3.5 times the size of
the Arabidopsis genome—and was the first crop to have its genome sequenced in 2005 [171]. Rice
has since served as a model for other cereal crops with much larger genomes, such as maize (2.4
Gb) and wheat (17 Gb). Efficient protocols for the genetic modification of rice via Agrobacterium
tumefaciens-mediated transformation have also been developed over the past two decades, and
adopted by many laboratories for basic and applied research [172]. Further, rice plants display high
editing efficiencies with the CRISPR/Cas9 genome editing system with mutation frequencies often
observed around 80-85% [173]. Due to the high efficiency of transformation and genome editing
in rice, genetic modification and genome editing strategies are often first tested in rice before being

applied to other cereals [172].

Bread wheat is the second most important source of human calories after rice, accounting
for 20% of calories consumed by humans, is cultivated on more land than any other crop, and has
a global production of more than 700 million tonnes (Table 1.1) [169, 174]. Wheat plays an
important role as a staple crop in many parts of the world, particularly in Northern Africa, Central
Asia, and Western Asia, where it provides a major source of calories for those populations [169].
Wheat has a large and complex hexaploid genome of 17 Gb—approximately 40 times the size of
the rice genome—which has created many challenges in the assembly of a high-quality reference
sequence. However, in 2018, the International Wheat Genome Sequencing Consortium released
the first high-quality annotated reference sequence for the bread wheat genome, presenting an
opportunity for researchers to further understand wheat biology and engage in genomics-assisted

molecular breeding [174].

Abiotic stresses such as drought, flooding, salinity, and extreme temperatures—which are

predicted to be exacerbated by climate change—are major limiting factors in global rice and wheat
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productivity [175, 176]. Developing strategies to increase ascorbate concentrations in rice and
wheat may provide a means of enhancing the stress tolerance of these plants and help to mitigate
the yield losses associated with these abiotic stresses, improving global food security. Moreover,
since rice and wheat grains contain negligible levels of ascorbate, developing strategies to increase
ascorbate concentrations in rice and wheat grains may provide a novel means of improving human

dietary intakes of ascorbate and bioavailable Fe.
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1.9. Thesis Aims and Objectives

This PhD project aimed to develop strategies to increase ascorbate concentrations in rice and wheat
plants and investigate the effect that increased ascorbate concentrations may have on grain
nutrition, grain Fe bioavailability, abiotic stress tolerance, and plant growth and development. This

aim was accomplished through the completion of the following three major research objectives:

1) Production and characterization of rice with constitutive overexpression of the OsGGP
coding sequence.

2) Production and characterization of rice with CRISPR/Cas9-induced mutations in the
OsGGP uORF.

3) Genome-wide identification and characterization of the 7aGGP gene family in bread

wheat.
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Chapter 2.

Effect of OsGGP Constitutive Overexpression
on Ascorbate Concentration, Salt Tolerance,

and Iron Bioavailability in Rice
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2.1 Abstract

Ascorbate (vitamin C) is an essential multifunctional molecule for both plants and mammals. In
plants, ascorbate is the most abundant water-soluble antioxidant that supports stress tolerance. In
humans, ascorbate is an essential micronutrient and promotes iron (Fe) absorption in the gut.
Engineering crops with increased ascorbate levels has the potential to improve both crop stress
tolerance and human health. Here, rice (Oryza sativa L.) plants were engineered to constitutively
overexpress the rice GDP-L-galactose phosphorylase coding sequence (35S-OsGGP) which
encodes the rate-limiting enzymatic step of the L-galactose pathway. Ascorbate concentrations
were negligible in both null segregant (NS) and 35S-OsGGP brown rice (BR) but significantly
increased in 35S-OsGGP germinated brown rice (GBR) relative to NS. Foliar ascorbate
concentrations were significantly increased in 35S-OsGGP plants in the vegetative growth phase
relative to NS, but significantly reduced at the reproductive growth phase and were associated with
reduced OsGGP transcript levels. The 35S-OsGGP plants did not display altered salt tolerance at
the vegetative growth phase despite having elevated ascorbate concentrations. Ascorbate
concentrations were positively correlated with ferritin concentrations in Caco-2 cells—an accurate
predictor of Fe bioavailability in human digestion—exposed to in vitro digests of NS and 35S-

OsGGP BR and GBR samples.
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2.2 Introduction

Producing sufficient and nutritious food to feed the growing world population represents one of
the great challenges of the 21% century. Abiotic stresses such as drought, salinity, and extreme
temperatures are a major limiting factor of global crop productivity, and are predicted to be
exacerbated and co-occur more frequently due to the effects of climate change [177, 178].
Common to many abiotic stresses is the excess production of reactive oxygen species (ROS) due
to the disruption of cellular homeostasis [22]. The development of crops with an enhanced capacity
to mitigate the damaging effects caused by the excess production of ROS represents one solution
to help offset the forecasted yield losses associated with climate change [179]. Micronutrient
deficiencies—a form of undernutrition commonly referred to as hidden hunger—are a major threat
to the health and development of populations worldwide, affecting more than 2 billion people
[180]. Hidden hunger is most prominent in the developing world, often resulting from diets
dependent micronutrient-poor staple crops [180]. The production of crops containing increased
micronutrient density and/or bioavailability—a process known as biofortification—offers a cost-

effective and sustainable intervention to reduce hidden hunger [181].

Ascorbate (also known as vitamin C) is a vital multifunctional molecule for both plants
and mammals [5]. Ascorbate is a reducing agent capable of donating electrons, and primarily
serves a role as a cellular antioxidant and enzymatic co-factor [5]. In plants, ascorbate performs
crucial roles in photosynthetic functions and stress tolerance, largely due to its ability to combat
excess ROS produced by normal or stressed cellular metabolism as a ROS scavenger or through
the ascorbate-glutathione cycle—an indispensable antioxidant system for controlling cellular
redox homeostasis [21]. Beyond its functions in photosynthesis and stress tolerance, ascorbate
plays many other roles in plants, including the biosynthesis of ethylene and organic acids [33, 34],
regenerating oxidized a-tocopherol [35], transporting iron (Fe) [7], and influencing cell division
[36], cell expansion [37], and the onset of flowering and senescence [38]. In humans, ascorbate is
an essential micronutrient well-known for its essential role in collagen biosynthesis and prevention
of the disease scurvy [8]. Ascorbate also plays many other key roles in human physiology,
including the cellular uptake of dietary Fe in the gut. Ascorbate is a powerful enhancer of Fe
bioavailability—the proportion of Fe that is absorbed and is available for use or storage—and can

overcome Fe absorption inhibitors such as phytate and polyphenolic compounds [44, 182-186]. In
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addition to enhancing Fe absorption in the gut, ascorbate has also been reported to regulate cellular
Fe uptake and metabolism [9, 47]. Ascorbate has many further positive effects on human health,

for instance by reducing the risk of infections, cardiovascular disease, stroke, and cancer [40].

Several routes toward ascorbate biosynthesis have been proposed in plants, however,
substantial genetic evidence supports the L-galactose pathway—which converts D-fructose-6-P to
ascorbate via eight enzymatic steps—as the predominant pathway toward ascorbate biosynthesis
in plants [12-16]. The GPD-L-galactose phosphorylase (GGP, also known as VTC2/VTC5) gene
encodes the fifth enzymatic step of the L-galactose pathway catalyzing the conversion of GDP-L-
galactose to L-galactosel-P and represents the first committed step toward ascorbate biosynthesis.
Relative to other genes from the L-galactose pathway, increased expression of the GGP gene
consistently results in the largest increases in ascorbate concentrations in a wide range of species,
providing strong genetic evidence for GGP as the rate-limiting enzymatic step of the L-galactose
pathway. For example, increased expression of the GGP gene has increased ascorbate
concentrations 2.9- to 4.1-fold in Arabidopsis thaliana [62, 71], 3.1-fold in potato (Solanum
tuberosum L.) [73], 2.1-fold in strawberry (Fragaria x ananassa) [73], 2.0- to 6.2-fold in tomato
(Solanum lycospersicum L.) [67, 73], 1.4-fold in tobacco (Nicotiana tabacum L.) [74], and 2.5- to
2.6-fold in rice (Oryza sativa L.) [64, 187]. Increased expression of the GGP gene has further been
associated with enhanced tolerance to multiple abiotic stresses including salt, ozone, and cold
stress [64, 74, 187]. Although many studies have increased ascorbate concentrations in model and
crop species, none have investigated whether the elevated levels of ascorbate might improve Fe

bioavailability in the human diet.

Rice is the most important source of calories for humans, providing nearly half the world’s
population with more with more than 20% of their daily caloric intake [169]. It is an important
staple crop for many parts of the world, particularly in Eastern Asia, Southern Asia, and South-
East Asia [169]. Abiotic stresses such as drought, flooding, and salinity are major limiting factors
in global rice productivity [175], therefore developing strategies to increase ascorbate
concentrations in rice may help to mitigate the yield losses associated with these abiotic stresses.
Moreover, rice contains negligible concentrations of ascorbate and is a poor source of bioavailable
Fe [52, 188], thus strategies to increase ascorbate levels in rice could improve dietary intakes of

both ascorbate and bioavailable Fe in humans. To date, several studies have increased the
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expression of ascorbate biosynthetic or recycling genes to increase foliar ascorbate concentrations
in rice [64, 79, 138, 187]. Whether these strategies alter ascorbate concentrations in the rice grain

and/or other tissues is unclear.

In this study, we aimed to increase ascorbate concentrations in rice via constitutive
overexpression of the OsGGP coding sequence (CDS) and to determine the effect that elevated
levels of ascorbate have on salt stress tolerance and Fe bioavailability. We found that constitutive
overexpression of the OsGGP CDS in rice did not affect ascorbate concentrations in brown rice
(BR), but significantly increased ascorbate concentrations in germinated brown rice (GBR) and
tissues at the vegetative growth phase. At the reproductive growth phase, ascorbate concentrations
were significantly reduced in homozygous 35S-OsGGP plants and were associated with
significantly reduced transcript levels of the endogenous OsGGP gene. Automated imaging
revealed that the 35S-OsGGP plants did not display increased salt tolerance at the vegetative
growth phase, despite having elevated ascorbate concentrations. Finally, we found that ascorbate
concentrations were positively correlated with ferritin concentrations in Caco-2 cells—an accurate
predictor of Fe bioavailability in human digestion—exposed to in vitro digests of NS and 35S-

OsGGP BR and GBR samples.
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2.3. Results

2.3.1. Constitutive overexpression of the OsGGP CDS in rice increases ascorbate
concentrations in GBR and in the vegetative growth phase, but reduces levels of ascorbate

at the reproductive growth phase

Rice cv. Nipponbare transformants constitutively overexpressing the OsGGP CDS were generated
through Agrobacterium tumefaciens-mediated transformation of a T-DNA containing the OsGGP
CDS under transcriptional control of the dual CaMV 35S promoter (Figure 2.1a). A total of 27
independent, hemizygous 35S-OsGGP transformation events were regenerated from tissue culture
and ascorbate concentrations were measured in the Ti BR. Ascorbate concentrations were
negligible in both wild-type (WT) and 35S-OsGGP BR but significantly increased up to 5.0-fold
in 35S-OsGGP GBR relative to WT (Table S2.1). Two events (hereafter referred to as 35S-
OsGGP-1 and 35S-OsGGP-2) with increased ascorbate concentrations in T GBR and Mendelian
segregation ratios of 3:1 for presence/absence of the T-DNA in T, seedling were advanced and
homozygous and null segregant (NS) progeny were identified (Table S2.1). Ascorbate
concentrations were negligible in homozygous NS and 35S-OsGGP BR and did not differ
significantly (Figure 2.1b). Ascorbate concentrations were, however, significantly increased 8.7-
and 5.1-fold in homozygous 355-OsGGP-1 and 35S5-OsGGP-2 GBR relative to NS-1 and NS-2,
respectively (Figure 2.1b). At the vegetative growth phase, foliar ascorbate concentrations were
significantly increased 1.8-fold in both homozygous 35S-OsGGP-1 and 35S-OsGGP-2 plants
relative to NS-1 and NS-2, respectively (Figure 2.1c). Similarly, root ascorbate concentrations
were significantly increased 4.2- and 4.5-fold in homozygous 35S-OsGGP-1 and 35S-OsGGP-2
plants relative to NS-1 and NS-2, respectively (Figure 2.1d). In contrast to the vegetative growth
phase, ascorbate concentrations at the reproductive growth phase foliar were significantly reduced
2.0-fold in both homozygous 35S-OsGGP-1 and 35S-OsGGP-2 plants relative to NS-1 and NS-2,
respectively (Figure 2.1e and Figure S2.1). The reduction in ascorbate concentrations in 35S-
OsGGP plants relative to NS at the reproductive growth phase was only observed in homozygous
35S-OsGGP plants; hemizygous 35S-OsGGP plants had significantly increased ascorbate
concentrations relative to NS at the reproductive growth phase (Figure S2.2). Transcript levels of
the endogenous OsGGP gene were significantly reduced 2.0-fold in homozygous 35S-OsGGP-1

plants relative to NS-1 at the reproductive phase.
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Figure 2.1. Production and characterization of independent rice transformation
constitutively overexpressing the OsGGP CDS. (a) Schematic representation of the T-DNA used
for constitutive overexpression of the OsGGP CDS. RB, right border; 2 x 35S, dual CaMV 35S
promoter; OsGGP, OsGGP CDS; nos T, nopaline synthase terminator; 2 x 35S enhanced, dual
CaMV 35S promoter enhanced; hptll, hygromycin phosphotransferase II; pA, CaMV poly(A)
signal; LB, left border. (b) Ascorbate concentrations of Tz homozygous NS and 35S-OsGGP BR
and GBR. Bars represent mean + SEM of three independent replicates of approximately fifty grain.
(¢) Foliar and (d) root ascorbate concentrations of Tz homozygous NS and 35S-OsGGP plants at
the vegetative growth phase. (e) Foliar ascorbate concentrations of T> homozygous NS and 35S-
OsGGP plants at the reproductive growth phase. Bars represent mean + SEM of three biological
replicates. Asterisks indicate statistically significant differences between NS and 35S-OsGGP
plants (two-sample t-test; * p-value <0.05; *** p-value <0.001).
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Similarly, transcript levels of the endogenous OsGGP gene were reduced 2.4-fold in homozygous
35S-OsGGP-2 plants relative to NS-2 but did not differ significantly (Figure 2.2a). Even though
foliar ascorbate concentrations and endogenous OsGGP transcript levels were significantly
reduced, high transcript levels of the 355-OsGGP transgene were detected in the 35S-OsGGP
plants (Figure 2.2b). Transcript levels of the GDP-D-mannose-3',5"-epimerase 1 and 2 (OsGME1
and OsGME?2) genes, which encode the enzyme responsible for the fourth enzymatic step of the
L-galactose pathway, and the L-galactose-1-phosphate phosphatase (OsGPP) gene, which
encodes the sixth enzymatic step of the L-galactose pathway, did not differ significantly between

the NS and 35S-OsGGP plants (Figure 2.2c-e).

2.3.2. Constitutive overexpression of the OsGGP CDS in rice did not affect salt tolerance at

the vegetative growth phase in terms of shoot biomass accumulation

Shoot growth measurements of control and salt-stressed 35S-OsGGP plants during the vegetative
growth phase were carried out using automated imaging. Salt stress was applied in two steps to
the plants at days after planting (DAP) 20 and 23 and the plants were imaged daily from DAP 14
to 40 inclusive. Under control conditions, foliar ascorbate concentrations were significantly
increased 1.2-fold in 35S-OsGGP-1 plants relative to NS-1 at DAP 40, however foliar ascorbate
concentrations did not differ significantly between NS-2 and 35S-OsGGP-2 plants (Figure 2.3a).
Under salt conditions, foliar ascorbate concentrations were significantly increased 1.3-fold in both
35S8-OsGGP-1 and 35S-OsGGP-2 plants relative to NS-1 and NS-2, respectively, at DAP 40
(Figure 2.3b). From smoothed projected shoot area (sPSA) values—a strong predictor of shoot
biomass—the sPSA absolute growth rate (AGR) and sPSA relative growth rate (RGR) were
calculated at the following DAP intervals: 16-20, 20-24, 24-30, 30-35, and 35-40 (Figure 2.3c-f
and Figure S2.3). As expected, the sSPSA RGR declined more rapidly in salt-stressed plants than
control plants (Figure 2.3¢c-f). However, a similar trend in the SPSA RGR was observed for both
control and salt-stressed 35S-OsGGP-1 plants relative to NS-1, with the 35S-OsGGP-1 plants not
differing significantly relative to NS-1 at any of the calculated DAP intervals (Figure 2.3c,d).
Likewise, a similar trend in the sSPSA RGR was observed for both control and salt-stressed 35S-
OsGGP-2 plants relative to NS-2, with the 35S-OsGGP-2 plants having a significantly lower sSPSA
RGR at the DAP interval 30-35 relative to NS-2, but
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otherwise did not differ significantly for any of the other calculated DAP intervals (Figure 2.3e,f).

2.2.3. Ascorbate concentrations were positively correlated with ferritin concentrations in

Caco-2 cells exposed to in vitro digests of NS and 35S-OsGGP BR and GBR samples

The bioavailability of Fe in NS-1 and 35S-OsGGP-1 BR and GBR was determined using the
coupled in vitro digestion/Caco-2 cell culture assay. Ascorbate concentrations were negligible in
NS-1 and 35S-OsGGP-1 BR and did not differ significantly but were significantly increased 6.6-
fold in 35S5-OsGGP-1 GBR relative to NS-1 (Figure 2.4a). The concentrations of ascorbate in the
NS-1 and 35S5-OsGGP BR and GBR samples were strongly associated with transcript levels of the
endogenous OsGGP gene and 35S-OsGGP transgene (Figure S2.4). Phytate and Fe concentrations
did not differ significantly between NS-1 and 35S-OsGGP-1 BR or GBR (Figure 2.4b,c). The NS-
1 and 35S-OsGGP-1 BR had molar ratios of 1:31.5:0.0 and 1:38.0:0.0, respectively, of Fe to
phytate to ascorbate. The NS-1 and 35S-OsGGP-1 GBR had molar ratios of 1:25.3:0.4 and
1:30.3:2.5, respectively, of Fe to phytate to ascorbate. Ferritin concentrations of Caco-2 cells
exposed to in vitro digests of NS-1 and 35S-OsGGP-1 BR were similar and did not differ
significantly (Figure 2.4d). Ferritin concentrations of Caco-2 cells exposed to in vitro digests of
35S-OsGGP-1 GBR were increased 1.8-fold relative to NS-1 but did not differ significantly
(Figure 2.4d). Ascorbate concentrations were positively correlated with ferritin concentrations in
Caco-2 cells (= 0.620), whereas Fe and phytate concentrations were not (» = 0.210 and » = 0.042,
respectively) (Table 2.1).
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Table 2.1. Correlation analysis of ascorbate, phytate, and Fe concentrations in
T3 homozygous NS-1 and 35S-OsGGP-1 BR and GBR with ferritin
concentrations in Caco-2 cells exposed to in vitro digests of NS-1 and 35S-

OsGGP-1 BR and GBR samples.

Fe Phytate Ferritin

(ng/g) (g/100 g) (ng/mg protein)
Ascorbate (mg/100 g) 0.494 -0.320 0.620*
Fe (ng/g) -0.935%** 0.210
Phytate (g/100 g) 0.042

Values represent correlation coefficients of twelve replicates. Asterisks indicate significant correlations (Pearson

correlation method, * p-value <0.05; *** p-value <0.001).
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2.4. Discussion

Constitutive overexpression of the OsGGP CDS did not affect ascorbate concentrations in BR, a
result that is consistent with the reported decline of ascorbate to negligible levels during grain
maturation in cereals [54, 55]. Overcoming the decline in ascorbate concentrations during grain
maturation represents a significant challenge to ascorbate biofortification of cereal species such as
rice. Further understanding this decline in ascorbate concentrations in the maturing grains of
cereals may help identify strategies to reduce this decline, and therefore present avenues to
biofortify cereals with ascorbate, and ought to be the subject of future research. Alternatively,
future research in the field of ascorbate biofortification may benefit from focusing on crops that
contain meaningful concentrations of ascorbate at the time of harvest, such as fruits and vegetables.
Constitutive overexpression of the OsGGP CDS did, however, significantly increase ascorbate
concentrations in GBR [64]. To our knowledge, the 8.7-fold increase in ascorbate concentrations
in 35S-OsGGP-1 GBR, relative to NS-1, represents the largest fold increase in ascorbate reported
in any plant tissue to date. It is possible that GBR, an increasingly popular functional food [189,
190], could serve as an ascorbate biofortified cereal product, but further studies are required to
determine the effect of germination conditions, processing, and cooking on the final concentrations
of ascorbate. Constitutive overexpression of the OsGGP CDS also significantly increased
ascorbate concentrations in leaves and roots at the vegetative growth phase. The 1.8-fold change
in foliar ascorbate concentrations is similar to that reported in previous studies with increased
expression of the Arabidopsis AtGGP and kiwifruit (Actinidia chinensis L.) AcGGP gene in rice
[64, 187]. To our knowledge, the 4.5-fold increase in ascorbate concentrations in the 35S-OsGGP-
1 roots, relative to NS-1, represents the largest fold increase reported in plant roots to date and
indicates that GGP is likely also a significant rate-limiting enzymatic step toward ascorbate
biosynthesis in roots. Contrary to the results in GBR and tissues at the vegetative growth phase,
constitutive overexpression of the OsGGP CDS significantly reduced foliar ascorbate
concentrations at the reproductive growth phase. This reduction in ascorbate concentrations was
dependent on homozygosity of the 35S-OsGGP transgene and was associated with reduced
transcript levels of the endogenous OsGGP gene. These results suggest that post-transcriptional
silencing of the endogenous OsGGP gene and 35S-OsGGP transgene may be occurring in

response to elevated transcript levels of OsGGP in a homozygous-dependent manner [191].
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Detection of high transcript levels of the 35S-OsGGP transgene does not necessarily fit the
traditional model of post-transcriptional gene silencing, however similar observations were made
when the kiwifruit AcGGP gene was expressed in Arabidopsis, and was interpreted as incomplete
processing of the silenced gene transcripts thereby leaving mRNA template for detection by
quantitative reverse transcription-PCR [71]. The identification of OsGGP derived small interfering
RNAs, for example, may indicate the occurrence of gene silencing in the 35S-OsGGP plants and
warrants further investigation. Future efforts to increase ascorbate concentrations in plants could
avoid the use of transgene overexpression by utilizing genome editing tools such as the
CRISPR/Cas9 system to disrupt transcriptional or translational repressors of ascorbate
biosynthetic genes, such as the highly conserved cis-acting upstream open reading frame that

controls translation of the GGP gene [17, 153, 154, 163, 164, 192, 193].

We also examined whether the 35S-OsGGP plants displayed altered salt tolerance at the
vegetative growth phase using automated imaging. Previous studies have demonstrated that non-
destructive measurements such as sPSA is a strong predictor of shoot biomass, and that the sSPSA
RGR can be used effectively to screen for salt tolerance in rice [ 194-197]. However, a similar trend
in the sSPSA RGR was observed for both control and salt-stressed 35S-OsGGP plants relative to
NS at all calculated DAP intervals, suggesting that the elevated ascorbate concentrations from
constitutive overexpression of the OsGGP CDS in rice does not affect salt tolerance in terms of
shoot biomass accumulation during this early growth phase in response to a final concentration of
90 mM NacCl. This result is incongruent with many previous studies that have reported enhanced
salt tolerance in model and crop species with increased expression of ascorbate biosynthetic genes
[64, 68, 70, 80, 89-93, 99, 118, 187, 198]. Particularly, our results differ with a previous study that
found increased expression of the Arabidopsis AtGGP gene in rice to enhance seedling salt
tolerance in terms of biomass and RGRs [64]. Our results may be more consistent with a recent
study that reported that increased expression of the kiwifruit AcGGP gene in rice enhanced salt
tolerance in terms of visible symptoms and lipid peroxidation, but not shoot biomass [187].
Investigating oxidative stress markers such as lipid peroxidation in the salt-stressed 35S-OsGGP
plants may determine whether constitutive overexpression of the OsGGP CDS in rice ameliorates
salt-induced oxidative stress and will be the subject of future research. One limitation of this study
was the possibility that gene silencing was being induced in the 35S-OsGGP plants and could
therefore have confounded the interpretation of the results. Nevertheless, the 35S-OsGGP plants
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had a 1.3-fold increase in foliar ascorbate concentrations at DAP 40 under salt stress conditions

and thus an enhanced antioxidant capacity to combat any salt-induced oxidative stress.

The ascorbate-enriched 35S-OsGGP GBR that we generated in this study was used to test
whether engineering ascorbate-enriched crops could improve Fe bioavailability in human diets
utilizing the Caco-2 cell line model—an accurate predictor of human Fe absorption [199]. Previous
studies have reported that phytate significantly reduces Fe bioavailability, beginning at a 1:1 molar
ratio of Fe to phytate, with maximal inhibition occurring at a ratio around 1:10 [44, 184, 200].
Ferritin concentrations below or equivalent to the blank digest for the Caco-2 cells exposed to in
vitro digests of NS-1 and 355-OsGGP BR and GBR in this study can therefore likely be explained
by the high levels of phytate [44, 200]. Ferritin concentrations of Caco-2 cells exposed to in vitro
digests of the ascorbate-enriched 35S-OsGGP GBR were increased 1.8-fold relative to NS-1,
albeit non-significantly. This result indicates that the increased ascorbate levels in the 35S-OsGGP
GBR may have had a slightly promotive effect on Fe bioavailability, but an even greater increase
in ascorbate levels to counteract the high levels of phytate would likely be required to reveal a
significant effect. Ascorbate concentrations—but not Fe or phytate concentrations—positively
correlated with Caco-2 cell ferritin formation in our study. This is consistent with an in vitro
bioavailability study of Andean potato clones with varying Fe, ascorbate, and phenolic
concentrations, that reported that ascorbate concentrations were the strongest predictor of ferritin
formation [201]. One limitation of our study is that we did not investigate the concentrations of
phenolic compounds—that are known to inhibit Fe absorption—in the BR and GBR [44, 184,
200]. Total phenolic compounds have been reported to increase in germinating BR, and thus it is
possible that increased phenolic compounds may have reduced the promoting effects of ascorbate
on Fe bioavailability in the 35S-OsGGP GBR [202]. Taken together, our Caco-2 Fe bioavailability
results of the ascorbate-enriched 35S-OsGGP indicate that increasing ascorbate concentrations in
crops may be able to improve Fe bioavailability in human diets, but further in vivo assessments of

ascorbate-enriched crops on Fe bioavailability are needed to support this.
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2.5. Materials and Methods

2.5.1. Plant growth conditions

Oryza sativa cv. Nipponbare was used for all experiments. Rice grain were surface sterilized with
70% (v/v) ethanol (Chem-Supply, SA, Australia) for 1 min and 30% (v/v) bleach (White King,
NSW, Australia) with a few drops of Tween-20 (Sigma-Aldrich, MO, USA) for 30 min and washed
three times with sterile dH>O. Surface sterilized rice grain were germinated in a petri dish with
moist sterile filter paper (Whatman, UK) for 7 to 9 days prior to transplanting to 1 L pots filled
with potting mix in a glasshouse maintained at 26°C and 70% relative humidity at The University
of Melbourne (Melbourne, VIC, Australia). The potting mix was prepared by mixing one part
washed fine sand (Col Smith, VIC, Australia), one part propagating sand (Brunnings, VIC,
Australia), two parts premium vermiculate (Exfoliators, VIC, Australia), and one part General Mix
potting media (Australian Growing Solutions, VIC, Australia) fertilized with Osmocote Exact

Standard 8-9 M (ICL, NSW, Australia) at a rate of 6 g/L.
2.5.2. Vector construction and rice transformation

The OsGGP (LOC _0s12g08810) CDS was PCR-amplified from rice cv. Nipponbare cDNA and
recombined into the Gateway-compatible pMDC32 vector [203], which placed the OsGGP CDS
under transcriptional control of a dual CaMV 35S promoter and also contained the Aygromycin
phosphotransferase 11 (hptll) plant-selectable marker gene (Table S2.2). Agrobacterium-mediated

transformation of rice callus was carried out using established protocols [204].
2.5.3. Genotyping

Genomic DNA was extracted using the Extract-N-Amp™ Plant PCR Kit (Sigma-Aldrich)
according to manufacturer’s instructions. Presence of the 35S-OsGGP T-DNA was determined via
multiplex PCR amplification of hptll with OsACTI. The PCR amplification cycles consisted of 1
cycle = 1 min 95°C; 40 cycles = 20 s 95°C, 20 s 60°C, 90 s 72°C. The PCRs were performed in a
final volume of 20 uL for MyTag™ HS Red DNA Polymerase (Bioline, UK) according to

manufacturer’s instructions.
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2.5.4. Quantification of total ascorbate

Total ascorbate (ascorbate + dehydroascorbate) was extracted and measured as previously
described with modifications [205]. Briefly, total ascorbate was extracted from ground, lyophilized
tissue homogenised in extraction fluid containing 8% metaphosphoric acid, 2 mM EDTA, and 2
mM TCEP (Sigma-Aldrich) at 40°C for 2 h. The extract was centrifuged and 5 pL of supernatant
was injected onto a C18 3 um 33 x 7 mm Alltima Rocket column (Hichrom Limited, UK)
maintained at 40°C with a flow rate of 1 mL/min. The concentration was determined by reverse
phase chromatography on a Shimadzu Nexera UHPLC system (Shimadzu, Japan) with
simultaneous UV and MS detection. Mobile phase A consisted of MS grade water with 0.1%
formic acid (ThermoFisher Scientific, MA, USA). The elution procedure utilized a 1 min gradient
from 0% to 90% of mobile phase B: MS grade acetonitrile with 0.1% formic acid (ThermoFisher
Scientific). The UV absorption signal was acquired using a Shimadzu SPD-20A detector at 245
nm wavelength. The MS data was acquired on a Shimadzu LCMS-8050 triple quadrupole mass
spectrometer equipped with a DUIS source. The MS instrument was operated in Multiple Reaction
Monitoring mode monitoring ions in both positive (177>95, 177>85) and negative (175 >115,
175>71, 175>59) ionisation modes. The product ion 115 m/z was used as a quantifier. A calibration
curve in the range of 1.95 to 250 ppm of L-ascorbic acid analytical standard (Sigma-Aldrich) was

used to determine absolute concentration of analyte in the extracts.
2.5.5. Quantitative reverse transcription-PCR analysis

Total RNA from foliar tissue was isolated using the Direct-zol™ RNA MiniPrep Kit (Zymo
Research, CA, USA) according to manufacturer’s instructions. To isolate total RNA from BR and
GBR, sub-samples of snap-frozen BR and GBR were ground using a Tube Mill with a chilled 40
mL grinding chamber (IKA, Germany) and suspended in an extraction buffer containing 0.1M
glycine-NaOH (Chem-Supply), 100 mM NaCl (Chem-Supply), 10 mM EDTA (Chem-Supply),
2% SDS (Sigma-Aldrich), and 1% sodium lauryl-sarcosine (Sigma-Aldrich) at pH 9 for 7 min at
1,400 RPM [206]. The solution was then mixed with an equal volume of phenol to chloroform to
isoamyl alcohol at a ratio of 25:24:1 (Sigma-Aldrich) for 1 min at 1,400 RPM followed by
incubation on ice for 5 min. After centrifugation for 20 min at 4°C, total RNA was then purified
from the upper aqueous phase using the Direct-zol™ RNA MiniPrep Kit (Zymo Research)

according to manufacturer’s instructions. Quantification, DNase treatment, and reverse
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transcription of the RNA was performed using the QuantiFluor® RNA System (Promega, WI,
USA), RQ1 RNase-Free DNase (Promega), and the Tetro cDNA Synthesis Kit (Bioline),
respectively, according to manufacturer’s instructions. The quantitative reverse transcription-PCR
(qRT-PCR) primers were designed to amplify the OsGGP, 35S-OsGGP, OsGME1, OsGME?2, and
OsGPP genes using Primer 3 software [207, 208] (Table S2.2). Primer efficiency was >93% for
all primer pairs. The qRT-PCR analysis was carried out on a CFX Connect™ Real-Time System
(Bio-Rad, CA, USA) with Hard-Shell® 96-Well PCR Plates (Bio-Rad). The qRT-PCR
amplification cycles consisted of 1 cycle = 3 min 95°C; 40 cycles = 20 s 95°C, 20 s 60°C, 20 s
72°C and were followed by a melt curve from 65°C to 95°C in 0.5°C steps for 5 s/step. The qRT-
PCRs were performed in a final volume of 10 pL for KAPA SYBR® FAST (Kapa Biosystems,
MA, USA) according to manufacturer’s instructions, each with four technical replicates. The
absolute quantification of transcript copy number was determined using a 10-fold serial dilution
of 108-10? copies for each PCR product and a standard curve generated with the Bio-Rad CFX
Manager 3.1 software (Bio-Rad). The PCR products were purified and quantified with a DNA
Clean & Concentrator™-5 Kit (Zymo Research) and the QuantiFluor® ONE dsDNA System
(Promega), respectively, prior to serial dilution. The geometric mean expression of three optimal
housekeeping genes selected from OsGAPDH, OsELFI, OsACTI and OsUBQJ5 using the
NormFinder Excel add-in [209] was used to normalize the expression of the 35S-OsGGP, OsGGP,
OsGMEI, OsGME?2, and OsGPP genes.

2.5.6 Assessment of salt tolerance with automated imaging

Surface sterilized rice grain were germinated in plastic boxes on moist paper towels (January 9,
2019, denoted DAP 0). At DAP 6, three uniformly germinated grain per line were transplanted to
2.8 L pots filled with 2.6 kg of UC Davis Mix, placed into square containers for water to collect,
and grown on benches in the NW Smarthouse maintained at 26°C and 70% relative humidity at
The Plant Accelerator, Adelaide, Australia under manual watering (not to weight). At DAP 14,
plants were thinned to one seedling per pot and loaded onto the NW Smarthouse for automated
imaging. A split-unit design was used to randomize pots (i.e. line and treatment combinations) to
cart positions within the Smarthouse. The plants were automatically watered daily so that
approximately 500 mL of water was maintained in the soil. The salt plants were treated with saline

solution on DAP 20 and 23 (100 mL of 225mM NaCl) to reach a final concentration of 90 mM
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NaCl in the soil solution, while the control plants received equivalent water applications as
previously described [196]. Imaging was carried out daily from DAP 14 to 40 inclusive. From
these images the PSA of the plant, as viewed using an RGB camera, was obtained as previously
described [210]. For analysis purposes, PSA was defined as the sum of the areas as measured (in
kilopixels) from six side/oblique camera views plus twice the shoot area (top view). The data was
prepared for analysis using growthPheno [211], a package for the R statistical computing

environment [212].
2.5.7. Preparation of GBR

Following surface sterilization, BR samples were immediately snap-frozen in liquid nitrogen,
lyophilized, and ground using a Tube Mill with a 40 mL grinding chamber (IKA), whereas GBR
samples were imbibed in sterile dH>O for 12 h in the dark at 28°C, washed three times with sterile
dH»O, and spread in a petri dish with moist sterile filter paper (Whatman) for 72 h in the dark at
28°C. The GBR was then washed three times with sterile dH»O, snap-frozen in liquid nitrogen,
lyophilized, and ground using a Tube Mill with a 40 mL grinding chamber (IKA).

2.5.8. Quantification of Fe

Inductively coupled plasma optical emission spectrometry (ICP-OES) of the ground, lyophilized
BR and GBR samples was conducted at the Robert W. Holley Centre for Agriculture and Health
(USDA-ARS, Ithaca, NY) to determine Fe concentrations as previously described [213].

2.5.9. Quantification of phytate

Phytate concentrations of the ground, lyophilized BR and GBR samples were measured as the
proportion of phosphorus released by phytase and alkaline phosphatase using the Phytic
Acid/Total Phosphorus Assay Kit (Megazyme International, Ireland). Phosphorus concentrations

in free and total phosphorus solutions were determined by absorbance at 655 nm.
2.5.10 Caco-2 cell culture assessment of Fe bioavailability

Ground, lyophilized BR and GBR samples were digested for Caco-2 cell Fe bioavailability
analysis as previously described [199, 214, 215]. Briefly, the Caco-2 cells were maintained at 37°C

in supplemented Dulbecco’s modified Eagle medium (ThermoFisher Scientific) for 11 d post-
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seeding and replaced with supplemented minimum essential media (MEM) solution
(ThermoFisher Scientific) 48 h prior to the experiment day. On the experiment day, gastric-
digested samples were added to cylindrical Transwell inserts (Corning Life Sciences, NY, USA)
fitted with a Spectra/Por 2.1 15,000 Da molecular weight cut-off dialysis membrane (Spectrum
Medical, CA, USA). The inserts were placed within wells containing Caco-2 cell monolayers and
incubated for 2 h at 37°C, after which the inserts were removed, and additional MEM was added
to the cells before incubation for 22 h at 37°C. After incubation, the growth medium was removed
by aspiration and the Caco-2 cells were washed twice with a rinse solution containing 140 mmol/L
NaCl, 5 mmol/L KCI, and 10 mmol/L PIPES (Sigma-Aldrich) at pH 7 and harvested with the
addition of dH>O followed by brief sonication. From an aliquot of the Caco-2 cell solution, ferritin
and protein content was determined using a FER-IRON II Ferritin Assay (Ramco Laboratories,
TX, USA) and DC™ Protein Assay (Bio-Rad), respectively, according to manufacturer’s
instructions. As Caco-2 cells synthesize ferritin in response to intracellular Fe, the ratio of
ferritin/total protein (expressed as ng ferritin/mg protein) was used as an index of cellular Fe
uptake. A solution of 4 um Fe (High Purity Standards, SC, USA) and a solution of 4 pm Fe (High
Purity Standards) and 80 um ascorbic acid (Sigma-Aldrich) were used as positive controls to verify

the responsiveness of the Caco-2 cells to Fe uptake.
2.5.11. Statistical analysis

Statistically significant differences between the NS and 35S-OsGGP plants were detected with the
two-sample t-test using the 5% level of significance and calculated with Minitab 17.1.0

(http://www.minitab.com/en-us/). The significance of the correlations between ascorbate, phytate,

and Fe concentrations in NS and 35S-OsGGP BR and GBR with ferritin concentrations in Caco-
2 cells were examined with the Pearson correlation method at the 5% significance level using
Minitab 17.1.0. A mixed model analysis was performed on the data for each trait from the imaged
plants using the R packages ASReml-R [216] and asremlPlus [217]. Estimated means were
obtained from the analysis and the significances of their differences were investigated using the

Least Significant Difference at the 5% significance level.

60


http://www.minitab.com/en-us/

2.6. Supplementary Information

Table S2.1. Ascorbate concentrations of WT and T; 35S-OsGGP GBR and the number of
T1 35S-OsGGP seedlings with the 35S-OsGGP T-DNA present or absent.

Genotype Total ascorbate  No. of seedlings No. of seedlings Chi-square
(mg/100 g DW)? with T-DNA without T-DNA p-value®
WT 1.66 - - -
Event | 435 8 2 0.715
Event 2 2.88 10 2 0.505
Event 4 237 10 1 0.223
Event 5 2.94 11 1 0.182
Event 6 3.07 9 2 0.602
Event 7 5.64 10 2 0.505
Event 8 4.44 8 4 0.505
Event 10 3.82 11 1 0.182
Event 13 4.10 11 1 0.182
Event 16 231 11 1 0.182
Event 19 2.62 11 1 0.182
Event 20 (35S-0sGGP-2) ~ 5.19 8 2 0.715
Event 22 2.17 9 1 0273
Event 24 5.36 9 1 0273
Event 25 6.29 10 1 0.223
Event 26 5.18 8 2 0.715
Event 27 6.26 10 1 0.223
Event 30 1.84 10 1 0.223
Event 33 0.95 8 0 0.103
Event 41 226 11 1 0.182
Event 42 407 7 1 0.414
Event 43 3.15 8 3 0.862
Event 45 2.52 10 1 0.223
Event 46 6.11 12 0 0.046*
Event 49 422 10 2 0.505
Event 50 3.74 11 1 0.182
Event 51 (35S-OsGGP-1)  8.30 10 2 0.505

*Total ascorbate values represent one replicate of four to eleven grain. *Asterisks indicate statistically significant differences between
observed and expected segregation ratio of 3:1 for the presence to absence of the 35S-OsGGP T-DNA (chi-square test; * p-value
<0.05).
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Table S2.2. List of PCR and qRT-PCR primers used in this study. The table provides primer name, forward and reverse primer

sequences, PCR product length, and the application of the primers.

Primer name Forward primer sequence  Reverse primer sequence  Product Application

5'-3" (5'-3" length (bp)
OsGGP ATGGAGATGAAGCTGACCATCAAG CTGCCTCGTCCTTCAGTGA 1317 Cloning the OsGGP CDS
OsACTI TCAGCAACTGGGATGATATGGAG GCCGTTGTGGTGAATGAGTAAC 634 Detecting the 35S-OsGGP T-DNA
hptll CTTGTATGGAGCAGCAGACGC CTATTTCTTTGCCCTCGGACG 308 Detecting the 35S-OsGGP T-DNA
qRT-PCR-35S-OsGGP AGGAAGTCAGCGAAGACGAG AAGACCGGCAACAGGATTC 249 Transcript analysis of the 35S-OsGGP transgene
qRT-PCR-OsGGP AGATCTTCCTCTTCCCTCAGT CCGACAACCTGTTCTACCGT 368 Transcript analysis of the endogenous OsGGP gene
qRT-PCR-OsGME1! CGTATCAATGGTGTGAAGAGGTT GGCCAGGCATCAGATTCCTT 107 Transcript analysis of the OsGME] gene
qRT-PCR-OsGME?2 GATATGGGAGGGATGGGATT GCCAAGCATCTGACTCCTTC 196 Transcript analysis of the OsGME?2 gene
qRT-PCR-OsGPP TGCCTTCCTCAATGGTTCTC CACACATGTTCAAGGCCAAC 188 Transcript analysis of the OsGPP gene
qRT-PCR-OsGAPDH GGGCTGCTAGCTTCAACATC TTGATTGCAGCCTTGATCTG 190 qRT-PCR housekeeping gene

qRT-PCR-OsELF]
qRT-PCR-OsACTI
qRT-PCR-OsUBQS5

GAAAGCAGCAGAAGAACGGG
ATCACTGCCTTGGCTCCTAG
TACACCAAGCCCAAGAAGCAG

TCCTCAAGCTTTGCCATGTCT
TCGTACTCAGCCTTGGCAA
GTGAGGCCGCACTTACCG

126
140
191

qRT-PCR housekeeping gene
qRT-PCR housekeeping gene
qRT-PCR housekeeping gene
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Figure S2.1. Foliar ascorbate concentrations of T3 and T4 NS and 35S-OsGGP plants at the
reproductive growth phase. (a) Foliar ascorbate concentrations in Tz homozygous 35S-OsGGP-1
plants at the reproductive growth phase. Bars represent mean + SEM of three biological replicates.
(b) Foliar ascorbate concentrations of T4 homozygous NS-1 and 35S-OsGGP-1 and T3 NS-2 and
35S-OsGGP-2 plants at the reproductive growth phase. Bars represent mean = SEM of five to six
biological replicates. Asterisks indicate statistically significant differences between NS and 35S-
OsGGP plants (two-sample t-test; * p-value <0.05; *** p-value <0.001).
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Figure S2.2. Foliar ascorbate concentrations in T; hemizygous and homozygous NS and 35S-
OsGGP plants at the reproductive growth phase. Bars represent mean £ SEM of one to seven
biological replicates. Asterisks indicate statistically significant differences between NS and 35S-
OsGGP plants (two-sample t-test; ** p-value <0.01; *** p-value <0.001).
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Figure S2.3. The sPSA and sPSA AGR of control and salt-stressed NS and 35S-OsGGP plants during the vegetative growth phase. The
sPSA of (a) control and (b) salt-stressed T4 homozygous NS-1 and 35S-OsGGP-1 plants and of (¢) control and (d) salt-stressed T3
homozygous NS-2 and 35S-OsGGP-2 plants. The sSPSA AGR of (e) control and (f) salt-stressed T4 homozygous NS-1 and 35S-OsGGP-
1 plants and of (g) control and (h) salt-stressed T3 homozygous NS-2 and 35S-OsGGP-2 plants. Salt was applied at DAP 20 and 23.
Values represent mean + half least significant pairwise (5%) difference of six biological replicates. Non-overlapping error bars indicate
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Figure S2.4. Transcript analysis of the endogenous OsGGP gene and 35S-OsGGP transgene
in NS and 35S-OsGGP BR and GBR. Transcript levels of the (a) endogenous OsGGP gene
and (b) 35S-OsGGP transgene in Tz homozygous NS-1 and 35S-OsGGP-1 BR and GBR. Bars
represent mean = SEM of three independent replicates of subsampled grain, each with four
technical replicates. No statistically significant differences were detected between NS and 35S-
OsGGP plants (two-sample t-test).
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Chapter 3.

Production and Characterization of Rice
with CRISPR/Cas9-Induced Mutations in
the OsGGP uORF
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3.1. Introduction

Ascorbate, also known as vitamin C, is a vital multifunctional compound for both plants and
mammals [5]. In plants, ascorbate has a well-established role in stress tolerance and
photosynthetic functions. This is in large part due to ascorbate’s ability to mitigate the
damaging effects of reactive oxygen species (ROS) produced during normal or stressed cellular
metabolism as a ROS scavenger or through the ascorbate-glutathione cycle [21]. Recently,
ascorbate has also been reported to play a role in the reduction and transport of iron (Fe) into
developing seeds [7, 218]. Therefore, developing strategies to increase ascorbate
concentrations in crops could not only improve stress tolerance and photosynthetic
performance, but also increase the density of Fe in seeds. In humans, ascorbate is an essential
micronutrient well-known for its role in collagen formation and the prevention of the disease
scurvy, but it also plays many other important roles in human physiology, such as promoting
the dietary uptake of Fe in the gut [46] and epigenetic programming [42]. Ascorbate has many
further beneficial effects on human health and is associated with reduced risk of infection,
cardiovascular disease, stroke, diabetic complications, and cancer [40]. Developing strategies
to increase ascorbate concentrations in crops could therefore also improve the dietary intake of

this essential micronutrient in humans.

Several pathways towards ascorbate biosynthesis have been proposed in plants, but
substantial genetic evidence now supports the L-galactose pathway as the dominant ascorbate
biosynthetic pathway in plants [12-16]. The GDP-L-galactose phosphorylase (GGP or
VTC2/5) gene—which encodes the enzyme responsible for the fifth enzymatic step of the L-
galactose pathway, catalysing the conversion of GDP-L-galactose to L-galactosel-P—has
emerged as the most promising candidate for increasing ascorbate concentrations in crops.
Relative to other ascorbate biosynthetic genes, increased expression of the GGP gene
consistently leads to the greatest fold increases in ascorbate concentrations in a wide range of
model and crop species [62, 64, 67, 71, 73, 74, 187]. Moreover, as the first committed step
toward ascorbate biosynthesis in the L-galactose pathway, the catalysis of GDP-L-galactose to
L-galactosel-P by GGP is the most strongly regulated step in the L-galactose pathway, with
the production of GGP being post-transcriptionally regulated through a highly conserved cis-
acting upstream open reading frame (UORF) in the GGP mRNA, in addition to transcriptional
regulation [17, 163].
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The regulation of translation by uORFs—a class of small ORFs found in the 5’ leader
sequence upstream of the major ORF (mORF) of mRNAs—is a dynamic regulatory
mechanism for the control of protein translation [219]. Generally, uORFs repress translation of
the mORF by allowing fewer ribosomes to reach the mORF, for example by causing ribosome
stalling in response to metabolite levels [220]. The metabolic control of translation by uORFs
in plants has been reported for several metabolites in addition to ascorbate, including

polyamines [221-230], sucrose [231-235], phosphocholine [236, 237], and galactinol [238].

The highly conserved GGP uORF is predicted to initiate from a non-canonical ATC or
ACG start codon in the long 5’ leading sequence of the GGP mRNA and encode a peptide of
approximately 60 to 65-residues in length [163]. It has been proposed that under high ascorbate
concentrations, the ribosome initiates at the GGP uORF and translation of the GGP uORF
peptide stalls the ribosome, thereby preventing translation of the GGP mORF. Whereas under
low ascorbate concentrations either the ribosome does not initiate at the GGP uORF, thereby
skipping it, or the translation of the GGP uORF peptide does not cause the ribosome to stall,
thereby allowing the GGP mORF to be translated. However, the mechanism of how ascorbate
influences ribosomal initiation or ribosomal stalling of the GGP uORF has yet to be determined
[163]. Disruption of the GGP uORF was reported to stop the ascorbate-mediated regulation of
translation and increase foliar ascorbate concentrations when a GGP promoter-uORF-GGP
construct was transiently transformed in Nicotiana benthamiana [163]. Recently, two studies
reported that disrupting the GGP uORF with the CRISPR/Cas9 genome editing system
increased ascorbate concentrations 1.7-fold in Arabidopsis thaliana [153], 1.4- to 2.6-fold in
in lettuce (Lactuca sativa L.) [153], and 1.4-fold in tomato (Solanum lycospersicum L.) [154].
Furthermore, the increased ascorbate concentrations in lettuce were associated with enhanced

tolerance to methyl viologen-induced oxidative stress [153].

The editing of uORFs with the CRISPR/Cas9 genome editing system is emerging as a
promising transgene-free strategy to fine tune gene translation for the improvement of crop
traits [239]. The editing of uORFs offers many advantages over transgenic plants, for example
by avoiding the occurrence of transgene silencing and the random insertion of T-DNAs [239].
Moreover, since transgenic plants require the introduction of foreign DNA they are considered
a biosecurity risk and are thus subject to regulatory oversight [239]. Transgenic plants have
also suffered from poor public acceptance due to the perceived risks of genetically modified
organisms and values held by consumers [240]. Since plants with genome edited-induced

indels (small insertions and deletions) due to errors in non-homologous end joining do not rely
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on the presence of foreign DNA, they are more likely to be accepted by the public and subject

to less regulatory oversight.

Chapter 2 described the production and characterization of rice (Oryza sativa L.) plants
with constitutive overexpression of the OsGGP coding sequence. Characterization of
homozygous 35S5-OsGGP plants revealed that foliar ascorbate concentrations were reduced at
the reproductive growth phase and was associated with reduced transcript levels of the
endogenous OsGGP gene, suggesting the occurrence of gene silencing. This chapter therefore
aimed to produce transgene-free, ascorbate-enriched rice plants with CRISPR/Cas9-induced
mutations in the OsGGP uORF. The specific objectives of this chapter were to: (i) investigate
the effect that CRISPR/Cas9-induced mutations in the OsGGP uORF have on ascorbate
concentrations and OsGGP transcript levels, and (i1) investigate the effects that increased
ascorbate concentrations in rice have on plant growth and development, agro-morphological

performance, salt tolerance, and grain Fe levels.
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3.2. Methods

3.2.1. Plant growth conditions

Oryza sativa cv. Nipponbare was used for all experiments. Rice grain were surface sterilized
with 70% (v/v) ethanol (Chem-Supply, SA, Australia) for 1 min and 30% (v/v) bleach (White
King, NSW, Australia) with a few drops of Tween-20 (Sigma-Aldrich, MO, USA) for 30 min
and washed three times with sterile dH>O. Surface sterilized rice grain were germinated in a
petri dish with moist sterile filter paper (Whatman, UK) for 7 to 9 days prior to transplanting
to 1 L pots filled with potting mix in a glasshouse maintained at 26°C and 70% relative
humidity at The University of Melbourne (Melbourne, VIC, Australia). The potting mix was
prepared by mixing one part washed fine sand (Col Smith, VIC, Australia), one part
propagating sand (Brunnings, VIC, Australia), two parts premium vermiculate (Exfoliators,
VIC, Australia), and one part General Mix potting media (Australian Growing Solutions, VIC,
Australia) fertilized with Osmocote Exact Standard 8-9 M (ICL, NSW, Australia) at a rate of
6 g/L.

3.2.2. Vector construction

Two CRISPR/Cas9 vectors, p35S-Cas9 and pUbi-Cas9, containing the human codon optimised
Streptococcus pyogenes Cas9 (hSpCas9) gene under the transcriptional control of the dual
CaMV 35S promoter and the maize ubiquitin (Ubi) promoter, respectively, a single guide RNA
(sgRNA) targeting the most conserved region of the OsGGP uORF under the transcriptional
control of the rice OsU3 promoter, and the hygromycin phosphotransferase Il (hptll) plant-
selectable marker gene were assembled as previously described [241]. The sgRNAs were
inserted downstream of the OsU3 promoter using the tRNA-gRNA system and Bsal cloning
strategy as previously described [242]. The p35S-Cas9 sgRNA was assembled in two
fragments with primers S1 (5’-GGTCTCATGGCAACAAAGCACCAGTGGTCTAG-3’) and
AS1 (5-TAGGTCTCAGGCTGGGCTGGATGCACCAGCCGGGAATC-3’) and S2 (5°-
TAGGTCTCCAGCCCCGCACGGGTTTTAGAGCTAGAAATAG-3’) and AS2 (5°-
TAGGCATGACTATGGTCTCTGTAGTAAAAAAAAAAGCACCGACTCGGTGCCAC-

3’), respectively. Similarly, the pUbi-Cas9 sgRNA was assembled in two fragments with
primers S3 (5’-GGTCTCATGGCAACAAAGCACCAGTGGTCTAG-3’) and AS3 (5°’-
TAGGTCTCAGAAGAGGAGGTCTGCACCAGCCGGGAATC-3") and S4 (5°-
TAGGTCTCCCTTCCTCGCCGGGTTTTAGAGCTAGAAATAG-3’) and AS4 (5-
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TAGGCATGACTATGGTCTCTGTAGTAAAAAAAAAAGCACCGACTCGGTGCCAC-
3’), respectively. The resulting vectors were named p35S-Cas9-uORF and pUbi-Cas9-uORF,
respectively, and were mobilised into Agrobacterium tumefaciens (strain AGL1) by

electroporation prior to rice transformation.
3.2.3. Rice transformation

Transformation of rice callus was performed using established protocols [204]. Briefly, seed
callus was induced on NB medium for 4 weeks (28°C, dark) followed by multiplication of
embryonic units on fresh NB medium for a further 10-14 d (28°C, dark). Calli were then co-
cultured with 4. tumefaciens and placed on R2-CS medium for 3 d (25°C, dark). Transformed
calli were then selected on R2-S medium for 14 d (28°C, dark), proliferated on NBS medium
for 2-3 weeks (28°C, dark), and matured on PR-AG medium for 7-10 d (28°C, dark) prior to
regeneration on RN medium for 2 d (28°C, dark) and then a further 4-6 weeks (28°C, 12 h
light/12 h dark). Plantlets were then rooted on P medium for 3-4 weeks (28°C, 12 h light/12 h
dark) prior to greenhouse acclimation in Jiffy peat pellets for 15 d, followed by transfer to soil

pots.
3.2.4. Genotyping and sequencing

All primers used in this chapter were designed using Primer 3 software [207, 208]. Genomic
DNA extractions were carried out using an Extract-N-Amp™ Plant PCR Kit (Sigma-Aldrich)
according to manufacturer’s direction. The PCR-amplification of target DNA was carried out
in a final volume of 20 pL using MyTaq™ HS Red DNA Polymerase (Bioline, UK) according
to manufacturer’s instructions. The PCR amplification cycles consisted of 1 cycle = 1 min
95°C; 35 cycles = 20 s 95°C, 20 s 60°C, 30 to 90 s (depending on PCR product length) 72°C.
Sanger sequencing was carried out by the Australian Genome Research Facility Ltd
(http://www.agrf.org.au/). The primers used to multiplex-PCR hptll with OsACT] to detect the
CRISRP/Cas9 T-DNAs, to sequence the OsGGP uORF, and detect the uorfoscer-1, uorfoscer-

2, and uorfoscep-3 mutations are listed in Table 3.1.
3.2.5. Quantification of total ascorbate

Total ascorbate (ascorbate + dehydroascorbate) was extracted and measured as previously
described with modifications [205]. Briefly, total ascorbate was extracted from ground,
lyophilized tissue homogenised in extraction fluid containing 8% metaphosphoric acid, 2 mM

EDTA, and 2 mM TCEP (Sigma-Aldrich) at 40°C for 2 h. The extract was centrifuged and 5
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Table 3.1. List of PCR and qRT-PCR primers used in this chapter. The table provides primer name, forward and reverse

primer sequences, PCR product length, and the application of the primers.

Primer Name Forward primer Reverse primer Product Application

sequence (5' - 3') sequence (5' - 3') length (bp)
OsACTI TCAGCAACTGGGATGATATGGAG GCCGTTGTGGTGAATGAGTAAC 634 Detecting the CRISPR/Cas9 T-DNA
hptll CTTGTATGGAGCAGCAGACGC CTATTTCTTTGCCCTCGGACG 308 Detecting the CRISPR/Cas9 T-DNA
uorfosger GCCGACTGAGAAGAGGAAGAG GAAGACGGCTTTTTCGGACT 1,127 Sequencing the OsGGP uORF
uorfosger-1 TGACCTCCTCTTCCTCGCA TTCGGAATCCAAGGTGTAATAATAAGA 356 Detecting the uorfossp-1 mutation
uorfoscer-2 CCCTCTGACCTCCTCTTCCTC GATTTCGGAATCCAAGGTGTAATAAT 363 Detecting the uorfosger-2 mutation
uorfoscer-3 AAAGACGGCTAGCGTTGAAG GATTGGATGTTAGAGAAGGTGGAT 228 Detecting the uorfosger-3 mutation
qRT-PCR-OsGGP AGATCTTCCTCTTCCCTCAGT CCGACAACCTGTTCTACCGT 368 Transcript analysis of the OsGGP gene
qRT-PCR-OsGME! CGTATCAATGGTGTGAAGAGGTT GGCCAGGCATCAGATTCCTT 107 Transcript analysis of the OsGMEI gene
qRT-PCR-OsGME?2 GATATGGGAGGGATGGGATT GCCAAGCATCTGACTCCTTC 196 Transcript analysis of the OsGME?2 gene
qRT-PCR-OsGPP TGCCTTCCTCAATGGTTCTC CACACATGTTCAAGGCCAAC 188 Transcript analysis of the OsGPP gene
qRT-PCR-OsGAPDH GGGCTGCTAGCTTCAACATC TTGATTGCAGCCTTGATCTG 190 qRT-PCR housekeeping gene
qRT-PCR-OsELF1 GAAAGCAGCAGAAGAACGGG TCCTCAAGCTTTGCCATGTCT 126 qRT-PCR housekeeping gene
qRT-PCR-OsACT! ATCACTGCCTTGGCTCCTAG TCGTACTCAGCCTTGGCAA 140 qRT-PCR housekeeping gene
qRT-PCR-OsUBQ5 TACACCAAGCCCAAGAAGCAG GTGAGGCCGCACTTACCG 191 qRT-PCR housekeeping gene
OT-1 TGTGGAGGTGATTGTGGAGA ATCCGAGAACAGTCCGAAGA 602 Sequencing the OT-1 site
OT-2 TGAAGCGAGTTGAACGAGTG ATTGTGAGGAAGGGGATCG 509 Sequencing the OT-2 site
OT-3 TCCTTCACTGCATCAGCAAC GCAAAACGCAAAACAAGCTC 455 Sequencing the OT-3 site
OT-4 GCCACCTCTCTCAGTGCTTC CTCCTCCAACTCCAATCCAA 785 Sequencing the OT-4 site
OT-5 TGTGCTTGCCTCAATGTTGT AAGCAGATCGACAGTGTACCG 528 Sequencing the OT-5 site
OT-6 GAGGGGTGAGGAAGAGGAAG CAGACAGATGGGTCCCAGAG 532 Sequencing the OT-6 site
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uL of supernatant was injected onto a C18 3 um 33 x 7 mm Alltima Rocket column (Hichrom
Limited, UK) maintained at 40°C with a flow rate of 1 mL/min. The concentration was
determined by reverse phase chromatography on a Shimadzu Nexera UHPLC system
(Shimadzu, Japan) with simultaneous UV and MS detection. Mobile phase A consisted of MS
grade water with 0.1% formic acid (ThermoFisher Scientific, MA, USA). The elution
procedure utilized a 1 min gradient from 0% to 90% of mobile phase B: MS grade acetonitrile
with 0.1% formic acid (ThermoFisher Scientific). The UV absorption signal was acquired
using a Shimadzu SPD-20A detector at 245 nm wavelength. The MS data was acquired on a
Shimadzu LCMS-8050 triple quadrupole mass spectrometer equipped with a DUIS source. The
MS instrument was operated in Multiple Reaction Monitoring mode monitoring ions in both
positive (177>95, 177>85) and negative (175 >115, 175>71, 175>59) ionisation modes. The
product ion 115 m/z was used as a quantifier. A calibration curve in the range of 1.95 to 250
ppm of L-ascorbic acid analytical standard (Sigma-Aldrich) was used to determine absolute

concentration of analyte in the extracts.
3.2.6. Preparation of germinated brown rice

Following surface sterilization, brown rice was washed three times with sterile dH,O and
spread in a petri dish with moist sterile filter paper (Whatman) for 24, 48, and 72 h in the dark
at 28°C. The germinated brown rice was then snap-frozen in liquid nitrogen, lyophilized, and
ground using a Tube Mill with a 40 mL grinding chamber (IKA, Germany) prior to ascorbate

measurement.
3.2.7. Quantitative reverse transcription-PCR analysis

Total RNA was purified from leaf tissue using the Direct-zol™ RNA MiniPrep Kit (Zymo
Research, CA, USA) according to manufacturer’s instructions. Quantification, DNase
treatment, and reverse transcription of the RNA was performed using the QuantiFluor® RNA
System (Promega, WI, USA), RQ1 RNase-Free DNase (Promega), and the Tetro cDNA
Synthesis Kit (Bioline), respectively, according to manufacturer’s instructions. The primers
used for the quantitative reverse transcription-PCR (qRT-PCR) analysis of the OsGGP,
OsGMEI, OsGME2, and OsGPP transcripts are listed in Table 3.1. Primer efficiency was
>93% for all primer pairs. The qRT-PCR analysis was carried out on a CFX Connect™ Real-
Time System (Bio-Rad, CA, USA) with Hard-Shell® 96-Well PCR Plates (Bio-Rad). The qRT-
PCR amplification cycles consisted of 1 cycle = 3 min 95°C; 40 cycles = 20 s 95°C, 20 s 60°C,
20 s 72°C and were followed by a melt curve from 65°C to 95°C in 0.5°C steps for 5 s/step.
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The qRT-PCRs were performed in a final volume of 10 pL for KAPA SYBR® FAST (Kapa
Biosystems, MA, USA) according to manufacturer’s instructions, each with three technical
replicates. Absolute quantification of transcript copy number was determined using a 10-fold
serial dilution of 108-10? copies for each PCR product and a standard curve generated with the
Bio-Rad CFX Manager 3.1 software (Bio-Rad). The PCR products were purified and
quantified with a DNA Clean & Concentrator™-5 Kit (Zymo Research) and the QuantiFluor®
ONE dsDNA System (Promega), respectively, prior to serial dilution. The geometric mean of
the transcript levels of three optimal housekeeping genes selected from OsGAPDH, OsELF I,
OsACTI, and OsUBQS5 using the NormFinder Excel add-in [209] was used to normalize the
transcript levels of the OsGGP, OsGME1, OsGME?2, and OsGPP genes.

3.2.8. Assessment of salt tolerance and plant growth and development with automated

imaging

Surface sterilized rice grain were germinated in plastic boxes on moist paper towels (January
9, 2019, denoted DAP 0). At DAP 6, three uniformly germinated grain per line were
transplanted to 2.8 L pots filled with 2.6 kg of UC Davis Mix, placed into square containers
for water to collect, and grown on benches in the NW Smarthouse maintained at 26°C and 70%
relative humidity at The Plant Accelerator, Adelaide, Australia under manual watering (not to
weight). At DAP 14, plants were thinned to one seedling per pot and loaded onto the NW
Smarthouse for automated imaging. A split-unit design was used to randomize pots (i.e. line
and treatment combinations) to cart positions within the Smarthouse. The plants were
automatically watered daily so that approximately 500 mL of water was maintained in the soil.
The salt plants were treated with saline solution on DAP 20 and 23 (100 mL of 225mM NaCl)
to reach a final concentration of 90 mM NaCl in the soil solution, while the control plants
received equivalent water applications as previously described [196]. Imaging was carried out
daily from DAP 14 to 40 inclusive. From these images the PSA of the plant, as viewed using
an RGB camera, was obtained as previously described [210]. For analysis purposes, PSA was
defined as the sum of the areas as measured (in kilopixels) from six side/oblique camera views
plus twice the shoot area (top view). For the assessment of plant growth and development over
the course of a full lifecycle, imaging commenced at DAP 14 and was carried out
approximately weekly (DAP 14 to 128 inclusive). During the first half of the experiment (DAP
14 to 65), the plants were loaded on the NW Smarthouse and automatically watered-to-weight
daily. A split-unit design was used to randomize pots (i.e. line and treatment combinations) to

cart positions within the Smarthouse. Thereafter, the plants were grown on benches in a
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conventional greenhouse, also maintained at 26°C and 70% relative humidity, under manual
watering (not to weight) and manual imaging (conducted weekly in the NW Smarthouse). From
these images the PSA of the plant, as viewed using an RGB camera, was obtained as previously
described [210]. For analysis purposes, PSA was defined as the sum of the areas as measured
(in kilopixels) from two side views and the top view. The data was prepared for analysis using

growthPheno [211], a package for the R statistical computing environment [212].
3.2.9. Elemental analysis of brown rice

Brown rice was washed three times in a 0.1% Tween 20 (Sigma-Aldrich) solution, rinsed with
dH:0, and oven dried for 48 h at 60°C prior to grinding with a Tube Mill with a 40 mL grinding
chamber (IKA). Inductively coupled plasma optical emission spectrometry (ICP-OES) of the
ground brown rice samples was carried out by the Melbourne Trace Analysis for Chemical,
Earth and Environmental Sciences Platform at The University of Melbourne

(https://chemicalanalysis.unimelb.edu.au/).
3.2.10. Analysis of potential off-target edits

Potential off-target sites of the pUbi-Cas9-uORF sgRNA were predicted using Cas-OFFinder

(http://www.rgenome.net/cas-offinder/) with the following parameters: mismatch number <

than 2, DNA bulge size < 0, and RNA bulge size < 0. Three T> homozygous, transgene-free
WT, uorfoscer-1, uorfoscor-2, and uorfoscgr-3 plants were used as representatives for the
analysis. Genomic DNA was extracted and target DNA amplified with the primers listed in

Table 3.1 prior to Sanger sequencing.
3.2.11. Statistical analysis

Statistically significant differences between the WT and uorfoscep plants were detected with
the two-sample t-test using the 5% level of significance and calculated with Minitab 17.1.0

(http://www.minitab.com/en-us/). Arcsine and log transformations were performed on

percentage and ratio values, respectively, prior to detecting statistically significant differences.
A mixed model analysis was performed on the data for each trait from the imaged plants using
the R packages ASReml-R [216] and asremIPlus [217]. Estimated means were obtained from
the analysis and the significances of their differences were investigated using the Least

Significant Difference at the 5% significance level.
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3.3. Results

3.3.1. Production of rice with CRISPR/Cas9-induced mutations in the OsGGP uORF

Two CRISPR/Cas9 vectors, p35S-Cas9-uORF and pUbi-Cas9-uORF, were transformed into
rice cv. Nipponbare via A. tumefaciens (Figure 3.1). A total of 168 independent p35S-Cas9-
uOREF transformation events were recovered from tissue culture. From each independent p35S-
Cas9-uORF transformation event, DNA was extracted from shoots regenerating from
hygromycin-resistant callus and the presence of the p35S-Cas9-uORF T-DNA was confirmed
by multiplex-PCR of the Aptll and OsACT1 genes. The presence of CRISPR/Cas9-induced
mutations in the OsGGP uORF were screened via Sanger sequencing for all 168 independent
p35S-Cas9-uORF transformation events, but no mutations were detected (0% mutation
frequency). The 168 independent p35S-Cas9-uORF transformation events were destroyed and
not studied further in this chapter. Next, a total of 456 independent pUbi-Cas9-uORF
transformation events were recovered from tissue culture. From each independent pUbi-Cas9-
uORF transformation event, DNA was again extracted from shoots regenerating from
hygromycin-resistant callus and the presence of the pUbi-Cas9-uORF T-DNA was confirmed
by multiplex-PCR of the Aptll and OsACT1 genes. The presence of CRISPR/Cas9-induced
mutations in the OsGGP uORF were screened via Sanger sequencing for all 456 independent
pUbi-Cas9-uORF transformation events and two plants with mutations in the OsGGP uORF
were detected (1.63% mutation frequency). Approximately five weeks later when the pUbi-
Cas9-uORF transformation events were transferred to Jiffy peat pellets for greenhouse
acclimation, DNA was once again extracted from shoots from a subsample of 49 independent
pUbi-Cas9-uORF transformation events and the presence of CRISPR/Cas9-induced mutations
in the OsGGP uORF screened via Sanger sequencing. This time, an additional 29 plants with
mutations in the OsGGP uORF were detected (59.18% mutation frequency). A summary of
the mutation types and frequencies detected in the OsGGP uORF in the 31 plants are

summarized in Figure 3.2.
3.3.2. Isolation of homozygous, transgene-free uorfosccp mutants

Three independent To uorfoscep mutants recovered from CRISPR/Cas9-targeted mutagenesis
with the pUbi-Cas9-uORF were pursued for further analysis in this chapter: one that was bi-
allelic for a single adenine insertion and a single thymine insertion, one that was bi-allelic for

a single thymine insertion and a 5-bp deletion, and one that was heterozygous for a 63-bp
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ATCACGGCTAGCGTTGAAGCGGTCGGGCGCGGCCACGCAGCTGCGCCGCCCACGCCCAGTGGGGGAGCCATCGCTTCTCCGGCGACGGCGTCC

100 110 120 130 140 150 160 170 180 186
AGCCCAGCCCCGCACGGCGGCCGCGGGGCGCTTCCCTCGGCCGGCGGCAGCCCCTCTGACCTCCTCTTCCTCGCCGGCGGCGGTCGCCTCTGA
p35S-Cas9-uORF pUbi-Cas9-uORF

Figure 3.1. CRISPR/Cas9-targeted mutagenesis of the OsGGP uORF. Schematic
representation of the (a) p35S-Cas9-uORF and (b) pUbi-Cas9-uORF T-DNA. LB, left border;
pA, CaMV poly(A) signal; hptll, hygromycin phosphotransferase II;, 35S, CaMV 35S
promoter; OsU3, rice U3 promoter; tRNA, transfer RNA; sgRNA, single guide RNA; 2 x 358,
dual CaMV 35S promoter; Ubi, maize ubiquitin promoter; ASpCas9, human codon optimized
Streptococcus pyogenes Cas9; nos, nopaline synthase terminator; RB, right border. (c)
Nucleotide sequence of the OsGGP uORF. The sgRNA target sites are underlined and the
protospacer-adjacent motifs are shown in bold.
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Figure 3.2. CRISPR/Cas9-induced mutation types and frequencies in the 31 plants with
mutations detected in the OsGGP uORF transformed with the pUbi-Cas9-uORF T-DNA. (a)
Mutation type frequency, (b) mutation frequency, (¢) base insertion frequency in 1-bp insertion
mutants, and (d) zygosity frequency.
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deletion (Figure 3.3). From these three parental To mutants, three independent homozygous,
transgene-free uorfoscgp mutants were subsequently isolated through PCR-based genotyping:
one with a single adenine insertion (uorfoscGp-1), one with a 5-bp deletion (uorfosGr-2), and
one with a 63-bp deletion (uorfoscor-3) (Figure 3.4a). Consequently, at the peptide level, the
uorfoscgp-1 mutation disrupts the reading frame replacing the final 5 residues and introduces a
delayed stop codon extending the peptide from 61 to 72 residues in length (Figure 3.4b). The
uorfoscep-2 mutation deletes two residues and disrupts the reading frame replacing the final 5
residues and introduces a delayed stop codon extending the peptide from 61 to 70 residues in
length (Figure 3.4b). The uorfoscop-3 mutation deletes 21 residues whilst maintaining the
reading frame reducing the peptide from 61 to 40 residues in length (Figure 3.4b). An
independent plant recovered from CRISPR/Cas9-targeted mutagenesis with the pUbi-Cas9-
uORF with no mutations detected in the OsGGP uORF was used as a wild-type (WT) control
in this chapter. The uorfoscgp-1 mutant and WT control were studied in further detail in this

chapter as they were the most advanced lines.
3.3.3. Ascorbate concentrations of the uorfoscep mutants

Foliar ascorbate concentrations were significantly increased 1.2- and 1.3-fold in the T»
homozygous, transgene-free uorfoscep-2 and uorfosgop-3 mutants, respectively, relative to WT
(Figure 3.5a). Similarly, foliar ascorbate concentrations were increased 1.2-fold in the T
homozygous, transgene-free uorfoscgp-1 mutant relative to WT but did not differ significantly
(Figure 3.5a). Foliar ascorbate concentrations were also increased 1.2- to 1.7-fold in a range of
T heterozygous, homozygous, and bi-allelic, transgene-free uorfoscor-2 and uorfoscer-3
mutants relative to WT (Figure 3.5b). Ascorbate concentrations were negligible in both T3
homozygous, transgene-free WT and uorfoscGr-1 brown rice and did not differ significantly
(Figure 3.5¢). Ascorbate concentrations were significantly decreased 1.4-fold in uorfoscer-1
brown rice germinated for 24 h relative to WT, but otherwise did not differ significantly in

brown rice germinated for 48 and 72 h.
3.3.4. Transcript analysis of the uorfoscep mutants

Transcript levels of the OsGGP gene did not differ significantly between the T> homozygous,
transgene-free WT and uorfoscep plants (Figure 3.6a). Similarly, transcript levels of the GDP-
D-mannose-3',5"-epimerase I and 2 (OsGMEI and OsGME?2) genes, which encode the enzyme
responsible for the fourth enzymatic step of the L-galactose pathway, and the L-galactose-1-
phosphate phosphatase (OsGPP) gene, which encodes the sixth enzymatic step of the L-
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{ AGCCCAGCCCCGCACGGCGGCCGLCGEGEGEGELCGELCTTCCCTCGGCCGGCGGCAGCCCCTCTGACCTCCTCTTCCTCGCACGGCGGCGGETCGCCTCTGA
uorf. __-1(+A, +T) Bi-allelic
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Figure 3.3. Nucleotide sequence alignment of the parental To CRISPR/Cas9-induced uorfoscGp mutants used in this chapter. The sgRNA target
site is underlined. The protospacer-adjacent motif, sequence changes, and deleted nucleotides are shown in bold, red, and as hyphens, respectively.
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uorf, __-1(+1) ATCACGGCTAGCGTTGAAGCGGTCGGGCGCGGCCACGCAGCTGCGCCGCCCACGCCCAGTGGGEGAGCCATCGCTTCTCCGGCGACGGCGTCC
uorf,-2(-5) ATCACGGCTAGCGTTGRAAGCGGTCGGGCGCGGCCACGCAGCTGCGCCGCCCACGCCCAGTGGEGGAGCCATCGCTTCTCCGGCGACGGCGTCC
uorf, . -3(-63) ATCACGGCTAGCGTTGAAGCGGTCGGGCGCGGCCACGCAGCTGCGCCGCCCACGCCCAGTGGGGGAGCCATCGCTTCTCCGGCGACGGCGTCC
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Figure 3.4. Nucleotide and peptide sequence alignment of the CRISPR/Cas9-induced homozygous, transgene-free uorfoscop mutants used in this
chapter. (a) Nucleotide sequence alignment. The sgRNA target site is underlined. The protospacer-adjacent motif, sequence changes, and deleted
nucleotides are shown in bold, red, and as hyphens, respectively. (b) Peptide sequence alignment. Sequence changes and deleted residues are
shown in red and as hyphens, respectively.

82



Foliar ascorbate

@) (b) Foliar ascorbate
160 160
———— cawr
140 | B3 vorfosGap : 140 | T3 vorfosgap z
= T . T = _}
< - <
T 120 Ii T T 120 .
o o
o o +
2 100 4 I 2 100 4 —I—
> >
E E
> 80 > 80
® ®
2 2
g 60+ g 60+
(2] (2]
© ©
S 40 A T 40 A
o (e]
= =
20 20
0 : 0 - - - - - ;
& bl & Q o\ A Q D\
< 4 4 g < &8 s $ &
O 10 O S £ $ o o
& & O N .~ PN © L
&0 &0 &O 2 g Pl o o\
¥ ¥ ¥ & & &L 3 4
Q) ) ©
&7 &0° &O 090 0,30
Line O ® ¥ RS \\0{\
Line
© BR and GBR ascorbate
8
—o— Wt
—0— uorfosGGp
<
o 6
o
o
o
>
£
o 4
©
2
Q
Q
(7]
©
T 2
°
[
0 ; - : :
0 24 48 72

Germination hours

Figure 3.5. Ascorbate concentrations of WT and wuorfosgop plants. (a) Foliar ascorbate
concentrations of T> homozygous, transgene-free WT and wuorfosgp plants. Bars represent
mean = SEM of six biological replicates. (b) Foliar ascorbate concentrations of T
heterozygous, homozygous, and bi-allelic, transgene-free WT and wuorfosgep plants. Bars
represent mean + SEM of one to five biological replicates. (¢) Ascorbate concentrations of T3
homozygous, transgene-free WT and uorfoscep-1 brown rice and germinated brown rice.
Values represent mean + SEM of three independent replicates of approximately 50 grain.
Asterisks indicate statistically significant differences between WT and uorfoscp plants (two-
sample t-test; * p-value <0.05; ** p-value <0.01).
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Figure 3.6. Transcript analysis of WT and worfoscop plants. Transcript levels of the (a)
OsGGP, (b) OsGME]I, (¢) OsGME?2, and (d) OsGPP genes in T> homozygous, transgene-free
WT and wuorfoscop plants. Bars represent mean = SEM of six biological replicates. No
statistically significant differences were detected between WT and worfoscgp plants (two-
sample t-test).
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galactose pathway, did not differ significantly between the WT and uorfoscop plants (Figure
3.6¢c-d).

3.3.5. Shoot growth measurements of the uorfoscer-1 mutant

Shoot growth measurements of T> homozygous, transgene-free WT and wuorfoscGr-1 plants
were carried out using automated imaging over the course of a full lifecycle (128 days).
Imaging of the plants commenced at DAP 14 and was carried out approximately weekly (DAP
14 to 128 inclusive). The smoothed PSA (sPSA), a strong predictor of shoot biomass, was
calculated for DAP 16, 30, 44, 58, 79, 101, and 128. The WT and uorfoscer-1 plants did not
differ significantly with respect to sPSA values at any of the calculated timepoints (Figure
3.7a). From the sPSA values, the sSPSA absolute growth rate (AGR) and sPSA relative growth
rate (RGR) were calculated at the following DAP intervals: 16-30, 30-44, 44-58, 58-79, 79-
101, and 101-128. The WT and uorfoscGe-1 plants did not differ significantly with respect to
sPSA AGR values at any of the calculated DAP intervals (Figure 3.7b). The uorfoscGp-1 mutant
had a significantly higher sSPSA RGR value for the DAP interval 16-30 relative to WT, but
otherwise did not differ significantly at any of the other calculated DAP intervals (Figure 3.7¢).

3.3.6. Agro-morphological performance of the uorfoscer-1 mutant

The T> homozygous, transgene-free uorfoscep-1 mutant had a significant 1.2-fold decrease in
panicle length, 1.1-fold decrease in the number of primary branches per panicle, and 1.2-fold
decrease in the number of spikelets per panicle relative to WT, but had a significant 1.3-fold
increase in both the number of panicles per plant and grain weight per plant (Table 3.2). The
WT and wuorfoscep-1 plants did not differ significantly with respect to straw biomass, the
number of fertile spikelets per panicle, spikelet fertility, and thousand grain weight (Table 3.2).
The uorfoscgp-1 mutant had a minor significant increase in the grain length to width ratio
relative to WT, but otherwise did not differ significantly with respect to the percentage of

chalky grain, grain length, grain width, and grain area (Table 3.3).
3.3.7. Salt stress tolerance assessment of the uorfosccr-1 mutant

Shoot growth measurements of control and salt-stressed T> homozygous, transgene-free WT
and uorfoscep-1 plants were carried out using automated imaging. Salt stress was applied in
two steps to the plants at DAP 20 and 23 and the plants were imaged daily from DAP 14 to 40

inclusive. Foliar ascorbate concentrations were significantly increased 1.3-fold in both the
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Figure 3.7. Shoot growth measurements of WT and uorfoscgr-1 plants using automated
imaging over the course of a full lifecycle. The (a) sPSA, (b) sPSA AGR, and (c¢) sPSA RGR
of T> homozygous, transgene-free WT and uorfoscoe-1 plants. Values represent mean + half
least significant (5%) pairwise difference of six biological replicates. Non-overlapping error
bars indicate significant differences at a = 0.05.
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Table 3.2. Agro-morphological performance of T> homozygous, transgene-free WT and uorfosgee-1 plants.

Genotype Straw No. of No. of Spikelet Grain Thousand
biomass panicles per length (cm) fertile fertility weight per  grain
(g DW) plant branches per panicle spikelets (%) plant (g) weight (g)
per
panicle
WT 36.72+1.05 20.33+1.02 16.45+0.57 67.66 +4.29 46.13+5.08 61.61+£557 16.73+1.59 29.37+0.78
uorfoscar-1 3533+0.71 27.33+0.76*%**  13.49 4+ (0.28** 691 £0.08*% 5346+1.62* 43.09+3.21 77.27+£5.18 21.82+1.35% 2855+1.13

Values represent mean + SEM of six biological replicates. Asterisks indicate significant differences between the WT and worfo,gep plants (two-sample t-test, * p-value <0.05, ** p-value <0.01, *** p-value

<0.001).
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Table 3.3. Quality parameters of T3 homozygous, transgene-free WT

and uorfosGGp-1 grain.

Genotype Chalky  Grain Grain Length to Grain

grains length width width area
(%) (mm) (mm) ratio (mm?)
WT 4.60+132 532+0.02 2.86+0.01 1.84+0.00 9.87+0.10

uorfoscGr-1 3.72+1.23 538+0.02 286+0.01 1.86+0.02* 9.97+0.07

Values represent mean + SEM of six biological replicates. Asterisks indicate significant differences
between the WT and uorfo,ep plants (two-sample t-test, * p-value <0.05).
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control and salt-stressed uorfoscop-1 mutants relative to WT (Figure 3.8a, b). From the sPSA
values, the SPSA AGR and sPSA RGR were calculated at the following DAP intervals: 16-20,
20-24, 24-30, 30-35, and 35-40 (Figure 3.8 and Figure 3.9). As expected, the SPSA RGR
declined more rapidly in salt-stressed plants than control plants (Figure 3.8c, d). However, a
similar trend in the SPSA RGR of both the control and salt-stressed uorfoscgp-1 mutant relative
to WT was observed, with the uorfoscgp-1 mutant having a significantly higher sSPSA RGR for
the DAP intervals 16-20, 20-24, and 24-30 relative to WT, but otherwise did not differ
significantly for the DAP intervals 30-35 and 35-40.

3.3.8. Grain Fe concentrations of the uorfoscer-1 mutant

No statistically significant differences were detected for Fe concentrations, or the concentration
of any of the other elements that were assessed, between T3 homozygous, transgene-free WT

and uorfoscGp-1 brown rice with ICP-OES (Table 3.4).
3.3.9. Analysis of potential off-target mutations in the uorfosccp mutants

Potential off-target (OT) sites in genic regions with 1- or 2-bp mismatches to the pUbi-Cas9-
uORF sgRNA in three representative T> homozygous, transgene-free WT, worfoscer-1,
uorfoscop-2, and uorfosgGr-3 plants were sequenced (Table 3.5). A 23-bp deletion was detected
for OT-4 in LOC_0Os06g02530 in the uorfosgor-1 mutant (Table 3.6). The LOC_0s06g02530
coding sequence is 720 bp in length and encodes a protein of 240 residues in length. The 23-
bp deletion in LOC 0Os06g02530 in the wuorfoscgp-1 mutant disrupts the reading frame
replacing the final 137 residues of the protein yet keeps the protein length at 240 residues. The
protein product for LOC 0Os06g02530 is described on the Rice Genome Annotation Project
(http://rice.plantbiology.msu.edu/) as an expressed protein, however a nucleotide BLAST

analysis of the locus revealed that it is predicted to encode a histone H3.v1 protein.
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Figure 3.8. Salt stress tolerance assessment of WT and uorfosgop-1 plants. Foliar ascorbate
concentrations of (a) control and (b) salt-stressed T> homozygous, transgene-free WT and
uorfoscgp-1 plants at DAP 40. Bars represent mean £ SEM of six biological replicates.
Asterisks indicate statistically significant differences between WT and uorfoscep plants (two-
sample t-test; ** p-value <0.01; *** p-value <0.001). The sPSA RGR of (¢) control and (d)
salt-stressed T2 homozygous, transgene-free WT and uorfoscor-1 plants. Salt was applied at
DAP 20 and 23. Values represent mean + half least significant (5%) pairwise difference of six
biological replicates. Non-overlapping error bars indicate significant differences at a = 0.05.
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Figure 3.9. The sPSA and sPSA AGR of control and salt-stressed WT and uorfoscer-1 plants.
The sPSA of (a) control and (b) salt-stressed T> homozygous, transgene-free WT and
uorfosgop-1 plants. The sSPSA AGR of (¢) control and (d) salt-stressed T> homozygous,
transgene-free WT and uorfoscer-1 plants. Salt was applied at DAP 20 and 23. Values represent
mean + half least significant (5%) pairwise difference of six biological replicates. Non-
overlapping error bars indicate significant differences at oo = 0.05.
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Table 3.4. Elemental concentrations of T3 homozygous, transgene-free WT and uorfosgge-1 brown rice.

Fe Mg Na K Ca P S Zn Mn Cu
(mg/kg) (wiw%)  (mg/kg) wWiw%)  (ww%) (wWiw%) (ww%) (mg/kg) (mg/kg) (mg/kg)

WT 16.52+0.95 0.15£0.00 11.53+1.69 0.39+0.01 0.02£0.00 0.37+0.01 0.12+0.00 36.57+1.75 13.90+£0.59 7.50+0.39
uorfocer-1  15.75+0.63 0.15+0.00 10.97+0.72 038+0.01 0.02+0.00 039+0.01 0.12+0.00 42.15+1.74 14.15+0.56 7.76 +0.40

Values represent mean + SEM of five to six biological replicates. No statistically significant differences were detected between WT and uorfosgep brown rice (two-sample t-test).
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Table 3.5. Potential off-target sites (mismatches < 2-bp) in genic regions of the pUbi-Cas9-uORF sgRNA.

Target site Sequence?® Locus Description® Direction Mismatches (bp)
OsGGP uORF GACCTCCTCTTCCTCGCCGGCGG - - - -
OT-1 GACCTCCTCgTCCTCGaCGGCGG LOC _0s07g09040  peptidyl-prolyl cis-trans isomerase, FKBP-type, putative, expressed + 2
OT-2 GACgTCCTCgTCCTCGCCGGCGG  LOC_0s02g56950  expressed protein - 2
OT-3 GACCTCCTCcTCCTCGtCGGAGG LOC Os10g35680  acetyltransferase, GNAT family, putative, expressed + 2
OT-4 GACCTCCTCTTCCTCGtCGGAGG LOC _0s06g02530  expressed protein + 1
OT-5 GACCTCCTCcTCCeCGCCGGCGG LOC_0s09g37650 flavin-containing monooxygenase family protein, putative, expressed + 2
OT-6 GACCTCCTCgTCgTCGCCGGCGG  LOC_Osl11g13840  AP2 domain containing protein, expressed - 2

*The mismatched bases in the potential off-target sites and the protospacer-adjacent motif are shown in lower case letters and bold, respectively. "Based on the Rice Genome Annotation Project
(http://rice.plantbiology.msu.edu/).
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Table 3.6. Summary of off-target mutations detected in three representative T> homozygous,

transgene-free WT, uorfoscer-1, uorfoscer-2, and uorfoscGe-3 plants with Sanger sequencing.

OT-1 OT-2 OT-3 OT-4 OT-5 OT-6

Line Replicate (2 bp) (2 bp) (2 bp) (1 bp) (2 bp) (2 bp)
WT 1 - - - - - -
2 - - - - - -
3 - - - - - -
uorfoscep-1 1 - - - -23 - -
2 - - - 23 - -
3 - - - 23 - }
uorfoscop-2 1 - - - - - ,
) - - - - - -
3 - - - - - -
uorfoscp-3 1 - - - - - -
2 - - - - - -
3 - - - - - -

The number of mismatches between the sgRNA and off-target sites are presented in brackets. -, no mutation found.
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3.4. Discussion

3.4.1. The CRISPR/Cas9 complex was active and generated new mutation as the To rice

transformants developed

The mutation frequencies were strikingly low for the independent To p35S-Cas9-uORF (0%) and
pUbi-Cas9-uORF (1.64%) transformants when DNA extracted from shoots regenerating from
hygromycin-resistant callus was used to screen for mutations, relative to what has been reported
in the literature for the CRISPR/Cas9 genome editing system in rice (typically around 80-85%)
[173]. However, when DNA extracted from To pUbi-Cas9-uORF transformants transferred to Jiffy
peat pellets for greenhouse acclimation was used to screen for mutations, the mutation frequency
increased to 59.18%. This result suggests that the CRISPR/Cas9 complex was active and could
generate new mutations as the Ty rice transformants developed. Similar results have been reported
with the CRISPR/Cas9 genome editing system in rice, with new mutations reported to be induced
in T1 and T2 progeny possessing the CRISPR/Cas9 complex [243, 244]. Taken together, these
results highlight the importance of timing when screening for CRISPR/Cas9-induced mutations in
plants transformed with CRISPR/Cas9 vectors. Based on the mutation frequencies observed in this
chapter, it is recommended that T: progeny should be screened for CRISPR/Cas9-induced
mutations to provide the CRISPR/Cas9 complex the maximal amount of time to induce mutations
in the developing Ty transformants, as well as to confirm that the mutations are heritable. Given
that the CRISPR/Cas9 complex was active in developing plants, this also complicates comparisons
between sgRNA mutation frequencies that are reported in the literature, as different research
groups may screen for CRISPR/Cas9-induced mutations at different stages of development. It is
therefore also recommended that the developmental stage at which CRISPR/Cas9-induced
mutations are screened are reported. The CRISPR/Cas9-induced mutation types and frequencies
in the 31 plants with mutations detected in the OsGGP uORF transformed with the pUbi-Cas9-
uORF T-DNA are similar to those reported, i.e. a high frequency of 1-bp insertions, followed by
1-bp deletions, and a high frequency of adenine and thymine insertions relative to guanine and

cytosine insertions [243].
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3.4.2. CRISPR/Cas9-induced mutations increased foliar ascorbate concentrations without
affecting transcript levels of the OsGGP gene, but did not affect ascorbate concentrations in

brown rice or germinated brown rice

Foliar ascorbate concentrations were significantly increased 1.2- to 1.3-fold in all three T:
homozygous uorfoscep mutants relative to WT, indicating that all three mutations could disrupt
the mechanism of the OsGGP uORF. Transcript levels of the OsGGP gene were not affected in
all three T> homozygous uorfoscep mutants relative to WT, proving that the increased ascorbate
concentrations were not due to increased transcription of the OsGGP gene, but likely due to
alleviating GGP uORF-induced ribosomal stalling and enhanced translation of the OsGGP mORF.
Additional experiments utilizing the dual-luciferase reporter system will be necessary to confirm
the effects of the mutated OsGGP uORFs on the translation of downstream mORFs, and should
be the focus of future research efforts [153, 154, 163, 239]. Foliar ascorbate concentrations were
also increased 1.2- to 1.7-fold in a range of T: heterozygous, homozygous, and bi-allelic,
transgene-free uorfoscer-2 and uorfosgop-3 mutants relative to WT, including a significant 1.7-fold
increase in heterozygous uorfoscp-3 mutants relative to WT, proving that mutations in the GGP
uORF are dominant. Ascorbate concentrations were negligible in both WT and uorfoscGp-1 brown
rice, likely due to the decline of ascorbate levels during grain maturation reported in cereals [54,
55]. Further understanding this decline in ascorbate concentrations in the maturing grains of
cereals may help identify strategies to reduce this decline, and therefore present avenues to
biofortify cereals with ascorbate, and ought to be the subject of future research. Ascorbate
concentrations were also either reduced or not significantly different in germinating uorfoscer-1
brown rice relative to WT. These findings suggest that disrupting the function of the OsGGP uORF
may not be a viable strategy to increase ascorbate concentrations in brown rice or germinated

brown rice for the purpose of improving the dietary intake of ascorbate in humans.
3.4.3. Insights gained into the function of the GGP uORF peptide

Generating mutations that disrupt the reading frame or delete residues in the GGP uORF peptide
offers insight into the function of the peptide that cannot otherwise be gained when the start codon
is disrupted, as was the case for the GGP uORFs that were recently edited in Arabidopsis, lettuce,
and tomato [153, 154]. The uorfoscer-1 mutant, which replaces the five residues (G’GGRL®') at

the C-terminal end of the peptide, and the uorfoscGr-2 mutant, which deletes two residues (L¥A%6)
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and also replaces the five residues (G°’GGRLS®!) at the C-terminal end of the peptide, both
significantly increased foliar ascorbate concentrations, suggesting that these several residues
toward the C-terminal end of the peptide have an active role in ribosome stalling. This is consistent
with the L>AGGG? string of residues being highly conserved in a wide range of species [163].
The  uorfoscGr-3 mutant,  which  deletes 21 highly = conserved  residues
(GY’GRGALPSAGGSPSDLLFLAG") in a wide range of species [163], resulted in the highest
fold-increase in ascorbate concentrations observed for any of the uorfoscgp mutants, and is
consistent with it being the most significant disruption to the peptide sequence. Taken together,
this data suggests that these highly conserved residues toward the C-terminal end of the peptide
are important for ribosome stalling, and is in agreement with ribosomes being most strongly
associated (i.e. stalled) toward the end of the GGP uORF [163]. Positively charged residues in the
GGP uORF peptide have been implicated in ribosome stalling, as positively charged residues have
been reported to reduce ribosomal velocity due to interacting with the negatively charged
ribosomal exit tunnel [163, 245]. However, both the uorfoscr-1 and uorfoscgp-2 mutants, which
both have four more positively charged residues in the peptide relative to WT, increased ascorbate
concentrations, indicating that it is not the frequency of positively charged residues in the peptide,
but rather the sequence of residues that is important for ribosome stalling. How ascorbate interacts
with the GGP uORF mechanism to influence translation of the GGP uORF or mORF still remains
an area for future research. One hypothesis is that the GGP uORF peptide and the ribosomal exit
tunnel wall may create an ascorbate binding pocket whereby ascorbate inactivates the peptidyl
transferase centre, causing the ribosome to stall, and thereby preventing downstream translation of
the GGP mORF, as has been reported for the TnaC and ermCL ribosomal stalling systems in
Escherichia coli [220, 246-249]. This hypothesis could be tested, for example, by employing near-
atomic cryo-electron microscopy to resolve the structure of the stalled GGP uORF peptide-
ribosome complex by the addition of free ascorbate [247-249]. Another hypothesis is that the GGP
uORF mechanism may respond to the redox state of the cell whereby the phosphorylation status
of eukaryotic initiation factors are altered, which in turn influences whether ribosomes
preferentially initiate from the GGP uORF with a weaker Kozak sequence or the GGP mORF with
a stronger Kozak sequence, as has been reported for utORF-containing stress genes in mammalian
cells [250]. This hypothesis could be tested, for example, by co-infiltrating genes encoding redox

proteins (e.g. superoxide dismutases, catalases, or thioredoxins) or genes encoding proteins that
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increase the biosynthesis of antioxidants (e.g. carotenoids, tocopherols, or flavonoids) with a
luciferase reporter system construct containing the GGP uORF upstream of the luciferase reporter
gene into N. benthamiana to determine whether the redox state of the cell influences luciferase

translation independent of ascorbate concentrations [163, 251].

3.4.4. Increased ascorbate levels in the uorfoscer-1 mutant were associated with increased

grain weight per plant

Automated imaging revealed that the WT and uorfoscop-1 mutant did not differ significantly
regarding the accumulation of shoot biomass, except for a slight increase in the sSPSA RGR for the
DAP interval 16-30. An assessment of the agro-morphological performance of the uorfoscer-1
mutant revealed that increased ascorbate levels were associated with a significant 1.3-fold increase
in grain weight per plant relative to WT. The increased grain weight per plant may be attributed to
the 1.3-fold increase in the number of panicles per plant, as well as a trend towards increased
spikelet fertility in the uorfoscepr-1 mutant (77%) relative to WT (62%). This agro-morphological
performance data agrees with previous studies that have reported that increased ascorbate
concentrations in rice has been associated with increased grain yield. One study, for example,
reported that increased ascorbate concentrations in rice via constitutive overexpression of the rice
dehydroascorbate reductase 1 (OsDHARI) gene was associated with increased grain yield when
grown under paddy field conditions, in part due to an increase in the number of panicles and
spikelet fertility [138]. Another study reported that increased ascorbate concentrations in rice
plants via the constitutive overexpression of the rice L-galactono-1,4-lactone dehydrogenase
(OsL-GalLDH) gene was associated with increased spikelet fertility [79]. The enhanced agro-
morphological performance reported for these ascorbate-enriched rice plants was largely attributed
to enhanced photosynthetic performance and antioxidant activity [79, 138]. Investigating whether
the uorfoscop mutants have enhanced photosynthetic performance or antioxidant activity should
therefore also be the subject of future research. One major limitation of this experiment is that only
one uorfoscep mutant line was studied over the span of only one generation. Therefore, additional
experiments investigating the agro-morphological performance of all three uorfoscep mutants over
multiple generations, including under both greenhouse and paddy field conditions, is warranted to

determine whether the increased grain weight per plant in the uorfosgop-1 mutant is reproducible.
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3.4.5. Increased ascorbate levels in the uorfoscer-1 mutant did not affect salt tolerance in

terms of shoot biomass accumulation

Previous studies have reported that non-destructive measurements such as sPSA is a strong
predictor of shoot biomass and that the SPSA RGR can be used effectively to screen for salt
tolerance in rice [194-197]. However, despite a 1.3-fold increase in foliar ascorbate concentrations
in the uorfoscgp-1 mutant relative to WT under both control and salt stress conditions, a similar
trend in the sSPSA RGR was observed for both the control and salt-stressed uorfosggp-1 mutants
relative to WT. This result suggests that elevated ascorbate levels from CRISPR/Cas9-induced
mutations in the OsGGP uOREF in rice does not affect salt tolerance in terms of the accumulation
of shoot biomass in response to a final concentration of 90 mM NaCl at the vegetative growth
phase. This result contradicts many studies that have reported enhanced salt tolerance in plants
with increased expression of ascorbate biosynthetic genes [64, 68, 70, 80, 89-91, 93, 99, 118, 187,
198, 252]. A recent study, however, has reported that increased expression of the kiwifruit
(Actinidia chinensis L.) AcGGP gene in rice enhanced salt tolerance only in terms of visible
symptoms and lipid peroxidation, but not shoot biomass [187]. Therefore, investigating oxidative
stress markers such as lipid peroxidation in salt-stressed uorfosggp mutants may be required to
determine whether increased ascorbate levels due to CRISPR/Cas9-induced mutations in the

OsGGP uOREF in rice ameliorates salt-induced oxidative stress.
3.4.6. Increased ascorbate levels in the uorfoscep-1 mutant did not affect grain Fe levels

Ascorbate has been reported to play an important role in the reduction and transport of Fe in the
developing seeds of Arabidopsis and pea (Pisum sativum L.) plants [7, 218]. Developing embryos
were reported to secrete high amounts of ascorbate to reduce Fe’" from citrate-malate complexes
allowing for the uptake of Fe** by the embryo [7, 218]. This mechanism was validated genetically
with the ascorbate-deficient Arabidopsis ggpl (vtc2) and ggp2 (vtc5) mutants which had lower Fe
reduction activity and lower seed Fe levels relative to WT [7]. Plants with increased ascorbate
concentrations may therefore have increased Fe reduction activity and seed Fe levels. However,
increased ascorbate levels in the uorfoscgp-1 mutant did not affect the concentration of Fe in brown

rice, indicating that increased ascorbate levels due to CRISPR/Cas9-induced mutations in the
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OsGGP uORF does not facilitate a greater loading of Fe into the developing rice grain. It is worth
noting, however, that ascorbate has only been documented to play a role in the reduction and
transport of Fe in the developing seeds of Arabidopsis and pea plants, which are both non-
graminaceous species and therefore this mechanism may not be present in graminaceous species,
such as rice. Whether increased ascorbate levels can facilitate a greater loading of Fe into seeds
should therefore be tested in ascorbate-enriched Arabidopsis and pea plants, where this mechanism
has been genetically validated. Further, investigating whether grain Fe levels are altered in
ascorbate-deficient graminaceous mutants, such as rice, may shed light on the presence of this

mechanism in graminaceous species.
3.4.7. An off-target 23-bp deletion was detected in the uorfoscer-1 mutant

A 23-bp deletion was detected in the OT-4 site (LOC_0s06g02530) in the uorfoscepr-1 mutant with
Sanger sequencing. The OT-4 site has a 1-bp mismatch (cytosine to thymine) 4-bps upstream of
the protospacer-adjacent motif of the pUbi-Cas9-uORF sgRNA. While the occurrence of off-target
mutations are seldom reported in rice, previous studies have detected them, particularly when
sgRNAs with only 1-bp mismatches are used [253, 254]. Future research in the field of
CRISPR/Cas9 genome editing in rice should therefore utilize high-fidelity sgRNAs, with at least
2-bp mismatches to off-target sites to reduce the occurrence of off-target mutations. Based on a
nucleotide BLAST analysis, LOC_0s06g02530 is predicted to encode a histone H3.v1 protein.
Histone proteins are core components of the nucleosome—the basic structural unit of DNA
packaging in eukaryotic cells—and play a key role in gene regulation and epigenetic mechanisms
[255]. The 23-bp deletion detected in LOC 0s06g02530 in the uorfoscop-1 mutant disrupts the
reading frame of the coding sequence replacing the final 137 residues of the 240-residue long
protein. Mutations disrupting the deposition of histones or the methylation of histones have
reported to impair plant growth and development [256-258], however no detrimental effects on
plant growth and development in the uorfosgop-1 mutant were observed. It is therefore possible
that this locus is partially redundant with other loci predicted to encode histone H3 proteins in the
rice genome, and that mutations in this locus may be neutral, having neither a beneficial nor
detrimental effect on rice plant growth and development. This off-target 23-bp deletion was only
detected after the fact of conducting the experiments pertaining to the plant growth and

development, agro-morphological performance, salt tolerance, and grain Fe levels of the
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uorfoscgp-1 mutant and therefore may be a confounding factor in the interpretation of these results
presented in this chapter. The off-target 23-bp deletion in the uorfoscGr-1 mutant will need to be
eliminated by backcrossing to determine whether this off-target mutation is responsible for any of

the phenotypes observed.
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3.5. Conclusion

The results of this chapter found that CRISPR/Cas9 induced mutations in the OsGGP uORF
significantly increased foliar ascorbate levels but did not affect ascorbate levels in brown rice or
germinating brown rice. The CRISPR/Cas9 induced mutations in the OsGGP uORF did not affect
transcript levels of the OsGGP gene, indicating that the increased ascorbate levels were due to
enhanced translation of the GGP mORF. Increased ascorbate levels in the uorfosggp-1 mutant was
associated with a significant increase in grain weight per plant but did not affect salt stress
tolerance or grain Fe levels. An off-target 23-bp deletion was detected in the uorfoscep-1 mutant
that will need to be eliminated by backcrossing to determine whether this mutation was responsible
for any of the phenotypes observed for the uorfosgop-1 mutant. Disrupting the function of the GGP
uORF with the CRISPR/Cas9 genome editing system represents a promising transgene-free
strategy to increase ascorbate biosynthesis, and possibly grain weight per plant, not only in rice,

but other crops.
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Chapter 4.

Genome-Wide Identification and
Characterization of the GDP-L-Galactose
Phosphorylase Gene Family in Bread Wheat
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4.1. Abstract

Background: Ascorbate is a powerful antioxidant in plants and an essential micronutrient for
humans. The GDP-L-galactose phosphorylase (GGP) gene encodes the rate-limiting enzyme of
the L-galactose pathway—the dominant ascorbate biosynthetic pathway in plants—and is a
promising gene candidate for increasing ascorbate in crops. In addition to transcriptional
regulation, GGP production is regulated at the translational level through an upstream open reading
frame (UORF) in the long 5’-untranslated region (5’UTR). The GGP genes have yet to be identified

in bread wheat (7riticum aestivum L.), one of the most important food grain sources for humans.

Results: Bread wheat chromosomal groups 4 and 5 were found to each contain three
homoeologous TaGGP genes on the A, B, and D subgenomes (7aGGP2-A/B/D and TaGGPI-
A/B/D, respectively) and a highly conserved uORF was present in the long 5’UTR of all six genes.
Phylogenetic analyses demonstrated that the TaGGP genes separate into two distinct groups and
identified a duplication event of the GGP gene in the ancestor of the Brachypodium/Triticeae
lineage. A microsynteny analysis revealed that the 7aGGPI and TaGGP2 subchromosomal
regions have no shared synteny suggesting that 7aGGP2 may have been duplicated via a
transposable element. The two groups of TaGGP genes have distinct expression patterns with the
TaGGP1 homoeologs broadly expressed across different tissues and developmental stages and the
TaGGP2 homoeologs highly expressed in anthers. Transient transformation of the 7aGGP coding
sequences in Nicotiana benthamiana leaf tissue increased ascorbate concentrations more than five-

fold, confirming their functional role in ascorbate biosynthesis in planta.

Conclusions: We have identified six 7aGGP genes in the bread wheat genome, each with a highly
conserved uORF. Phylogenetic and microsynteny analyses highlight that a transposable element
may have been responsible for the duplication and specialized expression of GGP2 in anthers in
the Brachypodium/Triticeae lineage. Transient transformation of the 7TaGGP coding sequences in
N. benthamiana demonstrated their activity in planta. The six TaGGP genes and uORFs identified
in this study provide a valuable genetic resource for increasing ascorbate concentrations in bread

wheat.
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4.2. Introduction

Ascorbate, also known as vitamin C, is the most abundant water-soluble antioxidant in plant cells
and plays important roles in photosynthetic function and stress tolerance [23, 259]. Ascorbate can
mitigate the harmful effects of reactive oxygen species (ROS) produced by normal or stressed
cellular metabolism, either directly as an ROS scavenger or indirectly as a substrate for the enzyme
ascorbate peroxidase [21]. Increased biosynthesis of ascorbate in model and crop species has
demonstrated that even minor increases in ascorbate can confer enhanced tolerance to a broad
range of abiotic stresses [192, 260]. Additional roles for ascorbate within plant cells include:
serving as an enzymatic cofactor [261] and precursor for organic acids [34], as well as influencing

the cell cycle [36], cell wall expansion [262], and flowering time and senescence [38].

In humans, ascorbate is an essential micronutrient due to loss-of-function mutations within
the L-gulono-1,4-lactone oxidase gene which encodes the enzyme responsible for catalysing the
last step in vertebrate ascorbate biosynthesis [39]. Beyond its well-established role in preventing
the disease scurvy, ascorbate plays key roles in many physiological processes important for human
health, including promoting and regulating the uptake of dietary iron in the human digestive
process [9] and serving as a cofactor for enzymes involved in epigenetic programming [42, 192].
Although ascorbate deficiency is considered a historical disease, suboptimal intake of ascorbate is
currently present in both developing and developed countries [48], and the re-emergence of scurvy

has been documented in Australia due to poor dietary habits [51].

Four pathways for ascorbate biosynthesis have been proposed in plants: the L-galactose,
L-gulose, myo-inositol, and D-galacturonate pathways. Despite evidence for each of these
pathways in plants, the L-galactose pathway, which converts D-fructose-6-P to ascorbate via eight
enzymatic steps, is the dominant pathway leading to ascorbate biosynthesis in Arabidopsis
thaliana [12, 13, 107], tomato (Solanum lycopersicum L.) [15], rice (Oryza sativa L.) [14], and
green algae (Chlamydomonas reinhardtii) [16]. The final gene to be identified in the L-galactose
pathway, GDP-L-galactose phosphorylase (GGP, also known as VT(C2), was discovered and
functionally characterized in Arabidopsis in 2007 [12, 108, 112]. The GGP enzyme catalyzes the
conversion of GDP-L-galactose to L-galactose-1-P and represents the first committed step toward
ascorbate biosynthesis. Several studies have now identified the GGP enzyme as the rate-limiting

step in the L-galactose pathway [62, 64, 71, 108] and as the key regulatory enzyme in ascorbate
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biosynthesis [17]. Overexpression of GGP genes has increased ascorbate concentrations by up to
4.2-fold in Arabidopsis [62, 71], 3.1-fold in potato (Solanum tuberosum L.) [73], 2.1-fold in
strawberry (Fragaria x ananassa) [73], 6.2-fold in tomato [67, 73], 1.4-fold in tobacco (Nicotiana
tabacum L.) [74], and 2.6-fold in rice [64, 187].

A highly conserved upstream open reading frame (WUORF)—a class of small ORFs located
upstream of protein-coding major ORFs (mORFs) in the 5’-untranslated region (5’UTR) of
mRNAs—of the GGP gene has been shown to regulate GGP translation and ascorbate
concentrations [153, 154, 163, 219]. Although uORFs are abundant in plant genomes with up to
60% of genes estimated to contain an uORF, less than 1% are conserved between plant species
[263, 264]. The translational regulation of mORFs by highly conserved uORFs in response to
cellular metabolite levels has been documented in several plant studies. For example, uORFs have
been shown to regulate translation of the Arabidopsis S-adenosylmethionine decarboxylase and
polyamine oxidase 2 genes in repsonse to polyamines [221-224], the Arabidopsis S1 class basic-
leucine zipper and tomato ornithine decarboxylase genes in response to sucrose [231-233], the
Arabidopsis phosphoethanolamine N-methyltransferase gene in response to phosphocholine
[236], and the Arabidopsis heat shock trancription factor Bl gene in response to galactinol [238].
In the case of the GGP uORF, the encoded peptide which is predicted to initiate from a non-
canonical AUC or ACG start-codon is proposed to cause ribosomal stalling, thereby preventing
translation of the downstream GGP mORF under high ascorbate concentrations, whereas under
low ascorbate concentrations the uORF is skipped and the GGP mORF translated [163]. The
precise mechanism of how ascorbate may influence ribosomal initiation at the uORF or mORF has
yet to be elucidated. Disruption of the GGP uORF through mutation of key residues was shown to
interfer with ascorbate feedback regulation of translation and increase ascorbate concentration
when transiently transformed in Nicotiana benthamiana [163]. Recently, CRISPR/Cas9 genome
editing has been used to disrupt the GGP uORF in Arabidopsis, lettuce (Lactuca sativa), and

tomato to increase ascorbate concentrations and enhance oxidative stress tolerance [153, 154].

Despite the importance of the GGP gene in ascorbate biosynthesis and regulation,
characterisation of GGP genes within graminaceous species has been limited to rice and maize
(Zea mays L.). Both rice and maize have one copy of the GGP gene present in their genomes,

located on chromosomes Os11 and Zm6, respectively. Complete knock-out of the OsGGP gene in
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rice severely reduced foliar ascorbate concentrations by 80% and was correlated with reduced
photosynthetic efficiency, lower biomass production, and reduced tolerance to ozone stress and
zinc deficiency [14]. In maize, the ZmGGP gene is expressed during endosperm development and

expression levels have been shown to be genotype-dependent [265].

Wheat is the world’s most cultivated crop in terms of land area and accounts for one fifth
of the calories consumed by humans [266]. Abiotic stresses such as drought, salinity, and high
temperature represent the major limiting factors in global wheat productivity [267]. Increased
ascorbate concentrations in wheat could help to mitigate yield losses associated with these abiotic
stresses. Like many other cereals, wheat contains negligible levels of ascorbate in the mature grain
[52], therefore, ascorbate enrichment of wheat grain could also provide a novel means of

improving human dietary intakes of this essential vitamin.

Here we expand upon our knowledge of GGP genes in graminaceous species by describing
the TaGGP gene family in bread wheat. We describe the chromosomal location, confirm the
presence of the highly conserved uORFs, present phylogenetic relationship, gene synteny, and
tissue and developmental expression patterns, and demonstrate activity of the 7TaGGP coding

sequences by transient transformation in N. benthamiana.
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4.3. Results

4.3.1. Six TaGGP genes were identified on bread wheat chromosomal groups 4 and 5

A total of six TaGGP genes were identified within the bread wheat genome and their genomic
locations were determined. Chromosomal groups 4 and 5 each contain three homoeologous
TaGGP genes located on the A, B, and D subgenomes (7TaGGP2-A/TaGGP2-B/TaGGP2-D and
TaGGPI1-A/TaGGPI-B/TaGGPI-D, respectively). All six genes are located on the short arm of
their respective chromosomal group except 7TaGGP2-A which is located on the long arm. In
addition to the six TaGGP genes, we identified two HvGGP genes within the barley (Hordeum
vulgare) genome on chromosomes 4 and 5 (HvGGP2 and HvGGP1, respectively), two BdGGP
genes within the Brachypodium distachyon (Brachypodium hereafter) genome on chromosome 4
(BdGGPI and BAGGP?2), two AetGGP genes within the Aegilops tauschii genome on chromosome
4 and 5 (4etGGP2 and AetGGPI, respectively), and one ShGGP gene within the Sorghum bicolor

L. genome on chromosome 8.

The six TaGGP genomic sequences range in length from 2922 bp to 4163 bp mainly due
to differences in intron sequence length (Figure 4.1) and are similar in size and structure to other
graminaceous GGP genes (Figure S4.1). Genomic sequence comparisons of the six 7aGGP genes
revealed that they share between 36.0% to 94.9% identity. The TaGGPI and TaGGP?2 proteins are
430 and 431 amino acids in length, respectively, and sequence comparisons of the six TaGGP
proteins revealed that they share between 78.1% to 99.3% identity. Alignment of the amino acid
sequence of the wheat, barley, rice, maize, sorghum, Brachypodium, and A. tauschii GGP proteins
identified highly conserved regions within the proteins, as well as the conserved histidine triad
(HIT) motif of the HIT protein superfamily, the conserved KKRP nuclear localization signal
(NLS), and 13 residues that distinguish GGP2 proteins from GGP1 proteins within these species
(Figure 4.2).

4.3.2. Each TaGGP gene contains a highly conserved uORF

For all six TaGGP genes, a highly conserved uORF was identified in the long 5’UTR of the mRNA
initiating either from the non-canonical AUC (isoleucine) or ACG (threonine) start-codon. The

uORF peptides of the 7aGGPI homoeologs and 7aGGP2 homoeologs are 56 and 47
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Figure 4.1. Gene structure of the TaGGP genes from bread wheat cv. Chinese Spring. The uORF (orange box), coding sequence (CDS,
black box), introns (grey box), and UTR (lines) of the TaGGP genes are depicted and the length (bp) of each section indicated.
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Figure 4.2. Amino acid sequence alignment of GGP proteins from a range of graminaceous species. Green, olive green, yellow and
white background colour represents 100%, 80 to 100%, 60 to 80%, and less than 60% conservation of amino acids between species,
respectively. The HIT motif (HpHpQ, where ¢ is a hydrophobic amino acid) of the HIT protein superfamily and the KKRP NLS are
outlined in red. The 13 residues across the protein that distinguish GGP1 proteins from GGP2 proteins within the graminaceous species
are indicated by an asterisk. The prefixes for the graminaceous species are as follows: Aet is Aegilops tauschii; Bd is Brachypodium
distachyon; Hv is Hordeum vulgare; Os is Oryza sativa; Sb is Sorghum bicolor; Ta is Triticum aestivum; and Zm is Zea mays.

110



amino acids in length, respectively, and sequence comparisons of the six TaGGP uORF peptides
revealed that they share between 67.9% to 100% identity. Alignment of the amino acid sequence
of the GGP uORF peptides from a range of graminaceous and non-graminaceous species identified
highly conserved regions within the peptides, as well as a lysine at the first residue in rice instead
of a highly conserved isoleucine in all other species, a truncation of 11 residues in the TaGGP2,
HvGGP2, BAGGP2, and AetGGP2 uORF peptides relative to the TaGGPI, HvGGPI1, BdGGPI,
and AetGGPI uORF peptides, and a single amino acid change that distinguishes graminaceous

species (alanine) from non-graminaceous species (glutamic acid) (Figure 4.3).

4.3.3. Graminaceous GGP proteins separate into two groups

Phylogenetic analysis of the GGP protein sequences from a range of graminaceous and non-
graminaceous plant species identified two clades of GGP proteins, belonging to either
graminaceous or non-graminaceous species (Figure 4.4). The graminaceous clade of GGP proteins
further separates into two groups, with the TaGGP1 proteins forming one group with HvGGP1,
BdGGPI1, AetGGP1, OsGGP, ZmGGP, and SbGGP, and the TaGGP2 proteins forming a second
group with HvGGP2, BAGGP2, and AetGGP2. This classification of group 1 and group 2
graminaceous GGP proteins is further supported by a phylogenetic analysis of the graminaceous
GGP coding sequences which clearly demonstrates that the 7aGGPI homoeologs, HvGGPI,
BdGGPI, and AetGGP1 are more closely related to the OsGGP, ZmGGP, and SbDGGP in terms of
evolutionary distance than the TaGGP2 homoeologs, HvGGP2, BAGGP2, and AetGGP2 (Figure
S4.2). Phylogenetic analysis of the GGP uORF peptide sequences revealed similar relationships
to those observed for the GGP protein sequences (Figure S4.3).

4.3.4. The TaGGPI and TaGGP2 subchromosomal regions do not share synteny

Selection of ten genes upstream and downstream of the respective 7aGGP genes on each of the
six chromosomes, referred to as the 7aGGP subchromosomal regions (SR), were analysed for gene
density and synteny (Figure 4.5 and Table S4.1). The physical length of the TaGGPI-4, TaGGP1-
B, and TaGGPI-D SRs were 18, 14.8, and 8.7 Mbp, respectively, and the TaGGP2-4, TaGGP2-
B, and TaGGP2-D SRs were 3.4, 4.8, and 3 Mbp, respectively. No shared synteny was found
between the 7aGGPI and TaGGP2 SRs on chromosomal groups 4 and 5 except for the
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I1 1.0 2.0 3|0 4.0 * SIO GIO 7'0 7|2
1. AdGGP uORF IMA | FGVSR-ALIHVRS-VRRKGCVV--ER-NP S P HGGRIGAINPS - GEGSPISIDINNRNAGEGE - - - -HFVFSVY
2. PtGGP UORF A HGVTR-SL IHVRA-VRRKGCV I --ESSNPSPHGGRGAINPS - GEGSIPSIDINNRNAGEE - - - -FFFFCLVVM
3. FvGGP UORF A HRASR-PLIHVRRTVRRKGCV---1ESNP SPHGGRIGAINPIS - GGSPISIDINNENAGGEE HYVSDLLFFF
4. MdGGP uORF IIA I PRAPR-PLVHVRG-VGRKGCV---1ESNPSPHGGRGAINPIS - GGSPISIDINNRNAGGEES P SSVFLFCFY
5. WGGP UORF A QRIPP-PLIHVRA-VRRKGCV---1ESNP SPHGGRIGAINPS - GGSPISIDINNRNAGGEE - - SNAFLC
6. LsGGP1 uORF A | HGAQR-PLAHAQS -VRGKGA I T-~-1ESNPSTHGGERIGAINPS - GGSPSIDINNRNAGEGE - - FYSFFVPIVA
7. LsGGP2 uORF A | HGATR-PLVHVRS-VRRKGS | T--1ESNPS THGGRIGAINPS - GGSIPISDINNERNAGEGE - - SSSFLF-LVA
8. GmMGGP UORF IMA | LRVSR-SLIHVPT-VRRRTGCV--TATNP S P HGGERIGAINPS - GEGSPSDINNRNAGEE - - - - - - - SAVF
9. MtGGP UORF IMAFLRVYR-SLSHART-VRRKGCCL --TPTNP SPHGGRIGAINPIS - GGSPISIDINNRNAGEGE - - - -FAPSSF
10. CsGGP UORF A | HVVSR-SFFHVRA-VRRKG-C | --TPTNP S P HGGRIGAINPIS - GGSIPISIDINNRNAGEG- - -SCFFSSSY
11. NbGGP uORF I'MA | HKANRRSFLHVRS-VRRKGCV---TATNP AP HGGERIGAINES - GESIPSIDINNRPAGEGES - - - LLSSTC
12. SIGGP UORF A | HKVNRRPLLHVPA-VRRKGCV---TATNP AP HGGERIGAINES - GESIPSIDINNRIAGEGES - - -FLSFSY
13. AtGGP2 UORF (vtc5) A YGIKPRPLSFH---VQRKGCL--~-11TNP L PHGGERIGAINPIS - GGISIPISIDINNENAGEGE S - - - TNSH
14. AtGGP1 UORF (vtc2) A HG | SRGVSSHVHI -VRQKGCL ---1ETNP LPHGGRIGAINPIS - GGSIPISIDINNENAGGEES SFNFFSFRF
15. AetGGP1 uORF IMASVAALRRGHAAAQVEPT-ATIAS----5SPAPHGGERIGAINPS A GEGSPSDINNRNAGEGER - - - - L
16. HYGGP1 UORF IMASVAALRRGHAAAQVEPT-ATIAS----5SPAPHGGERIGAINPS A GEGSPSDINNRNAGEGER - - - - L
17. TaGGP1-A UORF I'MASVAALRRGHAAAQVEPT-ATIAS----5SPAPHGERIGAINPS / GGSPISIDINNFRNAGGEER - - - - L
18. TaGGP1-D uORF I'MASVAALRRGHAAAQVEPT-ATIAS----5SPAPHGGRIGAINPS A GGSPISIDINNFRNAGGEER - - - - L
19. TaGGP1-B UORF IMASVAAFRRGHAAAQVEPT-ATIAS----5SSPA SHGERIGAINPS A GESIPSDINERNAGEGER - - - - L
20. SbGGP UORF IMASVAAPRRGPPAAQVEPT-GTIASAV-AASPAPHGGERIGAINPS A\ GESIPSIDINNRNAGEGER - - - - TL
21. ZmGGP UORF IIASVAAPRRGPAAAQVEPT-GTIASAV-ASSPAPHGERIGAINES A\ GESPSDINNRNAGEGER - - - - L
22. BdGGP1 uORF A VAALRRGHAAAQVETT-ATIAS----5SPSPHGGRIGAINPS A GGSPISIDINNRNAGGEER - - - - L
23. OsGGP UORF KIASVEAVGRGHAAAPPTPSGGA I ASPATAS SP AP HGERIGAINES A GGSIPSIDINNRNAGEGER - - - - |
24. AetGGP2 UORF IEA SADPARGAPAAQVEPHF-------—------ -+ GGRGALPS/ GGSPSDLLFLAGGGR | [ |
25. TaGGP2-A uORF PEA SADPARGAPAAQVEPH---------------- GGRGALPS/ " GGSPSDLLFLAGGGR | [ |
26. TaGGP2-D UORF PEA SADPARGAPAAQVEPH---------------- GGRGALPS AGGSPSDLLFLAGGGR — — — L L L
27. TaGGP2-B UORF PEA SADPARGVPAAQVEPH---------------- GGRGALPS AGGESPSDIENFIAGGGR — — — L L L
28. BdGGP2 uORF PEAAADPARGAPAAQVEPH---------------- GGRGALPS A GGSPSDIENFIAGGGR — — — L L L
29. HYGGP2 uORF PJEATADPARGAPAAQVEPHE =z =2 = - - - - - — - — - - GGRIGAINPIS A GGISPISDINEFNAGGGR - - — — | L L

Figure 4.3. Amino acid sequence alignment of GGP uORFs from a range of graminaceous and non-graminaceous species. Green, olive
green, yellow, and white background colour represents 100%, 80 to 100%, 60 to 80%, and less than 60% conservation of amino acids
between species, respectively. The 45™ residue of the consensus sequence distinguishing the graminaceous (A; alanine) from the non-
graminaceous (E; glutamic acid) species is indicated with an asterisk. The truncated 11 residues from the TaGGP2, HyGGP2, BAGGP2,
and 4etGGP2 uORF peptide sequences relative to the TaGGP1, HYGGP1, BdGGP1, and AetGGP1 uORF peptide sequences are outlined
in red. The prefixes for the graminaceous species are the same as those presented in Figure 4.1. The prefixes for the non-graminaceous
species are as follows: Ad is Actinidia deliciosa; At is Arabidopsis thaliana; Cs is Cucumis sativus; Fv is Fragaria vesca; Gm is Glycine
max; Ls is Lactuca sativa; Md is Malus x domestica; Mt is Medicago truncatula; Nb is Nicotiana benthamiana; Pt is Populus
trichocarpa; Sl is Solanum lycospersicum; and Vv is Vitis vinifera
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Graminaceous
Non-graminaceous

100
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Figure 4.4. An unrooted phylogenetic tree of GGP proteins from a range of graminaceous and non-graminaceous species. Black nodes
(®) represent weak bootstrap values (<75%). The scale bar corresponds to evolutionary distance in substitutions per site and the numbers
correspond to bootstrap percentage. The prefixes for the species are the same as those presented in Figure 4.1 and 4.2.
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Figure 4.5. Microsynteny analysis of the 7aGGP genes from bread wheat cv. Chinese Spring. (a) TaGGPI and (b) TaGGP2
homoeologous SRs on chromosomal groups 5 and 4, respectively. Syntenic genes are represented by arrow colour. The orientation of
the genes is indicated by the direction of the arrows. The physical length (Mbp) of each of the TaGGP SRs is provided for each
chromosome. The physical position (Mbp) of the 7aGGP genes and the centromeres (black oval) are also presented. The physical
distance (Mbp) between the proximal gene of the SR and the respective centromere (black dotted line) is 58.2, 22.2 and 4.4 for the
TaGGPI-A, TaGGPI-B, and TaGGPI-D SRs, respectively, and 127.5, 203.8 and 104.6 for the TaGGP2-A4, TaGGP2-B, and TaGGP2-
D SRs, respectively. The list of genes used in this analysis and their respective position and gene function are provided in Table S1
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TaGGP genes themselves. Synteny between the TaGGP1 homoeologous SRs was much lower
than that of the TaGGP2 homoeologous SRs with only 19 genes having shared synteny—the
TaGGPI homoeologs were the only genes to share synteny on all three homoeologous SRs—
whereas the TaGGP2 homoeologous SRs have 37 genes with shared synteny. The 7aGGPI
homoeologs are found in the centromeric region of their respective chromosomes, whereas the
TaGGP2 homoeologs are found in the interstitial region of their respective chromosomes between

the pericentromeric and telomeric regions.

4.3.5. The two groups of TaGGP genes have distinct expression patterns in bread wheat

tissues

Quantitative reverse transcription-PCR analysis of a range of bread wheat tissues and
developmental stages revealed distinct patterns of expression for the TaGGPI and TaGGP2 genes
(Figure 4.6). The TaGGPI homoeologs were broadly expressed across different tissues and
developmental stages, with the highest levels of expression detected in the seedling leaf, bracts,
and anthers (Figure 4.6a). The TaGGPI homoeologs displayed a trend of nonbalanced expression
with the 7aGGPI-D homoeolog having lower expression levels across all tissues relative to
TaGGPI-A and TaGGPI-B. In contrast to the TaGGPI homoeologs, the TaGGP2 homoeologs
were highly expressed in the anthers, with approximately 50- to 580-fold higher expression in
anthers relative to other tissues (Figure 4.6b). The TaGGP2 homoeologs also displayed a trend of
nonbalanced expression with the TaGGP2-B homoeolog having lower expression levels across all
tissues relative to TaGGP2-4 and TaGGP2-D. Taken together, the TaGGP genes were most highly
expressed in anthers, seedling leaf, and bracts and most lowly expressed in the crown, seedling

root, and caryopses 3-5 DAP.

We searched for anther/pollen specific cis-regulatory elements in the 1-kb promoter region
of the TaGGP genes to identify whether the high expression of the 7aGGP2 homoeologs in anthers
could be explained due to differences in these regulatory elements (Figure S4.4). However, the
high level of expression of the 7TaGGP2 homoeologs in anthers does not appear to correlate with
the density of anther/pollen cis-regulatory elements surrounding the transcription start site (TSS),
with a higher density of anther/pollen cis-regulatory elements instead being present in regions

surrounding the TSS of the TaGGPI homoeologs (Figure S4.4).
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Figure 4.6. Quantitative reverse transcription-PCR analysis of the TaGGP genes from bread wheat
cv. Chinese Spring. Relative expression of the (a) 7aGGPI and (b) TaGGP2 homoeologs is
provided in: (1) embryonic root; (2) mesocotyl; (3) seedling root; (4) crown; (5) seedling leaf; (6)
bracts; (7) anthers; (8) pistil; (9) caryopsis 3-5 DAP; and (10) embryo 22 DAP. The geometric
mean of TaActin, TaCyclophilin, and TaELF were used as normalisation factors. Error bars
indicate SEM of three technical replicates derived from a bulk of three independent biological
samples.
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4.3.6. Transient transformation of 7aGGP genes in N. benthamiana leaf increases ascorbate

concentration

Coding sequences of the TaGGPI-A4, TaGGPI-B, TaGGPI-D, TaGGP2-A, and TaGGP2-B genes
increased ascorbate concentrations in transiently transformed N. benthamiana leaf relative to the
control (Figure 4.7). Transformation with TaGGPI-D produced the greatest increase in ascorbate
concentration (5.3-fold) relative to the control. Similar fold increases in ascorbate concentrations
were also observed with transformation of TaGGPI-B (4.1-fold), TaGGP2-A (4.4-fold), and
TaGGP2-B (4.5-fold). Transformation with TaGGPI1-A4 produced a 2.4-fold increase relative to
the control, which was the lowest increase in ascorbate concentration observed. Agrobacterium
tumefaciens containing the TaGGP2-D construct were unable to be recovered. The higher fold
increase in ascorbate observed for some of the 7TaGGP genes relative to the positive control
AcGGP gene from kiwifruit may be explained by the strength of the promoters used to drive
transgene expression: the dual 35S promoter used to drive the TaGGP genes is a stronger promoter

than the single 35S promoter used to drive AcGGP.
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Figure 4.7. Transient transformation of the 7TaGGP coding sequences in N. benthamiana. (a)
Schematic representation of the T-DNAs used for constitutive overexpression of the 7aGGP genes
in N. benthamiana. RB, right border; 2 x 35S, dual CaMV 35S promoter; TaGGP, coding sequence
of TaGGP1-A4 (1,293 bp), TaGGPI-B (1,293 bp), TaGGPI-D (1,293 bp), TaGGP2-4 (1,296 bp),
and TaGGP2-B (1,296 bp); nos T, nopaline synthase terminator; 2 x 35S enhanced, dual CaMV
35S promoter enhanced; hptll, hygromycin phosphotransferase II, pA, CaMV poly(A) signal; LB,
left border. (b) Ascorbate concentrations of N. benthamiana leaves co-infiltrated with A.
tumefaciens (GV3101 MP90) containing the constructs of interest and a P19 construct to prevent
post-transcriptional gene silencing. The control was infiltrated with A. tumefaciens containing the
P19 construct alone. The AcGGP gene from kiwifruit driven by a single 35S promoter in the
pGreen vector system was used as a positive control. Bars represent mean = SEM of three
infiltrated young leaves. Means that do not share a letter are significantly different (one-way
ANOVA followed by Tukey post-hoc test with 95% confidence level).
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4.4. Discussion

4.4.1. The TaGGP genes are highly conserved, functional, and have an uORF amenable to

genome editing

We identified six 7aGGP genes in the bread wheat genome, comprising of three 7aGGPI
homoeologs on chromosomal group 5 and three 7aGGP2 homoeologs on chromosomal group 4.
Five of the genes are located on the short arm of their respective chromosomal group; the TaGGP2-
A gene is located on the long arm of chromosome 4A due to a known pericentric inversion between
the long and short chromosome arms [268]. We have also identified two copies of the GGP gene
in the barley, Brachypodium, and A. tauschii genomes, as well as one copy in the sorghum genome.
To our knowledge, this is the first time that the HvGGPI, HvGGP2, BdGGPIl, BdGGP2,
AetGGPI, AetGGP2, and ShGGP gene have been reported on.

The TaGGP protein sequences are highly conserved, particularly between homoeologs,
with up to 99.3% shared identity (Figure 4.2). This high level of conservation is striking given the
genetic redundancy of the hexaploid wheat genome, which generally displays accelerated rates of
coding sequence evolution relative to diploid organisms such as Brachypodium and suggests that
all six TaGGP genes play important functional roles during wheat development and as such may
be resistant to genetic drift [269]. This hypothesis is consistent with our finding that all five TaGGP
genes transiently transformed into N. benthamiana leaf increased leaf ascorbate concentrations
relative to the control, confirming their functional role in ascorbate biosynthesis in planta (Figure
4.7). We can also conclude from the transient transformation that the 13 residues that distinguish
the graminaceous GGP2 proteins from GGP1 proteins do not appear to affect the function of the
GGP2 proteins. The substantial increase in ascorbate concentrations in N. benthamiana leaf
observed for the 7TaGGP genes is consistent with GGP as the rate-limiting step towards ascorbate
biosynthesis in plants [62, 64, 71, 108], and demonstrates the potential of utilising these genes,

particularly TaGGPI1-D, to increase ascorbate concentrations not only in wheat but other crops.

All six TaGGP proteins contained the highly conserved HpHpQ motif (where ¢ is a
hydrophobic amino acid) that is characteristic of the galactose-1-phosphate uridylyltransferase
branch of the HIT superfamily (Fig 4.2) [108, 112, 270]. They also all possess the highly conserved
KKRP NLS, which may be responsible for localizing the TaGGP proteins to the nucleus, in
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addition to the cytoplasm where most of the ascorbate biosynthesis occurs (Fig 4.2) [271]. Fusion
proteins of AtGGPI:YFP, SIGGPI.:GFP, and SIGGP2:GFP have been found to localize to the
cytoplasm and nucleus suggesting that GGP may be a dual-function protein serving both enzymatic
and regulatory roles [271-273]. Determining the extent to which this NLS influences subcellular
localization of GGP and what role GGP may be playing in the nucleus warrants further

investigation.

We also identified a highly conserved uORF in the long 5’UTR of the mRNA for each of
the six 7TaGGP genes (Figure 4.1 and 4.3). Notably, the uORF of the TaGGP2 homoeologs had a
truncation of 11 residues relative to the TaGGPI homoeologs and the same truncation of 11
residues was also observed for the BdGGP2 and HvGGP2 uORFs relative to the BAGGPI and
HvGGP2 uORFs, respectively, indicating that this truncation occurred prior to the evolutionary
divergence of Brachypodium and the Triticeae tribe (Figure 4.3). If theses graminaceous GGP2
uORFs are still functional this would suggest that these 11 residues are not critical to the
functionality of the peptide. Disruption of the GGP uORF through genome editing has recently
been shown as a viable strategy to increase ascorbate concentrations in a variety of plant species
[153, 154]. For example, CRISPR/Cas9-targeted mutagenesis of the AtGGPI uORF in
Arabidopsis and the LsGGPI and LsGGP2 uORFs in lettuce to disrupt their function increased
foliar ascorbate concentrations 1.7-, 1.4-, and 2.6-fold, respectively. Additionally, the increased
ascorbate concentrations in lettuce conferred enhanced tolerance to methyl viologen-induced
oxidative stress [153]. Similarly, CRISPR/Cas9-targeted mutagenesis of the SIGGP2 uORF in
tomato to disrupt its function increased foliar ascorbate concentrations approximately 1.4-fold
[154]. Due to the plasticity of the hexaploid wheat genome, manipulating individual or multiple
TaGGP uORFs with genome editing tools such as CRISPR/Cas9 represents a promising strategy
to produce ascorbate-enriched wheat plants whilst also minimizing any pleiotropic effects on plant

development that may arise due to disruption of the GGP uORF.

4.4.2. A Mutator-like transposable element may be responsible for the duplication and

specialized gene expression of GGP2 in the Brachypodium/Triticeae lineage

We have categorized the graminaceous GGP genes described in this manuscript as group 1 or
group 2 based on phylogeny. The protein and coding sequences of the TaGGPI homoeologs,
AetGGPI, HyGGPI1, and BAdGGP1 are more closely related to OsGGP, ZmGGP, and SDGGP in
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terms of evolutionary distance than that of the 7TaGGP2 homoeologs, AetGGP2, HvGGP2, and
BdGGP?2 (Fig 4.4). This grouping of graminaceous GGPI and GGP2 genes is also consistent with
the chromosomal location of the GGP genes and the known evolutionary history of grass genomes.
For example, the wheat chromosomal group Ta5, barley chromosome HvS5, Brachypodium
chromosome Bd4, rice chromosome Os12, and sorghum chromosome Sb8, which each harbour
GGPI genes, are all descended from the ancestral grass chromosome A12 [274]. Whereas, the
wheat chromosomal group Ta4, barley chromosome Hv4, and Brachypodium chromosome Bd4,
which each harbour GGP2 genes, are all descended from the ancestral grass chromosome Al1 (in
Brachypodium A11 and A12 were fused to form the single chromosome Bd4) [274]. Given that
rice, maize, and sorghum each have a single copy of GGP, while wheat, barley, Brachypodium,
and A. tauschii each have two copies of GGP, it appears that GGP may have been duplicated from
A12 to A1l in the ancestor of the Brachypodium/Triticeae lineage. This duplication event would
have occurred after the evolutionary divergence of the Brachypodium/Triticeae lineage from rice
approximately 33.5 million years ago (MYA) but prior to the evolutionary divergence of

Brachypodium and the Triticeae tribe approximately 24.5 MYA [274].

Our microsynteny analysis of the 7aGGP genes revealed that the TaGGPI and TaGGP2
SRs have no shared synteny except for the 7aGGP genes themselves (Fig 4.5). We also did not
find any shared synteny between the BdAGGPI and BdGGP2 SRs in Brachypodium (Table S2) or
between the HvGGPI and HvGGP2 SRs in barley (Table S3). This lack of synteny between the
GGPI and GGP2 SRs in wheat, Brachypodium, and barley suggests that GGP2 may have been
duplicated via transposition in the ancestor of the Brachypodium/Triticeae lineage since other
methods of gene duplication preserve gene synteny [275]. Given that the introns and gene structure
of the wheat, Brachypodium, and barley GGP2 genes have been preserved, a Class II transposable
element (DNA transposon) that transposes via a DNA intermediate may have been responsible for
such a transposition. We propose that a Mutator-like transposable element (MULE)—a family of
DNA transposons that are prevalent in plants and capable of capturing, mobilizing, and amplifying
gene fragments—may have been responsible for the duplication of GGP2 [276]. However, given
the proposed evolutionary time since GGP2 was duplicated (24.5 to 33.5 MYA) any features of

the transposable element would have degenerated by now and no longer be detectable [275].
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We identified distinct expression patterns for the 7aGGPI1 and TaGGP2 genes with the
TaGGPI homoeologs broadly expressed across different tissues and developmental stages,
whereas the TaGGP2 homoeologs were highly specialized with approximately 50- to 580-fold
higher expression in anthers relative to other tissues (Figure 4.6). Our TaGGP gene expression
results are supported by gene expression data extracted from http://bar.utoronto.ca/ which also
demonstrates that the TaGGP1 homoeologs are broadly expressed across different tissues and
development stages, and that the 7aGGP2 homoeologs are highly expressed in anthers and leaves
relative to other tissues (Figure S4.5). Similar GGP expression profiles were also observed for
other graminaceous species in terms of higher expression in anthers and/or leaves relative to other
tissues (Figure S4.5 and S4.6). To our knowledge this is the first time that specialized expression
of a GGP gene in anthers has been documented, however, a previous study found high ascorbate
concentrations correlated with high RNA concentrations in the developing anthers of jimsonweed
(Datura stramonium L.) [277]. Together this expression data suggests that ascorbate may play an
important role in anther development in wheat and other graminaceous species, for example
protecting pollen from ROS induced by environmental stresses [278]. Determining whether the
high expression of GGP in anthers is correlated with higher ascorbate concentrations relative to

other tissues warrants further study.

In regards to the origin of the cis-regulatory elements responsible for the high expression
of GGP2 genes in the anthers relative to other tissues in wheat, Brachypodium, and barley, we
propose two hypotheses: (i) following duplication, the regulatory region of the GGP2 gene
diverged due to a reduction in selection pressure, which subsequently generated de novo cis-
regulatory elements, or (ii) cis-regulatory elements in the regulatory region were inherited from a
transposable element that may have been responsible for the duplication of GGP2. In support of
the first hypothesis, sequence alignments of the 1-kb promoter region of the wheat, Brachypodium,
and barley GGP genes demonstrate that the promoter region of the GGP2 genes have
commonalities with the promoter region of the GGPI genes but have otherwise diverged
significantly (Figure S4.7). It is possible that sequence changes to the promoter region of GGP2
genes have generated de novo cis-regulatory elements responsible for the high expression of GGP2
genes in anthers. On the other hand, transposable elements are known to influence the expression
of transposed genes [275]. For example, MULEs—including any sequences that have been

captured, mobilized, and amplified by a MULE—have been shown to be preferentially expressed
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in reproductive tissues [275, 279]. The terminal inverted repeat (TIR) of MULEs are proposed to
serve as the regulatory region for the expression of MULEs, including any transposed gene
fragments [275, 279]. If GGP2 was transposed by a MULE in the ancestor of the
Brachypodium/Triticeae lineage, it is possible that GGP2 inherited cis-regulatory elements
responsible for the high expression of GGP2 in anthers directly from the TIR of the MULE.

4.4.3. Applications towards plant breeding

Abiotic stresses, such as high temperature, are responsible for major losses in global wheat
productivity and are predicted to intensify due to climate change [280]. Identifying genetic
strategies to mitigate or offset these losses will be essential for maintaining global wheat
production levels. Exogenous application of ascorbate to wheat plants has been shown to alleviate
salt- and drought-induced oxidative stress in many studies [281-286]. The development of high-
ascorbate bread wheat cultivars through overexpression of the 7TaGGP genes or genome editing of
one or more 7aGGP uORFs to disrupt their function could help to mitigate wheat production losses

caused by abiotic stress without the need for exogenous applications.

With respect to human nutrition, the development of bread wheat products with elevated
levels of ascorbate may be limited due to the decline of ascorbate to negligible levels during grain
maturation that may be difficult to overcome [54, 55]. However, wheat products made from
germinated grain may provide a vehicle for ascorbate biofortification since germinated grain
contains considerably higher levels of ascorbate relative to non-germinated grain [287, 288].
Germinated grain from bread wheat cultivars with an enhanced capacity to biosynthesize ascorbate

could represent a novel way for improving human dietary intake of ascorbate.
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4.5. Conclusions

We identified six 7aGGP genes in the bread wheat genome, each with a highly conserved uORF.
Phylogenetic and microsynteny analyses revealed that GGP2 may have been duplicated via a
transposable element in the ancestor of the Brachypodium/Triticeae lineage. The TaGGP2
homoeologs had specialized expression in anthers which may have been inherited from the TIR of
a MULE. Transient transformation of the 7aGGP coding sequences in N. benthamiana leaf
increased ascorbate concentrations up 5.3-fold, confirming their activity in planta. We propose
that the six 7aGGP genes and uORFs identified in this study will provide a valuable genetic
resource for increasing ascorbate biosynthesis in bread wheat to improve wheat abiotic stress

tolerance and human nutrition.
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4.6. Methods

4.6.1. Identification and naming of the GGP genes and uORFs

The OsGGP coding sequence (LOC4351698) was used as a query in BLASTN searches against
the International Wheat Genome Sequencing Consortium (IWGSC) RefSeq v1.0 assembly of the
wheat genome cv. Chinese Spring [266] to identify TaGGP coding sequences. Each TaGGP gene
was assigned a unique name based on homoeologous grouping and their respective subgenomes
and followed the recommended rules for gene symbolization in  wheat
(http://wheat.pw.usda.gov/ggpages/wgc/98/Intro.htm). Gene prediction models including
predicted coding and proteins sequences were obtained from the IWGSC database. The OsGGP
coding sequence was also used as a query in BLASTN searches against the genome sequence
databases for barley (IBSC v2), Brachypodium (Brachypodium distachyon v3.0), A. tauschii
(Aet_v4.0) from https://plants.ensembl.org and for sorghum (Sorghum bicolor NCBIv3) from
https://www.ncbi.nlm.nih.gov. The structure of the GGP genes was determined with Splign
(https://www.ncbi.nlm.nih.gov/sutils/splign/splign.cgi) [289]. The GGP uORF coding and peptide
sequences were manually identified in the 5S’UTR of the GGP genes starting from the highly

conserved AUC codon encoding isoleucine as previously described [163].
4.6.2. Cloning and gene sequencing

Full-length gene sequences of TaGGPI-A and TaGGP2-A could not be retrieved from the IWGSC
RefSeq v1.0 assembly of the wheat genome cv. Chinese Spring [266] due to each gene having a
gap in intron 2 where sequence was missing. PCR primers were designed to amplify gene
fragments spanning the gap of the TaGGPI-4 and TaGGP2-A genes from cv. Chinese Spring
genomic DNA using the respective IWGSC gene sequences and Primer3 software [207, 208]. The
TaGGPI gene fragment was PCR amplified with forward primer 5 -
GGCAATCTGTTAGGCAAGCA -3’ and reverse primer 5 -
TGTCAAAAACAGGTATCAGCAATTT - 3°. The TaGGP2 gene fragment was PCR amplified
with forward primer 5 — AGTTCTTCCTAAATTCTCTCCTCCTT - 3’ and reverse primer 5° —
TTGAGGAATCACCTCACCCTA - 3’. PCR amplification cycles consisted of 1 cycle = 1 m
95°C; 35 cycles =20 s 95°C, 30 s 61°C, 30 s 72°C; 1 cycle =5 m 72°C. PCRs were performed in
a final volume of 20 puL for MyTaq™ HS Red DNA Polymerase (Bioline, MA, USA) according
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to manufacturer’s instructions. The PCR products were purified with DNA Clean & Concentrator-
5 (Zymo Research, CA, USA) and cloned into the pPGEM®-T Vector System (Promega, WI, USA)
according to manufacturer’s instructions. Restriction enzyme digestion of the cloned PCR products
in pGEM®-T with Pvull (New England Biolabs, MA, USA) according to the manufacturer
instructions was used to discriminate the 7aGGP1-A and TaGGP2-A gene fragments from their
respective B and D homoeologous gene fragments prior to Sanger sequencing at the Australian

Genome Research Facility Ltd (http://www.agrf.org.au/).
4.6.3. Sequence alignment and phylogenetic analysis of the GGP and uORF sequences

Sequence alignment and phylogenetic analysis of the GGP coding, protein, and uORF peptide
sequences were performed in Geneious 10.2.2 using ClustalW alignment with default parameters
and the PhyML Geneious plugin [290] with a K80 substitution model for nucleotide sequences or
a LG substitution model for amino acid sequences and a bootstrap value of 1,000. The GGP genes

used in the sequence alignments and phylogenetic analyses are provided in Table S4.
4.6.4. Microsynteny analysis of the TaGGP, BAGGP, and HvGGP genes

Ten high confidence genes upstream and downstream of the six TaGGP, two BdGGP, and two
HvGGP genes were retrieved from the IWGSC RefSeq v1.0 assembly of the wheat genome cv.
Chinese Spring [266], the Brachypodium distachyon v3.0 assembly of the Brachypodium
genome (https://plants.ensembl.org), and the IBSC v2 assembly of the barley genome
(https://plants.ensembl.org), respectively, excluding genes associated with retrotransposons and
retrovirus related polyproteins, and used as query sequences in BLASTN searches against the
respective databases with an E-value threshold of 1e'°. The genes were considered syntenic based
on their genomic location and sequence identity (=90%). The list of the genes used in the
microsynteny analysis of the six TaGGP, two BAGGP, and two HvGGP genes, and their respective

position and gene function, are provided in Tables S1, S2, and S3, respectively.
4.6.5. Quantitative reverse transcription-PCR analysis of the TaGGP genes

The cDNA library of 10 different tissues and development stages of bread wheat cv. Chinese
Spring was previously generated as described [291]. The quantitative reverse transcription-PCR

analysis of the six 7aGGP genes was carried out using subgenome specific PCR primer pairs
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(Table S5) for each TaGGP gene as previously described [292]. Subgenome specificity of primer
pairs was verified using cv. Chinese Spring nulli-tetrasomic DNA [293]. Primer efficiency was
>97% for all primer pairs. A three gene normalisation factor of the most stable housekeeping genes
TaActin, TaCyclophilin, and TaELF was used to normalise qRT-PCR expression data as
previously described [291, 294]. Supplementary GGP gene expression data was extracted using
the corresponding gene identifiers provided in Table S4 from http://bar.utoronto.ca/ for wheat
[295], barley [296], and maize [297], and from https://www.ebi.ac.uk for Brachypodium, rice, and
sorghum [298].

4.6.6 Analysis of TaGGP promoter regions

For each TaGGP gene, the first exon as well as the 1-kb upstream region, which was considered
the promoter region, was extracted from the genome sequence databases for 7. aestivum (IWGSC)
from https://plants.ensembl.org. These sequences were used as a query in BLASTN searches
against the NCBI expressed sequence tag (EST) database for 7. aestivum
(https://blast.ncbi.nlm.nih.gov) to identify 7aGGP cap-trapped full-length cDNA sequences and
the TTS. The identification of anther/pollen cis-acting elements was performed in Geneious 10.2.2
as previously described [292]. Sequence alignment of the 1-kb promoter region of the GGP genes
was performed in Geneious 10.2.2 using the MAFFT Geneious plugin [299] with a L-INS-i

algorithm.
4.6.7. Transient transformation of V. benthamiana leaves

Bread wheat cv. Gladius was sourced from the Australian Grains Genebank
(https://www.seedpartnership.org.au/associates/agg). PCR primers were designed to amplify the
coding sequence of the 7aGGPI homoeologs and 7TaGGP2 homoeologs from bread wheat cv.
Gladius cDNA using Primer3 software [207, 208]. The TaGGP1 homoeologs were PCR amplified
with forward primer 5° — ATGAAGCTGACGATTAAGAGGGTA -3’ and reverse primer 5° —
TCACGGAATTACGAGGCAG - 3’. The TaGGP2 homoeologs were PCR amplified with
forward primer 5° — ATGGAGATGAAGCTGACGAT - 3’ and reverse primer 5 -—
TCACTGAAGGACAAGGCAAC - 3’. PCR amplification cycles consisted of 1 cycle=30s 98°C;
35 cycles =105 98°C, 155 61°C, 45 s 72°C; 1 cycle =5 m 72°C. PCRs were performed in a final
volume of 50 pL for Phusion High-Fidelity DNA Polymerase (New England Biolabs) according
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to the manufacturer’s instructions. The PCR products were purified with DNA Clean &
Concentrator-5 (Zymo Research), A overhangs added with MyTaq™ HS DNA Polymerase
(Bioline), ligated into the pCR8/GW/TOPO vector system using the pCR™8/GW/TOPO® TA
Cloning Kit (Invitrogen, CA, USA), and recombined into the pMDC32 vector system [203] using
Gateway™ LR Clonase™ II Enzyme mix (Invitrogen) according to the manufacturer’s
instructions. Cloning of the correct gene family member and gene orientation was confirmed by
Sanger sequencing at the Australian Genome Research Facility Ltd. A. tumefaciens (GV3101
pMP90) containing the constructs of interest (except TaGGP2-D) were co-infiltrated with 4.
tumefaciens containing a P19 construct [300] to prevent post-transcriptional gene silencing into
the younger leaves of 6-week-old N. benthamiana plants (LAB strain) grown in a plant growth
room (16 h daylength, 24°C) [301]. Infiltration conditions were conducted as previously described
[302]. Infiltration with 4. tumefaciens containing the P19 construct alone was used as a control.
Infiltration with A. tumefaciens containing the kiwifruit 4cGGP gene in the pGreen vector system
[71, 303] was used as a positive control. Leaves were harvested for ascorbate measurements 7 d

after infiltration and frozen on dry ice.
4.6.8. Ascorbate measurement

Total ascorbate (ascorbate + dehydroascorbate) was extracted and measured as previously
described with modifications [205]. Briefly, total ascorbate was extracted from ground, lyophilized
tissue homogenised in extraction fluid containing 8% metaphosphoric acid, 2 mM EDTA, and 2
mM TCEP (Sigma-Aldrich, MO, USA) at 40°C for 2 h. The extract was centrifuged and 5 pl of
supernatant was injected onto a C18 3 um 33 x 7 mm Alltima Rocke<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>