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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 have 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, unpolished grain), 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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INTRODUCTION

Producing sufficient and nutritious food to feed the growing 
world population represents one of the great challenges of 
the 21st century. Abiotic stresses, such as drought, salinity, 
and extreme temperatures are major limiting factors of global 
crop productivity, and are predicted to be  exacerbated and 
co-occur more frequently due to the effects of climate change 
(Zhang et  al., 2000; Pandey et  al., 2017). Common to many 
abiotic stresses is the excess production of reactive oxygen 
species (ROS) due to the disruption of cellular homeostasis 
(Mittler, 2002). 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 (Koyro 
et  al., 2012). 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 (von Grebmer 
et al., 2014). Hidden hunger is most prominent in the developing 
world, often resulting from diets dependent micronutrient-
poor staple crops (von Grebmer et  al., 2014). 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 (Bouis et  al., 2011).

Ascorbate (also known as vitamin C) is a vital multifunctional 
molecule for both plants and mammals (Smirnoff, 2018). 
Ascorbate is a reducing agent capable of donating electrons, 
and primarily serves a role as a cellular antioxidant and enzymatic 
co-factor (Smirnoff, 2018). 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 (Foyer and 
Noctor, 2011). Beyond its functions in photosynthesis and stress 
tolerance, ascorbate plays many other roles in plants, including 
the biosynthesis of ethylene and organic acids (Rocklin et  al., 
1999; Debolt et  al., 2006), regenerating oxidized α-tocopherol 
(Fryer, 1992), transporting iron (Fe; Grillet et  al., 2014), and 
influencing cell division (Potters et  al., 2002), cell expansion 
(Smirnoff, 1996), and the onset of flowering and senescence 
(Barth et  al., 2006). In humans, ascorbate is an essential 
micronutrient well-known for its essential role in collagen 
biosynthesis and prevention of the disease scurvy (Peterkofsky, 
1991). 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 (Fairweather-Tait, 1987; 
Hallberg et al., 1989; Siegenberg et al., 1991; Engle-Stone et al., 
2005; Jin et al., 2008; Kim et al., 2011). In addition to enhancing 
Fe absorption in the gut, ascorbate has also been reported to 
regulate cellular Fe uptake and metabolism (Lane et  al., 2013; 
Lane and Richardson, 2014). Ascorbate has many further positive 

effects on human health, for instance by reducing the risk of 
infections, cardiovascular disease, stroke, and cancer (Combs, 2012).

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 (Dowdle et al., 
2007; Baldet et  al., 2013; Höller et  al., 2015; Lim et  al., 2016a; 
Vidal-Meireles et al., 2017). 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-galactose1-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 (Bulley et  al., 2009; 
Zhou et  al., 2012), 3.1-fold in potato (Solanum tuberosum L. 
Bulley et al., 2012), 2.1-fold in strawberry (Fragaria × ananassa; 
Bulley et  al., 2012), 2.0- to 6.2-fold in tomato (Solanum 
lycopersicum L.; Bulley et  al., 2012; Li et  al., 2019), 1.4-fold 
in tobacco (Nicotiana tabacum L.; Wang et  al., 2014), and 
2.5- to 2.6-fold in rice (Oryza sativa L.; Zhang et  al., 2015; 
Ali et  al., 2019). Increased expression of the GGP gene has 
further been associated with enhanced tolerance to multiple 
abiotic stresses, including salt, ozone, and cold stress (Wang 
et  al., 2014; Zhang et  al., 2015; Ali et  al., 2019). 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 
human digestion.

Rice is the most important source of calories for humans, 
providing nearly half the world’s population with more than 
20% of their daily caloric intake (Bonneau et  al., 2018). It 
is an important staple crop for many parts of the world, 
particularly in Eastern Asia, Southern Asia, and South-East 
Asia (Bonneau et al., 2018). Abiotic stresses, such as drought, 
flooding, and salinity are major limiting factors in global 
rice productivity (Lafitte et  al., 2004), therefore developing 
strategies to increase ascorbate concentrations in rice plants 
may help to mitigate the yield losses associated with these 
abiotic stresses. Moreover, rice grain contains negligible 
concentrations of ascorbate and is a poor source of bioavailable 
Fe (Haas et al., 2005; USDA, 2019), thus strategies to increase 
ascorbate levels in rice grain could improve dietary intakes 
of both ascorbate and bioavailable Fe in humans. To date, 
several studies have increased the expression of ascorbate 
biosynthetic or recycling genes to increase foliar ascorbate 
concentrations in rice plants (Liu et  al., 2011; Kim et  al., 
2013; Zhang et  al., 2015; Ali et  al., 2019). Whether these 
strategies alter ascorbate concentrations in the rice grain and/
or other tissues are unclear.

In this study, we aimed to increase ascorbate concentrations 
throughout the rice plant via constitutive overexpression of 
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the OsGGP coding sequence and to determine the effect 
that elevated levels of ascorbate have on both stress tolerance 
and Fe bioavailability. We found that constitutive overexpression 
of the OsGGP coding sequence in rice did not affect ascorbate 
concentrations in brown rice (BR, unpolished grain), 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 null segregant (NS) and 35S-OsGGP BR and 
GBR samples.

MATERIALS AND METHODS

Plant Growth Conditions
Oryza sativa cv. Nipponbare was used for all experiments. 
Rice grain was 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, United  States) for 30  min and washed three 
times with sterile dH2O. Surface sterilized rice grain was 
germinated in a petri dish with moist sterile filter paper 
(Whatman, United Kingdom) for 7–9 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). Lighting was provided through 
natural lighting supplemented with a mixture of high-pressure 
sodium and metal halide lamps for 12  h during the day. 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.

Vector Construction and Rice 
Transformation
The OsGGP (LOC_Os12g08810) coding sequence was 
PCR-amplified from rice cv. Nipponbare cDNA and recombined 
into the Gateway-compatible pMDC32 vector (Curtis and 
Grossniklaus, 2003), which placed the OsGGP coding sequence 
under transcriptional control of the constitutive dual CaMV 
35S promoter (Battraw and Hall, 1990; Terada and Shimamoto, 
1990) and adjacent to the hygromycin phosphotransferase II 
(hptII) plant-selectable marker gene (Supplementary Table S1). 
Agrobacterium-mediated transformation of rice callus was carried 
out using established protocols (Sallaud et  al., 2003).

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 transfer DNA (T-DNA) 
was determined via multiplex PCR amplification of hptII with 
OsACT1. The PCR amplification cycles consisted of 
1  cycle  =  1  min 95°C; 40  cycles  =  20  s 95°C, 20  s 60°C, and 
90  s 72°C. The PCRs were performed in a final volume of 
20  μl for MyTaq™ HS Red DNA Polymerase (Bioline, 
United  Kingdom) according to manufacturer’s instructions.

Quantification of Total Ascorbate
Total ascorbate was extracted and measured as previously 
described with modifications (Rassam and Laing, 2005). Briefly, 
total ascorbate was extracted from ground, lyophilized tissue 
homogenized 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  μl of supernatant 
was injected onto a C18 3  μm 33  ×  7  mm Alltima Rocket 
column (Hichrom Limited, United  Kingdom) 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, 
United States). 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 were 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, and 
175  >  59) ionization modes. The product ion 115  m/z was 
used as a quantifier. A calibration curve in the range of 
1.95–250  ppm of L-ascorbic acid analytical standard (Sigma-
Aldrich) was used to determine absolute concentration of 
analyte in the extracts.

Quantitative Reverse Transcription-PCR 
Analysis
Total RNA from foliar tissue was isolated using the Direct-zol™ 
RNA MiniPrep Kit (Zymo Research, CA, United  States) 
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 0.1  M 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 (Nagy 
et  al., 2016). 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 
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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 transcription 
of the RNA were performed using the QuantiFluor® RNA 
System (Promega, WI, United States), 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, 
OsGME2, and OsGPP genes using Primer 3 software  
(Koressaar and Remm, 2007; Untergasser et  al., 2012; 
Supplementary Table S1). To discriminate between the OsGGP 
and 35S-OsGGP transcripts, the qRT-PCR-OsGGP reverse 
primer was designed in the 3' untranslated region of the 
endogenous OsGGP transcript, and the qRT-PCR-35S-OsGGP 
reverse primer was designed in the nopaline synthase 
terminator of the transgenic 35S-OsGGP transcript. 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, United States) 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, and 20  s 72°C and were followed by a melt 
curve from 65 to 95°C in 0.5°C steps for 5  s/step. The 
qRT-PCRs were performed in a final volume of 10  μl for 
KAPA SYBR® FAST (Kapa Biosystems, MA, United  States) 
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 108–102 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, OsELF1, OsACT1, and OsUBQ5 using the 
NormFinder Excel add-in (Andersen et  al., 2004) was used 
to normalize the expression of the 35S-OsGGP, OsGGP, 
OsGME1, OsGME2, and OsGPP genes.

Assessment of Salt Tolerance With 
Automated Imaging
Surface sterilized rice grain was germinated in plastic boxes 
on moist paper towels [January 9, 2019, denoted days after 
planning (DAP) 0]. At DAP  6, three uniformly germinated 
grain per line were transplanted to 2.8  L pots filled with 
2.6  kg of University of California (UC) Davis Soil Mix and 
placed into square containers so that any water from the 
automated watering system that drains from the bottom of 
the pots would be  collected. The UC Davis Soil Mix was 
supplied by the South Australian Research and Development 
Institute (SARDI), Waite Campus and was prepared by mixing 
sand and peat moss (volume ratio 1.6:1) fertilized with Mini 
Osmocote (ICL) at a rate of 2.5  g/L and the pH adjusted 
to 6–6.5 with a mix of calcium hydroxide and calcium carbonate. 

Plants were grown on benches at the back of the North 
West automated greenhouse (NW Smarthouse) at The Plant 
Accelerator, University of Adelaide, Australia under manual 
watering (not to weight). The temperature throughout the 
experiment was at 28/23°C day/night with an average relative 
humidity of 60%. Lighting was provided through natural 
lighting (no supplemental lighting) with an average maximum 
light intensity at solar noon of 650  μmol  m−2  s−1 and 
14.25  h  day length at the beginning of the experiment and 
13.25  h  day length at completion. At DAP  14, plants were 
thinned to one seedling per pot and loaded onto the conveyor 
system (LemnaTec GmbH, Aachen, Germany) of 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 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 225  mM 
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 (Campbell et  al., 
2015). Imaging was carried out daily from DAP 14 to DAP 40 
inclusive. From these images, the projected shoot area (PSA) 
of the plant shoot, as viewed using RGB cameras, was 
obtained as previously described (Pham et  al., 2019). 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 of the top view. 
The data were prepared for analysis using growthPheno 
(Brien, 2019b), a package for the R statistical computing 
environment (R Core Team, 2019).

Preparation of Germinated Brown Rice
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 dH2O for 12  h in the 
dark at 28°C, washed three times with sterile dH2O, 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 dH2O, snap-frozen in liquid nitrogen, 
lyophilized, and ground using a Tube Mill with a 40 ml grinding 
chamber (IKA).

Quantification of Fe
Inductively coupled plasma optical emission spectrometry (ICP-
OES) of the ground, lyophilized BR and GBR samples were 
conducted at the Robert W. Holley Centre for Agriculture and 
Health (USDA-ARS, Ithaca, NY, United  States) to determine 
Fe concentrations as previously described (Dias et  al., 2018).

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). 
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Phosphorus concentrations in free and total phosphorus solutions 
were determined by absorbance at 655  nm.

Caco-2 Cell Culture Assessment of Fe 
Bioavailability
Ground, lyophilized BR and GBR samples underwent an in 
vitro gastrointestinal digestion using porcine pepsin, pancreatin, 
and bile extract (Sigma-Aldrich) prior to Caco-2 cell Fe 
bioavailability analysis as previously described (Glahn et  al., 
1998; Trijatmiko et  al., 2016; Beasley et  al., 2019). Briefly, 
the Caco-2 cells were maintained at 37°C in supplemented 
Dulbecco’s modified Eagle medium (ThermoFisher Scientific) 
for 11  days post-seeding and replaced with supplemented 
minimum essential media (MEM) solution (ThermoFisher 
Scientific) 48 h prior to the experiment day. On the experiment 
day, the in vitro gastrointestinal-digested samples were added 
to cylindrical Transwell inserts (Corning Life Sciences, NY, 
United States) fitted with a Spectra/Por 2.1 15,000 Da molecular 
weight cut-off dialysis membrane (Spectrum Medical, CA, 
United States). 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  mM/L NaCl, 5  mM/L KCl, and 10  mM/L 
PIPES (Sigma-Aldrich) at pH 7 and harvested with the addition 
of dH2O 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, United  States) 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 (Glahn 
et  al., 1998). A solution of 4  μM Fe (High Purity Standards, 
SC, United  States) and a solution of 4  μM Fe (High Purity 
Standards) and 80  μM ascorbic acid (Sigma-Aldrich) were 
used as positive controls to verify the responsiveness of the 
Caco-2 cells to Fe uptake.

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 
17.1.0.1 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 (Butler et al., 
2018) and asremlPlus (Brien, 2019a). Estimated means were 
obtained from the analysis, and the significances of their 

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

differences were investigated using the Least Significant 
Difference at the 5% significance level.

RESULTS

Constitutive Overexpression of the OsGGP 
Coding Sequence 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 coding sequence were generated through 
Agrobacterium tumefaciens-mediated transformation of a T-DNA 
containing the OsGGP coding sequence under transcriptional 
control of the constitutive dual CaMV 35S promoter  
(Figure 1A). A total of 27 independent, hemizygous 35S-OsGGP 
transformation events were regenerated from tissue culture and 
ascorbate concentrations were measured in the T1 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 (Supplementary Table S2). 
Two events (hereafter referred to as 35S-OsGGP-1 and 
35S-OsGGP-2) with increased ascorbate concentrations in T1 
GBR and Mendelian segregation ratios of 3:1 for presence/
absence of the T-DNA in T1 seedling were advanced by  
selfing and homozygous and NS progeny were identified 
(Supplementary Table S2). Ascorbate concentrations were 
negligible in homozygous NS and 35S-OsGGP BR and did not 
differ significantly (Figure 1B). Ascorbate concentrations were, 
however, significantly increased 8.7-fold and 5.1-fold in 
homozygous 35S-OsGGP-1 and 35S-OsGGP-2 GBR relative to 
NS-1 and NS-2, respectively (Figure  1B). At the vegetative 
growth phase (defined as germination to panicle initiation 
Moldenhauer et  al., 2001), 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  1C). Similarly, root ascorbate concentrations were 
significantly increased 4.2-fold and 4.5-fold in homozygous 
35S-OsGGP-1 and 35S-OsGGP-2 plants relative to NS-1 and NS-2,  
respectively (Figure  1D). In contrast to the vegetative growth 
phase, foliar ascorbate concentrations at the reproductive  
growth phase (defined as panicle initiation to heading 
Moldenhauer et  al., 2001) 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  1E; 
Supplementary Figure S1). The reduction in foliar  
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 foliar ascorbate  
concentrations relative to NS at the reproductive growth phase 
(Supplementary Figure S2). 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 growth 
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phase (Figure 2A). 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 2A). 
Even though foliar ascorbate concentrations and endogenous 
OsGGP transcript levels were significantly reduced, high transcript 
levels of the 35S-OsGGP transgene were detected in the 
35S-OsGGP plants (Figure 2B). Transcript levels of the GDP-D-
mannose-3',5'-epimerase 1 and 2 (OsGME1 and OsGME2) 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 (Figures  2C–E).

Constitutive Overexpression of the OsGGP 
Coding Sequence in Rice Did Not Affect 
Salt Tolerance at the Vegetative Growth 
Phase
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 

A

B C

D E

FIGURE 1 | Production and characterization of independent rice transformation events constitutively overexpressing the OsGGP coding sequence. (A) Schematic 
representation of the transfer DNA (T-DNA) used for constitutive overexpression of the OsGGP coding sequence. RB, right border; 2 × 35S, constitutive dual CaMV 
35S promoter; OsGGP, OsGGP coding sequence; nos T, nopaline synthase terminator; 2 × 35S enhanced, constitutive dual CaMV 35S promoter enhanced; hptII, 
hygromycin phosphotransferase II; pA, CaMV poly(A) signal, and LB, left border. (B) Ascorbate concentrations of T3 homozygous NS and 35S-OsGGP brown rice 
(BR) and germinated brown rice (GBR). Bars represent mean ± SEM of three independent replicates of approximately 50 grain. (C) Foliar and (D) root ascorbate 
concentrations of T3 homozygous NS and 35S-OsGGP plants at the vegetative growth phase [days after planning (DAP) 30]. (E) Foliar ascorbate concentrations of 
T2 homozygous NS and 35S-OsGGP plants at the reproductive growth phase (DAP 84). Bars represent mean ± SEM of three biological replicates. Asterisks indicate 
statistically significant differences between NS and 35S-OsGGP plants (two-sample t-test; *p ≤ 0.05; ***p ≤ 0.001).
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in two steps to the plants at DAP  20 and DAP  23, and the 
plants were imaged daily from DAP  14 to DAP  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  3A). Under salt conditions, foliar ascorbate 
concentrations were significantly increased 1.3-fold in both 
35S-OsGGP-1 and 35S-OsGGP-2 plants relative to NS-1 and 
NS-2, respectively, at DAP  40 (Figure  3B). From smoothed 
PSA (sPSA) values – a strong predictor of shoot biomass 
– the sPSA absolute growth rate and sPSA relative growth 
rate (RGA) were calculated at the following DAP intervals: 
16–20, 20–24, 24–30, 30–35, and 35–40 (Figures  3C–F; 
Supplementary Figure S3). As expected, the sPSA RGR 
declined more rapidly in salt-stressed plants than control 
plants (Figures  3C–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 (Figures  3C,D). Likewise, a 
similar trend in the sPSA 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 sPSA 
RGR at the DAP interval 30–35 relative to NS-2, but otherwise 

did not differ significantly for any of the other calculated 
DAP intervals (Figures  3E,F).

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 (Supplementary Figure S4) 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 35S-OsGGP-1 GBR relative to NS-1 (Figure  4A). 
The concentrations of ascorbate in the NS-1 and 35S-OsGGP-1 
BR and GBR samples were strongly associated with transcript 
levels of the endogenous OsGGP gene and 35S-OsGGP transgene 
(Supplementary Figure S5). Phytate and Fe concentrations 
did not differ significantly between NS-1 and 35S-OsGGP-1 
BR or GBR (Figures  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 

A

C D E

B

FIGURE 2 | Transcript analysis of null segregant (NS) and 35S-OsGGP plants at the reproductive growth phase. Transcript levels of the (A) endogenous OsGGP 
gene, (B) 35S-OsGGP transgene, (C) OsGME1 gene, (D) OsGME2 gene, and (E) OsGPP gene of T2 homozygous NS and 35S-OsGGP plants at the reproductive 
growth phase (DAP 84). Bars represent mean ± SEM of three biological replicates. Asterisks indicate statistically significant differences between NS and 
35S-OsGGP plants (two-sample t-test; *p ≤ 0.05).
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cells exposed to in vitro digests of NS-1 and 35S-OsGGP-1 
BR were similar and did not differ significantly (Figure  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 also did not differ significantly (Figure  4D). 
Ascorbate concentrations were positively correlated with ferritin 
concentrations in Caco-2 cells (r  =  0.620), whereas Fe and 
phytate concentrations were not (r  =  0.210 and r  =  0.042, 
respectively; Table  1).

DISCUSSION

Constitutive overexpression of the OsGGP coding sequence 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 (De Gara et  al., 2003; 
Every et  al., 2003; Paradiso et  al., 2012). In cereal and seed 
crops, ascorbate concentrations are high up until the start of 
the dehydration process, after which the levels progressively 
decline alongside the water content and the ascorbate  
pool shifts toward the oxidized form; dehydroascorbate  
(Arrigoni et  al., 1992; De Gara et  al., 2003; Every et  al., 2003; 
Paradiso et  al., 2012). This could reflect an important role for 

ascorbate in the physiological process of grain dehydration and 
germination. For example, high doses of ascorbate have been 
shown to inhibit rice grain germination (Ye et  al., 2012), and 
therefore unless removed from the grain may inhibit germination. 
Overcoming the decline in ascorbate concentrations during 
grain maturation represents a significant challenge to ascorbate 
biofortification of cereal species, such as rice. We  therefore 
suggest that 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 
fresh fruits and vegetables. Constitutive overexpression of the 
OsGGP coding sequence did, however, significantly increase 
ascorbate concentrations in GBR (Zhang et  al., 2015). 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 (Patil and Khan, 2011; Cho and Lim, 2016), could serve 
as an ascorbate biofortified cereal product, but further studies 
are required to determine the effect(s) of germination conditions, 
processing, and cooking on the final concentrations of ascorbate, 
as well as consumer acceptance traits, such as taste and texture. 
Constitutive overexpression of the OsGGP coding sequence also 
significantly increased ascorbate concentrations in leaves and 
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F

FIGURE 3 | Salt tolerance assessment of NS and 35S-OsGGP plants during the vegetative growth phase. Foliar ascorbate concentrations of (A) control and 
(B) salt-stressed T4 homozygous NS-1 and 35S-OsGGP-1 plants and T3 homozygous NS-2 and 35S-OsGGP-2 plants at DAP 40. Bars represent mean ± SEM of 
six biological replicates. Asterisks indicate statistically significant differences between NS and 35S-OsGGP plants (two-sample t-test; **p ≤ 0.01; ***p ≤ 0.001). The 
smoothed projected shoot area (sPSA) relative growth rate (RGR) of (C) control and (D) salt-stressed T4 homozygous NS-1 and 35S-OsGGP-1 plants and of 
(E) control and (F) 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 
(5%) pairwise difference of six biological replicates. Non-overlapping error bars indicate significant differences at α = 0.05.
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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 (Zhang et  al., 2015; Ali et  al., 2019). 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 coding sequence 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. This data 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 (James et  al., 
2002). 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 

A B

C D

FIGURE 4 | Iron (Fe) bioavailability assessment of NS and 35S-OsGGP BR and GBR. Concentrations of (A) ascorbate, (B) phytate, and (C) Fe in T3 homozygous 
NS-1 and 35S-OsGGP-1 BR and GBR. Bars represent mean ± SEM of three replicates from a bulked pool of lyophilized grain. (D) Ferritin concentrations of Caco-2 
cells exposed to in vitro digests of T3 homozygous NS-1 and 35S-OsGGP-1 BR and GBR. A solution of 4 μM Fe and a solution of 4 μM Fe + 80 μM ascorbate (Asc) 
were used as positive controls to verify the responsiveness of the Caco-2 cells to Fe uptake. Bars represent ± SEM of three biological replicates. Asterisks indicate 
significant differences between the NS-1 and 35S-OsGGP-1 plants (two-sample t-test, ***p ≤ 0.001).

TABLE 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 (μg/g) Phytate 
(g/100 g)

Ferritin (ng/mg 
protein)

Ascorbate (mg/100 g) 0.494 −0.320 0.620*

Fe (μg/g) −0.935*** 0.210
Phytate (g/100 g) 0.042

Values represent correlation coefficients of 12 replicates. Asterisks indicate significant 

correlations (Pearson correlation method); *p ≤ 0.05; ***p ≤ 0.001.
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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 qRT-PCR (Bulley et al., 2009). 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 (Laing et  al., 2015; 
Bulley and Laing, 2016; Macknight et  al., 2017; Li et  al., 2018; 
Zhang et  al., 2018; Broad et  al., 2019, 2020; Si et  al., 2020).

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 measurement 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 (Hairmansis 
et  al., 2014; Campbell et  al., 2015; Al-Tamimi et  al., 2016; 
Yichie et  al., 2018). However, a similar trend in the sPSA, 
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 coding sequence in rice did 
not affect salt tolerance in terms of shoot biomass during 
this early growth phase. 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 (Hemavathi et  al., 2009, 2010, 
2011; Upadhyaya et  al., 2011; Zhang et  al., 2011, 2015; Lim 
et  al., 2012, 2016b; Lisko et  al., 2013; Liu et  al., 2013; Ma 
et  al., 2014; Cai et  al., 2015; Ali et  al., 2019). Particularly, 
our results differ with a previous study that found that increased 
expression of the Arabidopsis AtGGP gene in rice to enhance 
seedling salt tolerance in terms of biomass and RGRs (Zhang 
et  al., 2015). 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 (Ali et al., 2019). Investigating oxidative stress markers 
such as lipid peroxidation in the salt-stressed 35S-OsGGP 
plants may determine whether constitutive overexpression of 
the OsGGP coding sequence in rice ameliorates salt-induced 
oxidative stress and will be  the subject of future research. 
Limitations of this study include testing only one salt 
concentration and a relatively low fold increase in foliar 
ascorbate concentrations in the 35S-OsGGP plants at DAP 40, 
therefore making it difficult to draw definitive conclusions 
regarding the contribution of increased ascorbate on salt 
tolerance in rice. It is worth noting, however, that ascorbate 
concentrations may have been significantly higher during 
earlier intervals of the experiment, for example when the 
salt application was applied at DAP  20 and 23, as we  had 
previously detected a 1.8- and 4.5-fold increase in foliar and 

root ascorbate concentrations, respectively, in the 35S-OsGGP 
plants measured at DAP  30; presented in Figures  1C,D. As 
we  did not detect any significant differences in the sPSA 
RGR for any of the calculated DAP intervals following salt 
application, our data suggest that ascorbate does not affect 
salt tolerance in terms of shoot biomass during this early 
growth phase of rice. Future research will focus on the 
production of rice with increased ascorbate concentrations 
at all stages of development, as well as testing a range of 
salt concentrations to identify any effects that increased 
ascorbate concentrations may have on salt tolerance in rice.

The ascorbate-enriched 35S-OsGGP GBR that we  generated 
in this study presented an opportunity to test, for the first 
time, whether engineering ascorbate-enriched crops could 
improve Fe bioavailability in human digestion utilizing the 
Caco-2 cell line model – an accurate predictor of human Fe 
absorption (Glahn et al., 1998). 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 (Glahn et  al., 2002; 
Engle-Stone et al., 2005; Jin et al., 2008). Ferritin concentrations 
below or equivalent to the blank digest for the Caco-2 cells 
exposed to in vitro digests of NS-1 and 35S-OsGGP-1 BR 
and GBR in this study can therefore likely be  explained by 
the high levels of phytate (Glahn et  al., 2002; Jin et  al., 2008). 
We  found that ferritin concentrations of Caco-2 cells exposed 
to in vitro digests of the ascorbate-enriched 35S-OsGGP-1 GBR 
were increased 1.8-fold relative to NS-1 but did not differ 
significantly, despite a significant improvement in the molar 
ratio of Fe to phytate to ascorbate. This experiment highlights 
the difficulty of increasing the bioavailability of Fe from 
unpolished rice grain and suggests that even greater increases 
in ascorbate levels or greater reductions in phytate levels are 
required to significantly improve the bioavailability of the Fe. 
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 (Glahn et  al., 
2002; Engle-Stone et  al., 2005; Jin et  al., 2008). Total phenolic 
compounds have been reported to increase in GBR, 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 (Wei et  al., 2013). We  did, however, 
find that 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 (Andre et  al., 2015). As our study is inconclusive 
with respect to determining whether increasing ascorbate 
concentrations in crops could help improve Fe bioavailability 
in human digestion, further in vitro and in vivo assessments 
of ascorbate-enriched crops on Fe bioavailability are necessary 
and should be  the focus of future research efforts. While 
many cereal crops, such as rice, may not be suitable candidates 
for increasing Fe bioavailability through enhanced ascorbate 
concentrations due to the observed decline in ascorbate levels 
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in maturing grain (De Gara et  al., 2003; Every et  al., 2003; 
Paradiso et al., 2012), many other staple crops may be suitable. 
For example, sweet potato (Ipomoea batatas L.) and cassava 
(Manihot esculenta), the two vegetable crops targeted for Fe 
biofortification so far (Bouis et  al., 2011), both possess 
meaningful ascorbate levels at harvest and could be   
excellent candidates for ascorbate enrichment alongside Fe 
biofortification strategies.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will 
be  made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

JB, RH, and AJ conceived, designed and supervised the research. 
RB, JB, JB, SR, and PS performed the research. RB, NJ, and 
CB curated and analyzed the data. BB, ET, RG, and RH 
contributed resources and project administration. RB and RG 
acquired funding. RB drafted the manuscript. All authors 
contributed to the article and approved the submitted version.

FUNDING

This research was supported by an Australian Plant Phenomics 
Facility Postgraduate Student Internship Award to RB and 
grants from the United  States Department of Agriculture, 
Agricultural Research Service to RG.

ACKNOWLEDGMENTS

We wish to acknowledge all staff members from The Plant 
Accelerator for their assistance for the salt tolerance assessment 
with automated imaging. The Plant Accelerator, Australian Plant 
Phenomics Facility, is supported under the National Collaborative 
Research Infrastructure Strategy of the Australian Government. 
We also wish to acknowledge Mary Bodis and Yongpei Chang 
for their technical assistance for the Caco-2 analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.595439/
full#supplementary-material

 

REFERENCES

Ali, B., Pantha, S., Acharya, R., Ueda, Y., Wu, L. -B., Ashrafuzzaman, M., 
et al. (2019). Enhanced ascorbate level improves multi-stress tolerance in 
a widely grown indica rice variety without compromising its agronomic 
characteristics. J. Plant Physiol. 240:152998. doi: 10.1016/j.jplph.2019.152998

Al-Tamimi, N., Brien, C., Oakey, H., Berger, B., Saade, S., Ho, Y. S., et al. 
(2016). Salinity tolerance loci revealed in rice using high-throughput non-
invasive phenotyping. Nat. Commun. 7:13342. doi: 10.1038/ncomms13342

Andersen, C. L., Jensen, J. L., and Ørntoft, T. F. (2004). Normalization of real-time 
quantitative reverse transcription-PCR data: a model-based variance estimation 
approach to identify genes suited for normalization, applied to bladder and colon 
cancer data sets. Cancer Res. 64, 5245–5250. doi: 10.1158/0008-5472.CAN-04-0496

Andre, C. M., Evers, D. L., Ziebel, J., Guignard, C. D., Hausman, J. -F., 
Bonierbale, M., et al. (2015). In vitro bioaccessibility and bioavailability of 
iron from potatoes with varying vitamin C, carotenoid, and phenolic 
concentrations. J. Agric. Food Chem. 63, 9012–9021. doi: 10.1021/acs.jafc.5b02904

Arrigoni, O., De Gara, L., Tommasi, F., and Liso, R. (1992). Changes in the 
ascorbate system during seed development of Vicia faba L. Plant Physiol. 
99, 235–238. doi: 10.1104/pp.99.1.235

Baldet, P., Bres, C., Okabe, Y., Mauxion, J. -P., Just, D., Bournonville, C., et al. 
(2013). Investigating the role of vitamin C in tomato through TILLING 
identification of ascorbate-deficient tomato mutants. Plant Biotechnol. 30, 
309–314. doi: 10.5511/plantbiotechnology.13.0622b

Barth, C., De Tullio, M., and Conklin, P. L. (2006). The role of ascorbic acid 
in the control of flowering time and the onset of senescence. J. Exp. Bot. 
57, 1657–1665. doi: 10.1093/jxb/erj198

Battraw, M. J., and Hall, T. C. (1990). Histochemical analysis of CaMV 35S 
promoter-β-glucuronidase gene expression in transgenic rice plants. Plant 
Mol. Biol. 15, 527–538. doi: 10.1007/BF00017828

Beasley, J. T., Bonneau, J. P., Sánchez-Palacios, J. T., Moreno-Moyano, L. T., 
Callahan, D. L., Tako, E., et al. (2019). Metabolic engineering of bread 
wheat improves grain iron concentration and bioavailability. Plant Biotechnol. 
J. 17, 1514–1526. doi: 10.1111/pbi.13074

Bonneau, J., O’brien, M., Plett, D. C., and Johnson, A. A. (2018). “Genetic pathways 
important for iron nutrition and biofortification of bread wheat” in Annual 
plant reviews online. ed. J. Roberts (John Wiley & Sons, Ltd.), 1–35.

Bouis, H. E., Hotz, C., Mcclafferty, B., Meenakshi, J., and Pfeiffer, W. H. (2011). 
Biofortification: a new tool to reduce micronutrient malnutrition. Food Nutr. 
Bull. 32, S31–S40. doi: 10.1177/15648265110321S105

Brien, C. J. (2019a). asremlPlus: augments ASReml-R in fitting mixed models 
and packages generally in exploring prediction differences. R package version 
4.1-28 [Online]. Available at: https://cran.at.r-project.org/package=asremlPlus 
(Accessed June 17, 2019).

Brien, C. J. (2019b). growthPheno: plotting, smoothing and growth trait extraction 
for longitudinal data. R package version 1.0-13 [Online]. Available at: https://
cran.at.r-project.org/package=growthPheno (Accessed June 17, 2019).

Broad, R. C., Bonneau, J. P., Beasley, J. T., Roden, S., Philips, J. G., Baumann, U., 
et al. (2019). Genome-wide identification and characterization of the GDP-
L-galactose phosphorylase gene family in bread wheat. BMC Plant Biol. 19, 
1–15. doi: 10.1186/s12870-019-2123-1

Broad, R. C., Bonneau, J. P., Hellens, R. P., and Johnson, A. A. (2020). 
Manipulation of ascorbate biosynthetic, recycling, and regulatory pathways 
for improved abiotic stress tolerance in plants. Int. J. Mol. Sci. 21:1790. doi: 
10.3390/ijms21051790

Bulley, S., and Laing, W. (2016). The regulation of ascorbate biosynthesis. Curr. 
Opin. Plant Biol. 33, 15–22. doi: 10.1016/j.pbi.2016.04.010

Bulley, S. M., Rassam, M., Hoser, D., Otto, W., Schünemann, N., Wright, M., et al. 
(2009). Gene expression studies in kiwifruit and gene over-expression in Arabidopsis 
indicates that GDP-L-galactose guanyltransferase is a major control point of 
vitamin C biosynthesis. J. Exp. Bot. 60, 765–778. doi: 10.1093/jxb/ern327

Bulley, S., Wright, M., Rommens, C., Yan, H., Rassam, M., Lin-Wang, K., et al. 
(2012). Enhancing ascorbate in fruits and tubers through over-expression 
of the L-galactose pathway gene GDP-L-galactose phosphorylase. Plant 
Biotechnol. J. 10, 390–397. doi: 10.1111/j.1467-7652.2011.00668.x

Butler, D. G., Cullis, B. R., Gilmour, A. R., Gogel, B. J., and Thompson, R. 
(2018). ASReml-R reference manual. Version 4 [Online]. Hemel Hempstead: 
VSN International Ltd. Available at: http://asreml.org (Accessed June 17, 2019).

Cai, X., Zhang, C., Ye, J., Hu, T., Ye, Z., Li, H., et al. (2015). Ectopic expression 
of FaGalUR leads to ascorbate accumulation with enhanced oxidative stress, 
cold, and salt tolerance in tomato. Plant Growth Regul. 76, 187–197. doi: 
10.1007/s10725-014-9988-7

Campbell, M. T., Knecht, A. C., Berger, B., Brien, C. J., Wang, D., and Walia, H. 
(2015). Integrating image-based phenomics and association analysis to dissect 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2020.595439/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.595439/full#supplementary-material
https://doi.org/10.1016/j.jplph.2019.152998
https://doi.org/10.1038/ncomms13342
https://doi.org/10.1158/0008-5472.CAN-04-0496
https://doi.org/10.1021/acs.jafc.5b02904
https://doi.org/10.1104/pp.99.1.235
https://doi.org/10.5511/plantbiotechnology.13.0622b
https://doi.org/10.1093/jxb/erj198
https://doi.org/10.1007/BF00017828
https://doi.org/10.1111/pbi.13074
https://doi.org/10.1177/15648265110321S105
https://cran.at.r-project.org/package=asremlPlus
https://cran.at.r-project.org/package=growthPheno
https://cran.at.r-project.org/package=growthPheno
https://doi.org/10.1186/s12870-019-2123-1
https://doi.org/10.3390/ijms21051790
https://doi.org/10.1016/j.pbi.2016.04.010
https://doi.org/10.1093/jxb/ern327
https://doi.org/10.1111/j.1467-7652.2011.00668.x
http://asreml.org
https://doi.org/10.1007/s10725-014-9988-7


Broad et al. Assessment of Ascorbate-Enriched Rice

Frontiers in Plant Science | www.frontiersin.org 12 December 2020 | Volume 11 | Article 595439

the genetic architecture of temporal salinity responses in rice. Plant Physiol. 
168, 1476–1489. doi: 10.1104/pp.15.00450

Cho, D. -H., and Lim, S. -T. (2016). Germinated brown rice and its  
bio-functional compounds. Food Chem. 196, 259–271. doi: 10.1016/j.
foodchem.2015.09.025

Combs, G. F. Jr. (2012). “Vitamin C” in The vitamins: Fundamental aspects in 
nutrition and health. 4th Edn. Amsterdam, Netherlands: Elsevier, 233–259.

Curtis, M. D., and Grossniklaus, U. (2003). A gateway cloning vector set for 
high-throughput functional analysis of genes in planta. Plant Physiol. 133, 
462–469. doi: 10.1104/pp.103.027979

De Gara, L., de Pinto, M. C., Moliterni, V. M., and D’egidio, M. G. (2003). 
Redox regulation and storage processes during maturation in kernels of 
Triticum durum. J. Exp. Bot. 54, 249–258. doi: 10.1093/jxb/erg021

Debolt, S., Melino, V., and Ford, C. M. (2006). Ascorbate as a biosynthetic 
precursor in plants. Ann. Bot. 99, 3–8. doi: 10.1093/aob/mcl236

Dias, D., Kolba, N., Binyamin, D., Ziv, O., Regini Nutti, M., Martino, H., et al. 
(2018). Iron biofortified carioca bean (Phaseolus vulgaris L.)—based brazilian 
diet delivers more absorbable iron and affects the gut microbiota in  vivo 
(Gallus gallus). Nutrients 10:1970. doi: 10.3390/nu10121970

Dowdle, J., Ishikawa, T., Gatzek, S., Rolinski, S., and Smirnoff, N. (2007). Two 
genes in Arabidopsis thaliana encoding GDP-L-galactose phosphorylase are 
required for ascorbate biosynthesis and seedling viability. Plant J. 52, 673–689. 
doi: 10.1111/j.1365-313X.2007.03266.x

Engle-Stone, R., Yeung, A., Welch, R., and Glahn, R. (2005). Meat and ascorbic 
acid can promote Fe availability from Fe− phytate but not from Fe− tannic 
acid complexes. J. Agric. Food Chem. 53, 10276–10284. doi: 10.1021/jf0518453

Every, D., Griffin, W., and Wilson, P. (2003). Ascorbate oxidase, protein disulfide 
isomerase, ascorbic acid, dehydroascorbic acid and protein levels in developing 
wheat kernels and their relationship to protein disulfide bond formation. 
Cereal Chem. 80, 35–39. doi: 10.1094/cchem.2003.80.1.35

Fairweather-Tait, S. J. (1987). The concept of bioavailability as it relates to 
iron nutrition. Nutr. Res. 7, 319–325. doi: 10.1016/S0271-5317(87)80021-0

Foyer, C. H., and Noctor, G. (2011). Ascorbate and glutathione: the heart of 
the redox hub. Plant Physiol. 155, 2–18. doi: 10.1104/pp.110.167569

Fryer, M. (1992). The antioxidant effects of thylakoid vitamin E (α-tocopherol). 
Plant Cell Environ. 15, 381–392. doi: 10.1111/j.1365-3040.1992.tb00988.x

Glahn, R. P., Lee, O. A., Yeung, A., Goldman, M. I., and Miller, D. D. (1998). 
Caco-2 cell ferritin formation predicts nonradiolabeled food iron availability 
in an in  vitro digestion/Caco-2 cell culture model. J. Nutr. 128, 1555–1561. 
doi: 10.1093/jn/128.9.1555

Glahn, R. P., Wortley, G. M., South, P. K., and Miller, D. D. (2002). Inhibition 
of iron uptake by phytic acid, tannic acid, and ZnCl2: studies using an 
in  vitro digestion/Caco-2 cell model. J. Agric. Food Chem. 50, 390–395. doi: 
10.1021/jf011046u

Grillet, L., Ouerdane, L., Flis, P., Hoang, M. T. T., Isaure, M. -P., Lobinski, R., 
et al. (2014). Ascorbate efflux as a new strategy for iron reduction and 
transport in plants. J. Biol. Chem. 289, 2515–2525. doi: 10.1074/jbc.M113.514828

Haas, J. D., Beard, J. L., Murray-Kolb, L. E., del Mundo, A. M., Felix, A., and 
Gregorio, G. B. (2005). Iron-biofortified rice improves the iron stores of 
nonanemic Filipino women. J. Nutr. 135, 2823–2830. doi: 10.1093/jn/135.12.2823

Hairmansis, A., Berger, B., Tester, M., and Roy, S. J. (2014). Image-based 
phenotyping for non-destructive screening of different salinity tolerance traits 
in rice. Rice 7:16. doi: 10.1186/s12284-014-0016-3

Hallberg, L., Brune, M., and Rossander, L. (1989). Iron absorption in man: 
ascorbic acid and dose-dependent inhibition by phytate. Am. J. Clin. Nutr. 
49, 140–144. doi: 10.1093/ajcn/49.1.140

Hemavathi, Upadhyaya, C. P., Akula, N., Kim, H. S., Jeon, J. H., Ho, O. M., 
et al. (2011). Biochemical analysis of enhanced tolerance in transgenic potato 
plants overexpressing D-galacturonic acid reductase gene in response  
to various abiotic stresses. Mol. Breed. 28, 105–115. doi: 10.1007/
s11032-010-9465-6

Hemavathi, Upadhyaya, C. P., Akula, N., Young, K. E., Chun, S. C., Kim, D. H., 
et al. (2010). Enhanced ascorbic acid accumulation in transgenic potato 
confers tolerance to various abiotic stresses. Biotechnol. Lett. 32, 321–330. 
doi: 10.1007/s10529-009-0140-0

Hemavathi, Upadhyaya, C. P., Young, K. E., Akula, N., Soon Kim, H., Heung, J. J., 
et al. (2009). Over-expression of strawberry D-galacturonic acid reductase 
in potato leads to accumulation of vitamin C with enhanced abiotic stress 
tolerance. Plant Sci. 177, 659–667. doi: 10.1016/j.plantsci.2009.08.004

Höller, S., Ueda, Y., Wu, L., Wang, Y., Hajirezaei, M. -R., Ghaffari, M. -R., 
et al. (2015). Ascorbate biosynthesis and its involvement in stress tolerance 
and plant development in rice (Oryza sativa L.). Plant Mol. Biol. 88, 545–560. 
doi: 10.1007/s11103-015-0341-y

James, V., Avart, C., Worland, B., Snape, J., and Vain, P. (2002). The relationship 
between homozygous and hemizygous transgene expression levels over 
generations in populations of transgenic rice plants. Theor. Appl. Genet. 104, 
553–561. doi: 10.1007/s001220100745

Jin, F., Frohman, C., Thannhauser, T. W., Welch, R. M., and Glahn, R. P. 
(2008). Effects of ascorbic acid, phytic acid and tannic acid on iron 
bioavailability from reconstituted ferritin measured by an in vitro digestion–
Caco-2 cell model. Br. J. Nutr. 101, 972–981. doi: 10.1017/s0007114508055621

Kim, E. -Y., Ham, S. -K., Bradke, D., Ma, Q., and Han, O. (2011). Ascorbic 
acid offsets the inhibitory effect of bioactive dietary polyphenolic compounds 
on transepithelial iron transport in Caco-2 intestinal cells. J. Nutr. 141, 
828–834. doi: 10.3945/jn.110.134031

Kim, Y. -S., Kim, I. -S., Bae, M. -J., Choe, Y. -H., Kim, Y. -H., Park, H. -M., 
et al. (2013). Homologous expression of cytosolic dehydroascorbate reductase 
increases grain yield and biomass under paddy field conditions in transgenic 
rice (Oryza sativa L. japonica). Planta 237, 1613–1625. doi: 10.1007/
s00425-013-1862-8

Koressaar, T., and Remm, M. (2007). Enhancements and modifications of primer 
design program Primer3. Bioinformatics 23, 1289–1291. doi: 10.1093/
bioinformatics/btm091

Koyro, H. -W., Ahmad, P., and Geissler, N. (2012). “Abiotic stress responses 
in plants: an overview” in Environmental adaptations and stress tolerance 
of plants in the era of climate change. eds. P. Ahmad and M. N. V. Prasad 
(New York City, United  States: Springer International Publishing), 1–28.

Lafitte, H., Ismail, A., and Bennett, J. (2004). “Abiotic stress tolerance in rice 
for Asia: progress and the future.” in Proceeding of 4th International Crop 
Science Congress. Brisbane, Australia.

Laing, W. A., Martínez-Sánchez, M., Wright, M. A., Bulley, S. M., Brewster, D., 
Dare, A. P., et al. (2015). An upstream open reading frame is essential for 
feedback regulation of ascorbate biosynthesis in Arabidopsis. Plant Cell 27, 
772–786. doi: 10.1105/tpc.114.133777

Lane, D. J., Chikhani, S., Richardson, V., and Richardson, D. R. (2013). Transferrin 
iron uptake is stimulated by ascorbate via an intracellular reductive mechanism. 
Biochim. Biophys. Acta 1833, 1527–1541. doi: 10.1016/j.bbamcr.2013.02.010

Lane, D. J., and Richardson, D. R. (2014). The active role of vitamin C in 
mammalian iron metabolism: much more than just enhanced iron absorption! 
Free Radic. Biol. Med. 75, 69–83. doi: 10.1016/j.freeradbiomed.2014.07.007

Li, T., Yang, X., Yu, Y., Si, X., Zhai, X., Zhang, H., et al. (2018). Domestication 
of wild tomato is accelerated by genome editing. Nat. Biotechnol. 36, 1160–1163. 
doi: 10.1038/nbt.4273

Li, X., Ye, J., Munir, S., Yang, T., Chen, W., Liu, G., et al. (2019). Biosynthetic 
gene pyramiding leads to ascorbate accumulation with enhanced oxidative 
stress tolerance in tomato. Int. J. Mol. Sci. 20:1558. doi: 10.3390/ijms20071558

Lim, M. Y., Jeong, B. R., Jung, M., and Harn, C. H. (2016b). Transgenic 
tomato plants expressing strawberry D-galacturonic acid reductase gene display 
enhanced tolerance to abiotic stresses. Plant Biotechnol. Rep. 10, 105–116. 
doi: 10.1007/s11816-016-0392-9

Lim, M. Y., Pulla, R. K., Park, J. M., Harn, C. H., and Jeong, B. R. (2012). 
Over-expression of L-gulono-γ-lactone oxidase (GLOase) gene leads to 
ascorbate accumulation with enhanced abiotic stress tolerance in tomato. 
In Vitro Cell Dev. Biol. Plant 48, 453–461. doi: 10.1007/s11627-012-9461-0

Lim, B., Smirnoff, N., Cobbett, C. S., and Golz, J. F. (2016a). Ascorbate-deficient 
vtc2 mutants in Arabidopsis do not exhibit decreased growth. Front. Plant 
Sci. 7:1025. doi: 10.3389/fpls.2016.01025

Lisko, K. A., Torres, R., Harris, R. S., Belisle, M., Vaughan, M. M., Jullian, B., 
et al. (2013). Elevating vitamin C content via overexpression of myo-inositol 
oxygenase and L-gulono-1, 4-lactone oxidase in Arabidopsis leads to enhanced 
biomass and tolerance to abiotic stresses. In Vitro Cell Dev. Biol. Plant 49, 
643–655. doi: 10.1007/s11627-013-9568-y

Liu, W., An, H. -M., and Yang, M. (2013). Overexpression of Rosa roxburghii 
L-galactono-1, 4-lactone dehydrogenase in tobacco plant enhances ascorbate 
accumulation and abiotic stress tolerance. Acta Physiol. Plant. 35, 1617–1624. 
doi: 10.1007/s11738-012-1204-7

Liu, Y., Yu, L., and Wang, R. (2011). Level of ascorbic acid in transgenic rice 
for L-galactono-1, 4-lactone dehydrogenase overexpressing or suppressed is 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1104/pp.15.00450
https://doi.org/10.1016/j.foodchem.2015.09.025
https://doi.org/10.1016/j.foodchem.2015.09.025
https://doi.org/10.1104/pp.103.027979
https://doi.org/10.1093/jxb/erg021
https://doi.org/10.1093/aob/mcl236
https://doi.org/10.3390/nu10121970
https://doi.org/10.1111/j.1365-313X.2007.03266.x
https://doi.org/10.1021/jf0518453
https://doi.org/10.1094/cchem.2003.80.1.35
https://doi.org/10.1016/S0271-5317(87)80021-0
https://doi.org/10.1104/pp.110.167569
https://doi.org/10.1111/j.1365-3040.1992.tb00988.x
https://doi.org/10.1093/jn/128.9.1555
https://doi.org/10.1021/jf011046u
https://doi.org/10.1074/jbc.M113.514828
https://doi.org/10.1093/jn/135.12.2823
https://doi.org/10.1186/s12284-014-0016-3
https://doi.org/10.1093/ajcn/49.1.140
https://doi.org/10.1007/s11032-010-9465-6
https://doi.org/10.1007/s11032-010-9465-6
https://doi.org/10.1007/s10529-009-0140-0
https://doi.org/10.1016/j.plantsci.2009.08.004
https://doi.org/10.1007/s11103-015-0341-y
https://doi.org/10.1007/s001220100745
https://doi.org/10.1017/s0007114508055621
https://doi.org/10.3945/jn.110.134031
https://doi.org/10.1007/s00425-013-1862-8
https://doi.org/10.1007/s00425-013-1862-8
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1093/bioinformatics/btm091
https://doi.org/10.1105/tpc.114.133777
https://doi.org/10.1016/j.bbamcr.2013.02.010
https://doi.org/10.1016/j.freeradbiomed.2014.07.007
https://doi.org/10.1038/nbt.4273
https://doi.org/10.3390/ijms20071558
https://doi.org/10.1007/s11816-016-0392-9
https://doi.org/10.1007/s11627-012-9461-0
https://doi.org/10.3389/fpls.2016.01025
https://doi.org/10.1007/s11627-013-9568-y
https://doi.org/10.1007/s11738-012-1204-7


Broad et al. Assessment of Ascorbate-Enriched Rice

Frontiers in Plant Science | www.frontiersin.org 13 December 2020 | Volume 11 | Article 595439

associated with plant growth and seed set. Acta Physiol. Plant. 33, 1353–1363. 
doi: 10.1007/s11738-010-0669-5

Ma, L., Wang, Y., Liu, W., and Liu, Z. (2014). Overexpression of an alfalfa 
GDP-mannose 3, 5-epimerase gene enhances acid, drought and salt tolerance 
in transgenic Arabidopsis by increasing ascorbate accumulation. Biotechnol. 
Lett. 36, 2331–2341. doi: 10.1007/s10529-014-1598-y

Macknight, R. C., Laing, W. A., Bulley, S. M., Broad, R. C., Johnson, A. A., 
and Hellens, R. P. (2017). Increasing ascorbate levels in crops to enhance 
human nutrition and plant abiotic stress tolerance. Curr. Opin. Biotechnol. 
44, 153–160. doi: 10.1016/j.copbio.2017.01.011

Mittler, R. (2002). Oxidative stress, antioxidants and stress tolerance. Trends 
Plant Sci. 7, 405–410. doi: 10.1016/S1360-1385(02)02312-9

Moldenhauer, K., Counce, P., and Slaton, N. (2001). “Rice growth and development” 
in Rice production handbook. ed. J. T. Hardke (Little Rock, United  States: 
University of Arkansas Division of Agriculture), 9–20.

Nagy, T., Kis, A., Poliska, S., Barta, E., Havelda, Z., and Marincs, F. (2016). 
Comparison of small RNA next-generation sequencing with and without 
isolation of small RNA fraction. Biotechniques 60, 273–278. doi: 
10.2144/000114423

Pandey, P., Irulappan, V., Bagavathiannan, M. V., and Senthil-Kumar, M. (2017). 
Impact of combined abiotic and biotic stresses on plant growth and avenues 
for crop improvement by exploiting physio-morphological traits. Front. Plant 
Sci. 8:537. doi: 10.3389/fpls.2017.00537

Paradiso, A., De Pinto, M., Locato, V., and De Gara, L. (2012). Galactone-γ-
lactone-dependent ascorbate biosynthesis alters wheat kernel maturation. 
Plant Biol. 14, 652–658. doi: 10.1111/j.1438-8677.2011.00543.x

Patil, S. B., and Khan, M. K. (2011). Germinated brown rice as a value added 
rice product: a review. J. Food Sci. Technol. 48, 661–667. doi: 10.1007/
s13197-011-0232-4

Peterkofsky, B. (1991). Ascorbate requirement for hydroxylation and secretion 
of procollagen: relationship to inhibition of collagen synthesis in scurvy. 
Am. J. Clin. Nutr. 54, 1135S–1140S. doi: 10.1093/ajcn/54.6.1135s

Pham, A. -T., Maurer, A., Pillen, K., Brien, C., Dowling, K., Berger, B., et al. 
(2019). Genome-wide association of barley plant growth under drought 
stress using a nested association mapping population. BMC Plant Biol. 19:134. 
doi: 10.1186/s12870-019-1723-0

Potters, G., De Gara, L., Asard, H., and Horemans, N. (2002). Ascorbate and 
glutathione: guardians of the cell cycle, partners in crime? Plant Physiol. 
Biochem. 40, 537–548. doi: 10.1016/S0981-9428(02)01414-6

Rassam, M., and Laing, W. (2005). Variation in ascorbic acid and oxalate levels 
in the fruit of Actinidia chinensis tissues and genotypes. J. Agric. Food Chem. 
53, 2322–2326. doi: 10.1021/jf048197s

R Core Team (2019). “R: A Language and Environment for Statistical Computing.” 
(Vienna, Austria: R Foundation for Statistical Computing).

Rocklin, A. M., Tierney, D. L., Kofman, V., Brunhuber, N. M., Hoffman, B. M., 
Christoffersen, R. E., et al. (1999). Role of the nonheme Fe (II) center in 
the biosynthesis of the plant hormone ethylene. Proc. Natl. Acad. Sci. U. S. A. 
96, 7905–7909.

Sallaud, C., Meynard, D., Van Boxtel, J., Gay, C., Bes, M., Brizard, J. -P., et al. 
(2003). Highly efficient production and characterization of T-DNA plants 
for rice (Oryza sativa L.) functional genomics. Theor. Appl. Genet. 106, 
1396–1408. doi: 10.1007/s00122-002-1184-x

Si, X., Zhang, H., Wang, Y., Chen, K., and Gao, C. (2020). Manipulating gene 
translation in plants by CRISPR–Cas9-mediated genome editing of upstream 
open reading frames. Nat. Protoc. 15, 338–363. doi: 10.1038/s41596-019-0238-3

Siegenberg, D., Baynes, R. D., Bothwell, T. H., Macfarlane, B. J., Lamparelli, R. D., 
Car, N., et al. (1991). Ascorbic acid prevents the dose-dependent inhibitory 
effects of polyphenols and phytates on nonheme-iron absorption. Am. J. 
Clin. Nutr. 53, 537–541. doi: 10.1093/ajcn/53.2.537

Smirnoff, N. (1996). Botanical briefing: the function and metabolism of ascorbic 
acid in plants. Ann. Bot. 78, 661–669. doi: 10.1006/anbo.1996.0175

Smirnoff, N. (2018). Ascorbic acid metabolism and functions: a comparison 
of plants and mammals. Free Radic. Biol. Med. 122, 116–129. doi: 10.1016/j.
freeradbiomed.2018.03.033

Terada, R., and Shimamoto, K. (1990). Expression of CaMV35S-GUS gene in 
transgenic rice plants. Mol. Gen. Genet. 220, 389–392. doi: 10.1007/BF00391743

Trijatmiko, K. R., Dueñas, C., Tsakirpaloglou, N., Torrizo, L., Arines, F. M., 
Adeva, C., et al. (2016). Biofortified indica rice attains iron and zinc nutrition 
dietary targets in the field. Sci. Rep. 6:19792. doi: 10.1038/srep19792

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm, M., 
et al. (2012). Primer3—new capabilities and interfaces. Nucleic Acids Res. 
40:e115. doi: 10.1093/nar/gks596

Upadhyaya, C. P., Venkatesh, J., Gururani, M. A., Asnin, L., Sharma, K., 
Ajappala, H., et al. (2011). Transgenic potato overproducing L-ascorbic acid 
resisted an increase in methylglyoxal under salinity stress via maintaining 
higher reduced glutathione level and glyoxalase enzyme activity. Biotechnol. 
Lett. 33:2297. doi: 10.1007/s10529-011-0684-7

USDA, (2019). U.S. Department of Agriculture. Food Composition Databases. 
[Online]. Available at: https://ndb.nal.usda.gov/ndb/ (Accessed 21 August, 
2019).

Vidal-Meireles, A., Neupert, J., Zsigmond, L., Rosado-Souza, L., Kovács, L., 
Nagy, V., et al. (2017). Regulation of ascorbate biosynthesis in green algae 
has evolved to enable rapid stress-induced response via the VTC2 gene 
encoding GDP-L-galactose phosphorylase. New Phytol. 214, 668–681. doi: 
10.1111/nph.14425

von Grebmer, K., Saltzman, A., Birol, E., Wiesman, D., Prasai, N., Yin, S., 
et al. (2014). 2014 global hunger index: The challenge of hidden hunger. 
Washington, D.C., United States: International Food Policy Research Institute.

Wang, L., Meng, X., Yang, D., Ma, N., Wang, G., and Meng, Q. (2014). 
Overexpression of tomato GDP-L-galactose phosphorylase gene in tobacco 
improves tolerance to chilling stress. Plant Cell Rep. 33, 1441–1451. doi: 
10.1007/s00299-014-1627-2

Wei, Y., Shohag, M., Ying, F., Yang, X., Wu, C., and Wang, Y. (2013). Effect 
of ferrous sulfate fortification in germinated brown rice on seed iron 
concentration and bioavailability. Food Chem. 138, 1952–1958. doi: 10.1016/j.
foodchem.2012.09.134

Ye, N., Zhu, G., Liu, Y., Zhang, A., Li, Y., Liu, R., et al. (2012). Ascorbic acid 
and reactive oxygen species are involved in the inhibition of seed germination 
by abscisic acid in rice seeds. J. Exp. Bot. 63, 1809–1822. doi: 10.1093/jxb/
err336

Yichie, Y., Brien, C., Berger, B., Roberts, T. H., and Atwell, B. J. (2018). Salinity 
tolerance in Australian wild Oryza species varies widely and matches that 
observed in O. sativa. Rice 11:66. doi: 10.1186/s12284-018-0257-7

Zhang, J., Klueva, N. Y., Wang, Z., Wu, R., Ho, T. -H. D., and Nguyen, H. T. 
(2000). Genetic engineering for abiotic stress resistance in crop plants. In 
Vitro Cell Dev. Biol. Plant 36, 108–114. doi: 10.1007/s11627-000-0022-6

Zhang, C., Liu, J., Zhang, Y., Cai, X., Gong, P., Zhang, J., et al. (2011). 
Overexpression of SlGMEs leads to ascorbate accumulation with enhanced 
oxidative stress, cold, and salt tolerance in tomato. Plant Cell Rep. 30, 
389–398. doi: 10.1007/s00299-010-0939-0

Zhang, G. -Y., Liu, R. -R., Zhang, C. -Q., Tang, K. -X., Sun, M. -F., Yan, G. -H., 
et al. (2015). Manipulation of the rice L-galactose pathway: evaluation of 
the effects of transgene overexpression on ascorbate accumulation and abiotic 
stress tolerance. PLoS One 10:e0125870. doi: 10.1371/journal.pone.0145988

Zhang, H., Si, X., Ji, X., Fan, R., Liu, J., Chen, K., et al. (2018). Genome 
editing of upstream open reading frames enables translational control in 
plants. Nat. Biotechnol. 36, 894–898. doi: 10.1038/nbt.4202

Zhou, Y., Tao, Q., Wang, Z., Fan, R., Li, Y., Sun, X., et al. (2012). Engineering 
ascorbic acid biosynthetic pathway in Arabidopsis leaves by single and double 
gene transformation. Biol. Plant. 56, 451–457. doi: 10.1007/s10535-012-0119-x

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Broad, Bonneau, Beasley, Roden, Sadowski, Jewell, Brien, Berger, 
Tako, Glahn, Hellens and Johnson. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License (CC BY). The use, distribution 
or reproduction in other forums is permitted, provided the original author(s) and 
the copyright owner(s) are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1007/s11738-010-0669-5
https://doi.org/10.1007/s10529-014-1598-y
https://doi.org/10.1016/j.copbio.2017.01.011
https://doi.org/10.1016/S1360-1385(02)02312-9
https://doi.org/10.2144/000114423
https://doi.org/10.3389/fpls.2017.00537
https://doi.org/10.1111/j.1438-8677.2011.00543.x
https://doi.org/10.1007/s13197-011-0232-4
https://doi.org/10.1007/s13197-011-0232-4
https://doi.org/10.1093/ajcn/54.6.1135s
https://doi.org/10.1186/s12870-019-1723-0
https://doi.org/10.1016/S0981-9428(02)01414-6
https://doi.org/10.1021/jf048197s
https://doi.org/10.1007/s00122-002-1184-x
https://doi.org/10.1038/s41596-019-0238-3
https://doi.org/10.1093/ajcn/53.2.537
https://doi.org/10.1006/anbo.1996.0175
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.1016/j.freeradbiomed.2018.03.033
https://doi.org/10.1007/BF00391743
https://doi.org/10.1038/srep19792
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1007/s10529-011-0684-7
https://ndb.nal.usda.gov/ndb/
https://doi.org/10.1111/nph.14425
https://doi.org/10.1007/s00299-014-1627-2
https://doi.org/10.1016/j.foodchem.2012.09.134
https://doi.org/10.1016/j.foodchem.2012.09.134
https://doi.org/10.1093/jxb/err336
https://doi.org/10.1093/jxb/err336
https://doi.org/10.1186/s12284-018-0257-7
https://doi.org/10.1007/s11627-000-0022-6
https://doi.org/10.1007/s00299-010-0939-0
https://doi.org/10.1371/journal.pone.0145988
https://doi.org/10.1038/nbt.4202
https://doi.org/10.1007/s10535-012-0119-x
http://creativecommons.org/licenses/by/4.0/


Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Broad, RC;Bonneau, JP;Beasley, JT;Roden, S;Sadowski, P;Jewell, N;Brien, C;Berger, B;Tako,
E;Glahn, RP;Hellens, RP;Johnson, AAT

Title:
Effect of Rice GDP-L-Galactose Phosphorylase Constitutive Overexpression on Ascorbate
Concentration, Stress Tolerance, and Iron Bioavailability in Rice

Date:
2020-12-03

Citation:
Broad, R. C., Bonneau, J. P., Beasley, J. T., Roden, S., Sadowski, P., Jewell, N., Brien, C.,
Berger, B., Tako, E., Glahn, R. P., Hellens, R. P. & Johnson, A. A. T. (2020). Effect of Rice
GDP-L-Galactose Phosphorylase Constitutive Overexpression on Ascorbate Concentration,
Stress Tolerance, and Iron Bioavailability in Rice. FRONTIERS IN PLANT SCIENCE, 11,
https://doi.org/10.3389/fpls.2020.595439.

Persistent Link:
http://hdl.handle.net/11343/272419

License:
CC BY

http://hdl.handle.net/11343/272419
CC%20BY

	Effect of Rice GDP-L-Galactose Phosphorylase Constitutive Overexpression on Ascorbate Concentration, Stress Tolerance, and Iron Bioavailability in Rice
	Introduction
	Materials and Methods
	Plant Growth Conditions
	Vector Construction and Rice Transformation
	Genotyping
	Quantification of Total Ascorbate
	Quantitative Reverse Transcription-PCR Analysis
	Assessment of Salt Tolerance With Automated Imaging
	Preparation of Germinated Brown Rice
	Quantification of Fe
	Quantification of Phytate
	Caco-2 Cell Culture Assessment of Fe Bioavailability
	Statistical Analysis

	Results
	Constitutive Overexpression of the OsGGP Coding Sequence in Rice Increases Ascorbate Concentrations in GBR and in the Vegetative Growth Phase, but Reduces Levels of Ascorbate at the Reproductive Growth Phase
	Constitutive Overexpression of the OsGGP Coding Sequence in Rice Did Not Affect Salt Tolerance at the Vegetative Growth Phase
	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

	Discussion
	Data Availability Statement
	Author Contributions
	Supplementary Material

	References

