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Abstract: Gene expression and phytohormone contents were measured in response to elevating ascor-
bate in the absence of other confounding stimuli such as high light and abiotic stresses. Young Ara-
bidopsis plants were treated with 25 mM solutions of L-galactose pathway intermediates L-galactose
(L-gal) or L-galactono-1,4-lactone (L-galL), as well as L-ascorbic acid (AsA), with 25 mM glucose used
as control. Feeding increased rosette AsA 2- to 4-fold but there was little change in AsA biosynthetic
gene transcripts. Of the ascorbate recycling genes, only Dehydroascorbate reductase 1 expression was
increased. Some known regulatory genes displayed increased expression and included ANAC019,
ANAC072, ATHB12, ZAT10 and ZAT12. Investigation of the ANAC019/ANAC072/ATHB12 gene
regulatory network revealed a high proportion of ABA regulated genes. Measurement of a subset of
jasmonate, ABA, auxin (IAA) and salicylic acid compounds revealed consistent increases in ABA
(up to 4.2-fold) and phaseic acid (PA; up to 5-fold), and less consistently certain jasmonates, IAA,
but no change in salicylic acid levels. Increased ABA is likely due to increased transcripts for the
ABA biosynthetic gene NCED3. There were also smaller increases in transcripts for transcription
factors ATHB7, ERD1, and ABF3. These results provide insights into how increasing AsA content can
mediate increased abiotic stress tolerance.

Keywords: ascorbate (AsA); dehydroascorbate reductase (DHAR); abiotic stress; 9-cis-epoxycarotenoid
dioxygenase 3 (NCED3); abscisic acid (ABA); phaseic acid (PA)

1. Introduction

L-ascorbic acid (AsA) is an essential dietary nutrient (vitamin C) which humans cannot
synthesize due to mutations within the L-gulono-g-lactone oxidase (GLO) gene [1] (GLO
catalyzes the last step in vitamin C biosynthesis), therefore elevating AsA in plant foods
for human nutrition is of interest to plant breeding [2]. For plants, AsA is an important
primary metabolite protecting photosynthesis and supporting enzyme action, and elevating
AsA is also of interest to improve plant resilience and stress tolerance [3]. One action of
AsA in plants is neutralizing reactive oxygen species (ROS; chemically reactive chemical
species containing oxygen, such as peroxides, superoxide, hydroxyl radical, singlet oxygen,
and alpha-oxygen), sometimes through direct interaction, but in the case of H2O2 it is
through it being a co-substrate for ascorbate peroxidases. AsA also participates in signaling
pathways initiated by both ROS and reactive nitrogen species [4]. Its reducing activity
also protects other anti-oxidants such as Vitamin E (tocopherol) [5] and violaxanthin,
with AsA being a co-factor of violaxanthin de-epoxidase [6]. Its pro-oxidant activity in
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the apoplast to rapidly hyperpolarize the plasmalemma and/or the generation of highly
reactive •OH radicals has been suggested to be involved in cell wall loosening [7–10],
promoting cell expansion and/or cell wall weakening (e.g., fruit softening). AsA is either
a co-substrate or stimulant of many enzymes, a notable example of the former being 1-
aminocyclopropane-1-carboxylate (ACC) oxidase, the enzyme that produces the hormone
ethylene [11]. These typically have metal cores (e.g., Fe or Cu) which require maintenance
in a divalent state to enable enzyme action. A major group of AsA requiring enzymes are
the diverse 2-oxoglutarate-dependent dioxygenase class of enzymes which number in the
thousands, and which ACC oxidase belongs to [12–14]. This means that changes in AsA
can have pleiotropic effects by altering the activities of multiple enzymes. In animals AsA is
involved in epigenetic regulation, via demethylation of nucleotides and histones [15]. This
has been established in mammals through the identification of Ten-Eleven-Translocation
(TET) enzymes [16–18], which are 2-oxoglutarate- and AsA-dependent dioxygenases. It is
unknown if there are similarly functioning enzymes in plants.

Biosynthesis of AsA is intimately linked with the mitochondrial electron transport
chain through L-galactono-1,4-lactone dehydrogenase (GLDH) [19–25], enzyme action, and
also through the role of GLDH in the assembly of complex I holo complex [26]. This may
play a role in balancing electron flows under different environmental circumstances [27].

AsA varies by tissue, developmental stage, and environmental conditions. The regu-
lation of ascorbate levels in plants has only relatively recently become better understood.
The enzymes acting in the main biosynthetic pathway in Arabidopsis through L-galactose
(Smirnoff-Wheeler pathway [28]) have been identified, although other pathways may
occur in certain species or tissues, or at certain developmental stages e.g., the pathway
through galacturonate derived pectin from cell wall polysaccharides [2]. Several studies
have identified that ascorbate concentrations in the cell are regulated mainly through
the control of transcription of GDP-L-galactose phosphorylase (GGP), although GDP-D-
mannose-3′,5′-epimerase (GME) and GDP-mannose pyrophosphorylase (GMP) may also
contribute to a lesser extent (Figure 1). A feed-back regulation system at the translational
level has been identified [29] and is mediated through a conserved upstream open reading
frame (uORF), present in the 5′ untranslated region of the messenger RNA (5′UTR) of
GGP. In Arabidopsis there are two functional GGP loci, referred to as VTC2 and VTC5,
with VTC2 being the most highly expressed of the two in nearly all tissues [30]. In regard
to the uORF feed-back system, an increase in AsA is sensed by an as yet unidentified
mechanism, which then results in a reduction of the translation of the GGP enzyme protein.
The predicted small uORF peptide (as yet undetected in planta) has features similar to that
of ribosome inhibitors, so it is thought that translation initiation at the uORF results in
stalled transcripts [29].
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Figure 1. Overview of main route to ascorbate through L-galactose in plants highlighting various features and known
regulatory points of control for the various enzymatic steps. Alternative pathways are included but not detailed. See text
for enzyme abbreviations (isoforms not listed e.g., VTC2/VTC5 etc.); red text denotes Galacturonate pathway enzyme;
green text denotes L-galactose pathway enzymes; and dark yellow text denotes recycling pathway enzymes. Triplet
arrows denote two or more steps of conversion. Hollow arrows denote substrates shunted to other processes/states (e.g.,
polymerization). Footnotes: ë: collective noun for these three oxidative states is ‘ascorbate’, also expressed as ‘total ascorbate’
in empirical measurements; Z: oxidation can be by direct chemical interaction or enzyme mediated (e.g., by ascorbate
oxidases/peroxidases etc.); d: different action between tissue types e.g., leaves versus fruit. g: also activates MIOX4
(involved in myo-inositol synthesis) transcription (not detailed). i: binds to CSN5B to inhibit CSN5B binding to GMP.
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With regard to regulation of AsA biosynthesis, a number of regulators have been asso-
ciated with affecting the transcription of various biosynthetic steps (Figure 1). These include
an F-box type repressor known as ascorbic acid mannose pathway regulator 1 (AMR1) [31],
a positively regulating transcription factor HD-ZIP I (identified in tomato, gene named
SlHZ24; Solyc04g005800.2) [32], and a positively regulating ethylene response factor sub-
family b-3 transcription factor AtERF98 (At3g23230) [33,34]. In addition, a number of
genes were identified in a transcriptomics study in tomato of which three were veri-
fied by transient expression to positively up-regulate the expression of various genes
involved in AsA biosynthesis [35]. They were SlMYB91: Solyc09g010840.1, a NAC (JA2)
Solyc12g013620.1, and a zinc finger transcription factor Solyc06g065440.1 (ZIF). Transient
expression of all three generally increased early L-galactose pathway and galacturonate
pathway genes in a similar manner while differentially activating different ascorbate per-
oxidases. SlMYB91 and JA2 also increased ascorbate oxidase expression which oxidizes
AsA directly to dehydroascorbate (DHA) (2 L-ascorbic acid + O2 → 2DHA + H2O), and
increased tissue-specific expression of specific isoforms of ascorbate oxidase in response
to salinity/drought stresses has been observed in rice [36], suggesting that SlMYB91 and
JA2 could be abiotic stress related. Indeed the Arabidopsis orthologue of Solyc12g013620.1
(JA2) is ANAC072 (At4g27410) which is a transcriptional activator in the abscisic acid (ABA)
mediated dehydration response and is induced in response to desiccation, salt, cold, methyl
jasmonate, and ROS (including H2O2) [37]. ANAC019 (At1g52890) is also as close a match
as ANAC072 to JA2, and whose expression is induced by drought, salinity and ABA [38,39].
Both ANAC072 and ANAC019 activate transcription of the dehydration responsive EARLY
RESPONSIVE TO DEHYDRATION STRESS 1 gene (ERD1; At5g51070) [40]. The Arabidop-
sis orthologue of the zinc finger transcription factor Solyc06g065440.1 is STOP1 (At1g34370).
STOP1 and its physiologically minor isoform STOP2 (At5g22890) regulate multiple genes
critical for tolerance to aluminum [41,42]. Recently it was shown that root expressed ABI4
(At2g40220) binds the VTC2 promoter to suppress VTC2 (GGP) transcription [43]. ABI4 is a
transcription factor involved in ABA signal transduction and acts downstream of GUN1
(At2g31400) in retrograde signaling [44]. Most recently, a basic helix-loop-helix (bHLH)
named SlbHLH59 was identified in a genome-wide association study on 302 tomato acces-
sions which positively regulates AsA in tomato fruits by directly binding to the promoters
of the L-galactose pathway genes phosphomannose mutase (PMM) and GDP-mannose py-
rophosphorylase (GMP) (with transcription of GME being stimulated in transient expression
experiments) and for which the closest Arabidopsis protein is ‘unfertilized embryo sac 12’
(UNE12) [45]. SlbHLH59 also possibly weakly represses GGP transcription (in one of two
experiments) [45].

Various genes have also been identified that have protein interactions with GMP
(VTC1 in Arabidopsis; At2g39770). These include two genes: CSN5B and CSN8 (At1g71230
and At4g14110) which form separate subunits of the COP9-signalosome complex which
promotes ubiquitin-dependent degradation of GMP through the 26S proteasome path-
way [46,47]. Additionally, a tomato C2H2 Zinc Finger rapidly induced by NaCl treatment
named SlZF3 was identified which binds to CSN5B to inhibit CSN5B binding to GMP [48].
The closest Arabidopsis protein match to SlZF3 is ZAT12 (At5g59820.1) and this and related
genes such as ZAT10 (At1g27730) are associated with response to abiotic stress [49–51].
Two other proteins: KONJAC1 (At1g74910) and KONJAC2 (At2g04650), have been shown
to stimulate recombinant GMP activity in vitro through protein–protein interaction. Curi-
ously, although it is not required for GMP activity in vitro, the mutant KONJAC1 plant line
kjc1-1 (SALK_044963) has GMP activity of only 10% wild-type levels, which resulted in
a 60% reduction in AsA levels. The corresponding plant mutant line of KONJAC2, kjc2-1
(SALK_023876), had ~80% wild-type GMP activity and the kjc1-1 kjc2-1 double mutant
had 8% wild-type GMP activity and exhibited severe dwarfism [52]. Finally a calmodulin-
like protein named CML10 in the presence of Ca2+ was shown to have a small effect on
PMM activity (At2g45790.1), suggesting that calcium status could also be modulating AsA
metabolism [53].
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Various abiotic inputs such as light and stresses such as salt, UV, ozone, metals,
nitric oxide, temperature extremes and drought are also known to influence AsA
metabolism [25,34,54–70]. Light is an elicitor of AsA metabolism and AsA undergoes
diurnal change in leaves [30,47,69,71] although Laing et al. [72] did not observe diurnal
changes in ascorbate in Arabidopsis, even though genes for GGP and GME showed strong
diurnal trends. That study used mature plants, not seedlings and did report long-term
responses to growth in response to differing photon flux densities, but not short-term
changes. GGP shows a significant response to different light levels [72], due to light-
responsive cis-elements present in its promoter [73]. Other light responsive cis-elements
have also been identified in the promoters of L-galactose-1-phosphate phosphatase (GPP) and
GLDH in rice [74]. The vtc3 mutant is defective in its ability to elevate the AsA pool
in response to light and heat, and VTC3’s unique dual function protein kinase: protein
phosphatase activity suggests a role in mediating light and heat signals [75].

In its many interactions throughout the cell, AsA becomes oxidized to monodehy-
droascorbate (MDHA; also referred to as ascorbate free-radical) and if oxidized again
becomes dehydroascorbic acid (DHA). If not re-reduced quickly, the pool of MDHA will
react with itself (dis-proportionate) to form AsA and DHA. Likewise, if DHA is not re-
reduced, it is broken down and lost, and so if not recycled, the AsA pool would eventually
be lost. In living systems, an active recycling system is in place to maintain AsA homeosta-
sis through reducing MDHA, as well as glutathione-dependent DHA reductase enzymes
(MDHAR and DHARs, respectively). These genes exist as multigene families, and the
various isoforms differ in their spatial, temporal and cellular organelle expression, and
also respond to varying environmental inputs. In the case of DHA reduction performed by
DHAR, the reducing power is donated by glutathione and so this process is coupled with
the glutathione cycle and glutathione reductases [76].

In this study we elevated the Arabidopsis thaliana ‘Col0’ rosette AsA pool artificially, in
the absence of direct abiotic and biotic factors through feeding AsA precursors L-galactose
(L-gal) or L-galactono-1,4-lactone (L-galL), as well as AsA, with glucose (glc) used as control,
over a period of 24 h. We then looked for any changes in gene expression of the genes
discussed previously by quantitative PCR. Network analysis and gene ontologies suggested
links with phytohormones such as abscisic acid and jasmonates so we measured a subset of
phytohormones as well. From this we present evidence of how gene transcripts of known
and deduced AsA related genes change in response to an increase in AsA concentration
in the absence of external abiotic stimuli (e.g., a change in light irradiance) to obtain
greater insights into the regulation of AsA metabolism and how it is involved in abiotic
stress tolerance.

2. Results
2.1. AsA Precursor Feeding

Arabidopsis plants were sprayed with a perfume sprayer to wetness (fine bubbles
on leaf) four times over a 24 h period with 25 mM solutions of L-galactose pathway
intermediates L-gal (21 days post sowing plants; experiment 1) or L-galL (38 days post
sowing plants; experiment 2 and 3), as well as 25 mM AsA (27 days post sowing plants
experiment 3). Glucose (25mM) was applied as a control and these plants were used
as the baseline controls for comparisons. Plant rosettes were harvested 4 h after the
final spray, which corresponded to 28 h of exposure to substrate. Spraying with L-gal,
L-galL, and AsA consistently caused large increases in rosette total AsA, averaging 2.3-fold,
3.9-fold, and 4.2-fold, respectively, with low inter-plant variation (Figure 2). The low
inter-plant variation suggests that the substrates application rates were saturating. Control
glc treatment AsA levels were very similar for experiments 1 and 2, but experiment 3 glc
control was marginally higher (1.29- and 1.34-fold) than that of experiments 1 and 2 glc
controls, respectively (p < 0.01 for both; Student’s t-test). This may reflect seasonal effects.
Note that feeding AsA would be physiologically different from feeding the two precursors.
Firstly, the precursors would result in AsA being synthesized in the mitochondria, the
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location of GalLDH and it is unlikely any AsA was made extracellularly. AsA would
accumulate extracellularly where it may be degraded [7] and activate redox reactions [77].

Figure 2. Increase in AsA content after feeding either 25 mM L-gal, L-galL, or AsA, with 25 mM
glc used as control. Error bars are standard deviations (n = 3 for experiments 1 and 2 and n = 4 for
experiment 3). Plant ages: experiment 1 = 21 days post sowing plants; experiment 2 = 38 days post
sowing plants; experiment 3 = 27 days post sowing plants.

2.2. Gene Expression Results

For most of the genes, measured gene expression varied very little but for those that
did, expression ratios of treatments over controls varied in the order of 0.1- to 20.7-fold.
The differentially expressed genes varied by treatment and the results are broken down by
area of metabolism in the following sections. The list of genes including primer sequences
are listed in supplementary data (Table S1).

2.3. L-Galactose Pathway Gene Expression, Including Pre-Pathway Genes as Well as Alternate
Galacturonate Pathway

Increasing AsA elicited few effects on the expression of the genes involved in biosyn-
thesis pathways. Only three genes were shown to have statistically different gene expres-
sion and this varied by type of AsA precursor that was applied (Figure 3). The biosynthetic
genes for which transcripts changed in response to elevated AsA included: phosphoman-
nose mutase (PMM-At2g45790.1) barely changed (but judged statistically significant) at
only 0.87-fold that of the control in L-gal treated plants only; and L-Galactono-1,4-lactone de-
hydrogenase (GLDH-At3g47930.1): 0.69-fold control in L-galL treated plants only. GGP was
affected by both L-gal and L-galL treatments in experiments 1 and 2, and reduced to 0.61
and 0.50-fold respectively, but was not significantly different in experiment 3. Transcripts
for the physiologically minor isoform the GGP (VTC5; At5g55120) were unchanged.
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Figure 3. Response of biosynthetic gene expression to elevated AsA. Error bars represent standard error of the mean.
Significant differences to the respective control are indicated with an asterisk (p < 0.05). PMI1 (At3g02570.1) and PMI2
(At1g67070.1): mannose-6-phosphate isomerase; PMM (At2g45790.1): phosphomannomutase; PGlcNM (At5g17530.1):
phosphoglucosamine mutase; PGM (At1g70820.1): phosphoglucomutase; G1PAT1 (At4g30570.1): Glucose-1-phosphate
adenylyltransferase/GDP-mannose pyrophosphorylase; GMP (VTC1) (At2g39770.1): GDP-mannose pyrophosphorylase;
GME (At5g28840.1): GDP-D-mannose 3′,5′-epimerase; GGP (VTC2) (At4g26850.1) and GGP (VTC5) (At5g55120.1): GDP-L-
galactose phosphorylase; GPP (VTC4) (At3g02870.1): L-galactose-1-phosphate phosphatase; GDH (At4g33670.1): L-galactose
dehydrogenase; GLDH (At3g47930.1): L-Galactono-1,4-lactone dehydrogenase; GalUR (At1g59960.1): D-galacturonate
reductase; IMPL2 (At4g39120.1): myo-inositol monophosphatase.
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2.4. Ascorbate Oxidase and AsA Recycling Genes

The expression of known Arabidopsis genes in the AsA recycling pathway as well
as three annotated Ascorbate oxidases was measured. Of the recycling genes, only de-
hydroascorbate reductase 1 (DHAR1; At1g19570.1) was differentially expressed, up 1.36- to
2.26-fold in all AsA elevated treatments (Figure 4). Typically DHAR1 is the dominantly
expressed isoform in rosette tissues, ranging from 2- to 4-fold higher than DHAR3 and from
18- to 38-fold higher than DHAR2 (data from [72]). Four of the five MDHARs appeared
to have altered expression but these were not deemed significant due to high variability.
The interpretation could be that the response to elevated AsA is short lived or that gene
expression levels were still in the process of normalizing to a different expression level or
else their expression is just naturally highly variable. Typically in rosettes MDHARs 4, 1,
and 2 are the most highly expressed, ranging on average from 5- to 31-fold higher than
MDHARs 6 and 3 [72].

Figure 4. Response of AsA recycling gene expression to elevated AsA. Error bars represent
standard error of the mean. Significant differences to the respective control are indicated with
an asterisk (p < 0.05). MDAR6 (At1g63940.1), MDAR3 (At3g09940.1), MDAR4 (At3g27820.1),
MDAR1 (At3g52880.1), MDAR2 (At5g03630.1); DHAR1 (At1g19570.1), DHAR2 (At1g75270.1), DHAR3
(At5g16710.1); AAO1 (At4g39830), AAO2 (At5g21100), AAO3 (At5g21105).

For the ascorbate oxidases, AAO2 expression was reduced to 0.84-fold compared with
the control but only in L-galL treated plants (experiment 1; p < 0.05) (Figure 4). AAO1
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also appeared down in L-gal treated plants at 0.54-fold control but this was not significant,
while AAO3 expression was unchanged. Typically in rosette tissue, AA02 is the most highly
expressed isoform, ranging from 1.2- to 6.1-fold higher expression than AA03 and from 3.3-
to 54.2-fold higher expression than AA01 (data from [72]).

2.5. Post Translational Modulators

There was no change in expression for genes known to affect PMM and GMP protein
activity such as CML10 and KONJAC1 and 2. Expression of the VTC3 regulatory gene was
unchanged as well. No change in expression of CSN5B and CSN8 (components of the COP9
complex promoting GMP degradation) suggests that if there is a feedback response through
reduction of GMP enzyme levels, it had not yet emerged at this time of measurement.
GMP (VTC1) transcripts were potentially reduced (although not significantly). Expression
data for these post translational modulators are not presented but ranged from 0.48-fold
control for KONJAC2 (not significant) and from 0.85- to 1.15-fold respective controls for
the remainder.

2.6. Expression of Known Regulatory Genes

The closest Arabidopsis thaliana orthologues to the tomato regulatory genes described
in the introduction were identified by BLASTP [78]. For most genes it was clear what the
closest match was, however, this was not the case for others such as SlZF3 and SlZH24. The
closest Arabidopsis protein match to SlZF3 was ZAT12 (At5g59820), a zinc finger protein
involved in high light and cold acclimation [49,79,80], which shared 41.5% amino acid
identity, but three other zinc finger genes were also close and shared 36.9–38.7% identity
(ZAT11- At2g37430; At3g46080; and At2g28710). The latter three were not measured
because they had very low or no expression in rosettes (‘ePlant’ browser and data from [72]).
Two NAC genes were close protein matches to tomato JA2 (Solyc12g013620.1): ANAC019
and ANAC072 (56–57% protein identity), so both were measured. Determining the exact
Arabidopsis orthologue for SlZH24 (Solyc04g005800.2) was the most problematic because it
most closely matched with the large homeodomain leucine zipper class I (HD-Zip I) protein
family (23–28% amino acid identity; Figure S1). Based on this, ATHB1, ATHB6 and ATHB12
were chosen for the initial screen. ATHB1 was of additional interest because it harbors an
upstream open-reading frame in its 5-UTR region and also has a natural antisense gene
(At3G01035) whose transcript overlaps with ATHB1 mRNA, so this was measured as well.
ABI4 has been linked to repressing GGP expression but no expression was detected in
vegetative rosettes, and this is consistent with publicly available expression data [72]. ABI4
transcripts are mainly expressed in 24 h imbibed seed and elongating portions of roots,
and tend to be more expressed in the dark (expression data source: ePlant browser); our
samples were harvested at midday. The upstream indirect repressor of ABI4, EIN3, was also
measured but expression was unchanged, as was the expression of the potential positive
transcriptional regulator UNE12, the closest Arabidopsis match to tomato SlbHLH59.

Expression of all the regulatory genes discussed previously was measured and five
of these: AtHB12 (up 3.05- to 5.96-fold), ANAC019 (up 3.67- to 7.2-fold), ANAC072 (up
2.99- to 7.59-fold), ZAT12 (up 2.54- to 9.36-fold) and ZAT10 (up 2.59- to 7.3fold) had
statistically different gene expression, but only for L-galL and AsA treatments (Figure 5).
AtHB1, a positive transcriptional regulator associated with response to desiccation, was
not statistically different. Expression of STOP2 (physiologically minor isoform of STOP1)
and AMR1 was low/not detected so data for these are not presented.



Int. J. Mol. Sci. 2021, 22, 6743 10 of 24

Figure 5. Response of known regulatory genes or close orthologues thereof to elevated AsA. Error bars represent standard
error of the mean. Significant differences to respective control are indicated with asterisk (p < 0.05). ANAC019 (At1g52890);
ANAC072 (At4g27410); AtERF98 (At3g23230), ATHB1 (AT3G01470); ATHB12 (AT3G61890); ATHB6 (AT2G22430); EIN3
(AT3G20770); MYB91 (At2g37630)- closest match to SlMYB91; natural antisense to ATHB1 (At3g01035); STOP1 (At1g34370);
UNE12 (AT4G02590); tomato SlZF3 orthologues ZAT12 (At5g59820) and ZAT10 (At1g27730).

2.7. Exploring Regulatory Network

Seeing that ATHB12, ANAC019 and ANAC072 transcription had been stimulated by
elevated AsA, we looked for other potentially affected genes by querying the ‘GeneMANIA’
prediction server [81] in order to identify interacting partners. This revealed a shared co-
network of genes of known interactors for ATHB12, ANAC019 and ANAC072 (Figure 6).
Based upon abiotic stress related gene ontology annotation, the expression of a number of
these were measured and included NCED3, ATHB54, ATHB52, ATHB7, ATBH16, HAT2,
ZHD11, ABI5 (for ANAC019 and ANAC072 predicted interaction network, not shown
in Figure 6), and ABF3 (only for ANAC072 network, not shown in Figure 6). TCP13, an
upstream negative regulator of ATHB12 was also included as was Early Responsive to
Dehydration stress 1 (ERD1; At5g51070) which is regulated by ZHD11 [82].
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Figure 6. Gene interactor network of ATHB12, ANAC019 and ANAC072 as a query set. Red = physical interactions;
orange = predicted; lilac = co-expressed; green = genetic interactions; blue = co-localization (see genemania.org). Gene
functions: RHA(1A/2A/B) and At5g42940: involved in protein ubiquitination/degradation processes regulating ABA sig-
naling and mediating response to abiotic stress; COR27: role in integrating circadian clock and cold response; NATA:
ornithine N-delta-acetyltransferase-producing defense compound; HVA22D: ABA- and stress-inducible gene; ZHD11
(ATHB29): zinc finger homeodomain transcriptional factor which binds to ERD1 promoter (Early Responsive to Dehydration
stress 1); NCED3 (At3g14440): 9-cis-epoxycarotenoid dioxygenase, a key enzyme in the biosynthesis of ABA, and regu-
lated in response to drought and salinity; ATHB-4/7/52 HD-Zip I transcription factors: shade avoidance/ABA mediated
drought response/mediates crosstalk between ethylene and auxin by transcriptionally modulating PIN2, WAG1, and WAG2;
ANAC032/083: modulates JA/SA signaling/negatively regulates xylem vessel formation; HAT1/2/3/9/22–HD-Zip II regula-
tory proteins/transcription factors: negatively regulates ABA synthesis and signaling in drought response/induced by
auxin, but not by other phytohormones, regulates auxin-mediated morphogenesis/controls leaf development/dehydration
stress memory/ABA and stress-inducible.

Of the ten genes measured from the gene interactor network, six displayed altered
transcript levels in response to elevated AsA mainly through L-galL and AsA treatments
(Figure 7). The clearest response was observed for NCED3 (up 2.43- to 20.72-fold; L-gal,
L-galL and AsA) and ATHB7 (up 3.42- to 9.84-fold; L-galL and AsA). ERD1 expression
was only significant in experiment 3 for L-galL and AsA treatments (up 3.40- to 3.50-fold).
ATHB54 was up slightly for L-gal treatment (1.22-fold; p < 0.5) but down 0.34- to 0.49-fold
control for L-galL and AsA treatments. Transcripts for the ABA-responsive element-binding
protein ABF3 was up 1.64- to 1.75-fold for L-galL and AsA treatments, and TCP13, the
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upstream negative regulator of ATHB12 was up 1.38- to 1.68-fold compared to controls.
ZHD11 expression was not detected and this is not unexpected because mainly expressed
in roots and these tissues were not measured.

Figure 7. Response of selected genes in putative ATHB12/ANAC019/ANAC072 gene network to
elevated AsA. Error bars represent standard errors. Significant differences to the respective control
are indicated with an asterisk (p < 0.05). Gene functions: NCED3 (At3g14440.1): 9-cis-epoxycarotenoid
dioxygenase, a key enzyme in the biosynthesis of ABA; ABF3 (At4g34000.1): ABA-responsive ele-
ment/transcription factor expressed in response to stress and abscisic acid; ABI5 (At2g36270.1): bZIP
involved in ABA signaling; ATHB16 (At4g40060.1): transcription factor involved in photoperiodism
and transition to flowering; ATHB52 (At5g53980.1): transcription factor mediating crosstalk between
ethylene and auxin; ATHB54 (At1g27045.1): transcription factor; ATHB7 (At2g46680.1): ABA regu-
lated and may act in a signal transduction pathway mediating drought response; ERD1 (At5g51070.1):
Early Responsive to Dehydration stress 1, ATP-dependent Clp protease regulatory subunit (mRNA is
cell-to-cell mobile); HAT2 (At5g47370.1): HB-ZIP induced by auxin; TCP13 (At3g02150.2): upstream
regulator of ATHB12.

2.8. Changes in Phytohormone Content in Response to Elevated AsA Content

Gene ontology metadata for many of the aforementioned genes showed links to roles
in jasmonate and ABA phytohormone signaling processes. We therefore measured subsets
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of jasmonate, ABA, auxin, and salicylic acid (SA) classes of compounds for the three
separate experiments, adding in the measurement of additional compounds 7′-hydroxy
ABA (7-OH-ABA), ABA-D-glucopyranosyl ester (ABA-GE), phaseic acid (PA) and dihydro-
phaseic acid (DPA) for experiment 3 (Figure 8; Table S2). L-galL and AsA treatments had
relatively large increases in certain jasmonates (particularly bioactive Ja-Ile) in experiment
3 at 14- and 24-fold respectively, but L-galL treatment in experiment 2 showed no change.
Note that Ja-Ile in L-galL treatment in experiment 3 was 14-fold higher than the control
but was not judged statistically significant (p = 0.07) (data in Table S2). Methyl-jasmonate
(MeJA) was measured but not detected in any of the samples, glc controls included. There
was a slight decrease (0.85-fold control; p < 0.05) in 9,10-dihydro-jasmonic acid (DHJA)
in experiment 3 only (L-galL and AsA treatments). DHJA is associated with growth
inhibition, induction of senescence and in some cases induction of alkaloid and nicotine
synthesis [83,84].

Figure 8. Boxplots highlighting changes in phytohormone content (ng/g fresh weight) in response
to elevating AsA levels. Gold asterisks denote statistically different treatments to their respective
glc controls (p < 0.05; Student’s t-test). Inset panels for ABA and jasmonate show their biosynthetic
pathways in order to demonstrate how the individual compounds relate to each other with com-
pounds for which there is data being in black font while compounds not measured are in grey font.
Note that biosynthetic pathways are not definitively depicted, and multiple consecutive arrows
denote multiple consecutive biosynthetic steps. Step catalyzed by 9-cis-epoxycarotenoid dioxygenase
(NCED) is shown in italics.
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Increases in ABA were most consistent, showing no change for L-gal treatment, but
1.54- to 4.26-fold increases for L-galL and AsA treatments. The ABA catabolic derivative
(but still bioactive) phaseic acid (PA) was elevated 6.05- and 3.55-fold in L-galL and AsA
treatments, respectively. The inactive ABA catabolites 7-OH-ABA and ABA-GE were both
increased by L-galL and AsA treatments (in range of 1.5- to 2-fold). Auxin in the form of
indole-3-acetic acid (IAA) increased 1.5- to 2-fold for L-galL (only statistically different in
experiment 2) and AsA treatments. SA and SA O-β-glucoside (SAG; inactive storage form
of SA) were unaffected by increases in AsA levels.

3. Discussion

In this study we confirm that AsA content in Arabidopsis can be markedly increased
by foliar sprays of the L-galactose AsA pathway precursors L-gal and L-galL, as well as AsA
itself. Applications over a 24 h period caused large 2.3- to 4.3-fold increases in AsA content
over respective glc controls. L-galL was more effective than L-gal which may be expected as
it is the last step before ascorbate. However, this is complicated by differing ages of the sets
of plants at time of treatment: 21 days (experiment 1; 2.3-fold increase) for L-gal, 38 days
(experiment 2; 3.9-fold increase) and 27 days (experiment 3; 3-fold increase), with each
having the same age respective glc controls; therefore, there could be a confounding effect
of vegetative maturity on the relative effectiveness of the particular substrate, the trend
of greater increases in older rosettes for L-galL lends support to this. An additional factor
could be conversion rate; when the absolute expression levels of the four references, as well
as GDH and GLDH gene transcripts were compared between experiments 1 and 2, there
was no clear evidence of a difference in overall transcript number (data not presented). This
conclusion takes into account the ratio between reference gene and unchanged transcripts,
which were very similar. Under the assumption that the reference gene transcripts were
stable between the different ages of vegetative rosette, it is possible that there is indeed
a difference in conversion efficiency between L-gal and L-galL. Furthermore, as the end-
point product AsA was also applied and showed the highest increase, it also lends support
to a difference in conversion time. The vegetative rosettes were harvested at the same
time period after treatment was finished, so the time available for conversion to AsA
was the same, and thus time for conversion could be a cause of the difference in AsA
increases observed.

Putting this aside, the relevant point for this study is that AsA contents were signif-
icantly altered in a relatively short period of time without any change in environmental
inputs. It was thought that this approach would have fewer pleiotropic effects compared
to other methods, such as a high light treatment, and thus direct feedback events could
be observed. Most of the differential gene expression changes were for L-galL and AsA
treatments which elevated AsA content more than L-gal, suggesting there could be a
concentration threshold that must be surpassed before many of the observed effects on
gene expression are enacted.

For biosynthetic gene expression there was generally little change in response to ele-
vated AsA content. Transcripts for GGP (VTC2; At4g26850.1) which is an important control
point in AsA biosynthesis [85], were reduced in experiments 1 and 2 to approximately
40–50% that of the glc controls for L-gal and L-galL treatments, but no significant change
was observed in experiment 3. None of the transcription factors known to affect GGP
transcription that was tested had statistically different expression from the glucose control.
Both AMR1 and ABI4 have been shown to transcriptionally repress GGP [31,43], but we
did not detect transcripts for either gene in rosette tissue, which is not unexpected as
AMR1 is either not expressed or expressed extremely lowly [72,86] and its expression is
down-regulated in light [31] (samples taken around midday), and ABI4 is mainly expressed
in root and imbibed seed tissues, thus it appears that regulation of GGP differs between
roots and leaves (rosette in this case).
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Other biosynthetic genes which were changed were PMM and GLDH, but this did
not occur in all treatments. Therefore, there appears to be little or no biosynthetic gene
transcriptional feedback response to elevated AsA.

AsA recycling is a major component of AsA metabolism and is responsive to AsA
redox status, and biotic and abiotic stress. Since the AsA elevated plants were not in a
stressed condition, artificial AsA elevation was not expected to impact on AsA recycling
gene expression, but unexpectedly DHAR1 (At1g19570.1) was up 1.4- to 2.3-fold in response
to the three different treatments. It is unclear why this occurred, but as there was a large
increase in the pool of total ascorbate this could be eliciting an increased recycling response.

The response of DHAR1 expression could instead be due to downstream effects of
elevated AsA which induced a change in phytohormones, which in turn likely activated
the expression of transcription factor genes associated with abiotic stresses. There are
numerous reports linking increased AsA (as well as AsA recycling) with increased tolerance
to abiotic stresses, drought and salinity in particular [33,54,87–97]. Abiotic stress leads to
a range of alterations in metabolism, altered phytohormone balances, ROS imbalances,
and formation of stress metabolites are perceived and integrated by triggering signal
transduction pathways which further impact hormone and ROS levels. All these changes
lead to a wide range of responses which result in acclimation to the original stress [98].

The exact mechanism of how increased AsA causes increases abiotic stress tolerance,
apart from its dogmatic role in controlling ROS and links with hormone metabolism, re-
mains unclear. Here we found that an increase in AsA exclusive of other known AsA induc-
tive treatments such as high light, increased the concentration of ABA, PA, certain jasmonate
phytohormones, and a small increase in auxin (IAA). Ethylene, gibberellins, brassinos-
teroids and strigolactones were not measured so there is little to comment on. However, out
of all the genes measured, only AtHB52 shows responsiveness to 1-aminocyclopropane-1-
carboxylic acid (ethylene precursor) treatment [99] and its expression was slightly reduced,
suggesting ethylene levels were not stimulated by elevating AsA.

ABA and to a lesser degree IAA were increased in a most consistent fashion while
changes in jasmonates such as precursors OPC-4 and JA, catabolites 12-OH-JA and DHJA,
and bioactive JA-Ile were inconsistent between experiments. The increase in ABA is most
likely due to increased expression of transcripts for 9-cis-epoxycarotenoid dioxygenase
(NCED3), a key enzyme in the biosynthesis of ABA [100], with NCED3 being the main
stress-induced NCED in leaves [101]. NCED3 was identified in the gene interactor network
using a query set of ATHB12, ANAC019 and ANAC072 (Figure 6). Expression of the
other NCED genes was not measured. It is known that both ascorbate and glutathione
are accumulated under progressive water stress and that this is mediated by an early
accumulation in ABA and increase in ROS [102]. It is also known that ascorbate integrates
the antagonistic modulation of ethylene and ABA [43]. Here we found that this crosstalk is
bi-directional. Most of the upregulated genes are upregulated by ABA treatment alone so
the key AsA responsive gene(s) are yet to be identified. However, transcripts for NCED3
were highly upregulated and so this could be a directly AsA responsive candidate even
though it is also upregulated by ABA alone (~5-fold) (see supplementary data in [103]).

Therefore, it seems that stimulation of phytohormone production, such as ABA and JA-
Ile, and subsequent downstream signal transduction outcomes likely explain the increased
tolerance to abiotic stresses (drought, salt and cold) observed when AsA contents are
increased by transgenic methods (Figure 9). ABA, PA, jasmonates and brassinosteroids are
key phytohormones mediating responses to abiotic stresses. In particular, we found PA
increased 3.5- to 6-fold. PA is an oxidative catabolite of ABA which selectively activates
a subset of ABA receptor family members which fine-tunes physiology, environmental
adaptation and development [103].



Int. J. Mol. Sci. 2021, 22, 6743 16 of 24

Figure 9. Potential scheme for how elevated AsA (in absence of other stimuli) causes changes in
signalling and confers abiotic stress tolerance/acclimation. Blue or orange filled arrows denote
increase or decrease (resp.) in the associated compound or gene expression. Gene expression was
cross referenced to supplementary data from Weng et al. 2016 [102] to identify whether ABA, PA
or DPA treatments alone can elicit gene expression and this is indicated by a for PA or b for ABA
(DPA did not change expression of any genes discussed here so not shown). DHJA promotes
senescence [104]. * Increased AsA is associated with increased chlorophyll a/b. † JAR1 (jasmonate-
amido synthetase; At2g46370) is not induced by ABA, PA or DPA. Possible weak induction by
IAA [98,102].

Thus, in addition to increased ROS detoxification though its intrinsic anti-oxidant
properties, higher AsA confers stress tolerance through retrograde signaling to activate a
range of stress response regulator genes such as ANAC019 (drought, high salt), ANAC072
(response to desiccation), ATHB7 (drought response), ATHB12 (drought response), ABF3
(response to ABA), ZAT10 (salt and photo-oxidative stress) and ZAT12 (high light and
cold acclimation), and that this response could be dependent on surpassing a yet to be
determined concentration threshold. The differential ABA response is also interesting, for
example, activation of ABF3 but not ABI5 (which is highly induced by ABA but not PA or
DPA [103]; Figure 7), and suggests a nuanced role for the AsA retrograde signal.
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4. Materials and Methods

‘Col0’ Arabidopsis plants were sown directly in soil contained within 10 cm square
pots and grown in a green house. They were grown in and kept well-watered until the
experimental treatment was imposed. Multiple plants were grown in each pot, and each of
three separate pots were regarded as a replicate. The compounds were applied by using
a 1 mL hand-operated pump perfume sprayer that generated a fine mist. Plants were
sprayed until the leaves were covered in small droplets (about 1.3 mL of solution over the
three pots per compound), which dried rapidly and left no observable residue. Each pot
was harvested separately after 28 h and frozen in liquid nitrogen (whole rosettes taken
and pooled for each pot). AsA was measured by HPLC as described previously [105].
Experiment 1 (L-gal and glc control treatments) was applied to 21 days post sowing plants,
experiment 2 (L-galL and glc control treatments) was applied to 38 days post sowing plants,
and experiment 3 (L-galL, AsA and glc control treatments) was applied to 27 days post
sowing plants.

Total RNA was extracted from each biological replicate using a Spectrum™ Plant
Total RNA Kit (Sigma-Aldrich Co, St. Louis, MO, USA), and inputted material amounts
ranged between 50 to 100 mg frozen powdered tissue. Total RNA quality and quantity was
evaluated by capillary electrophoresis with RNA StdSens analysis kit on an Experion™
instrument (Bio-Rad Laboratories, Inc., Hercules, CA, USA). All RNA samples were in
the RNA Quality Indicator (RQI) ‘Acceptable quality’ bracket (7 to 10) and RQIs ranged
from 8.1 to 9.7 (concentrations ranged from 160 to 735 ng/µL). PolyA+ mRNA was then
purified from 10 µg total RNA input using 100 µL magnetic Oligo(dT)25 beads (Dynabeads
mRNA Direct Kit, Thermofisher Scientific, Waltham, MA, USA), eluting in 23 µL. The
purified polyA+ mRNA was quantified by capillary electrophoresis as before and 25 ng
was used as a template for complementary DNA (cDNA) synthesis in a 10 µL total volume
reaction using an iScript™ cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.) using the
following thermocycling program in a Perkin Elmer GeneAmp 9700 PCR Thermo Cycler
(Perkin Elmer Inc., Waltham, MA, USA): 25 ◦C for 5 min, then 46 ◦C for 30 min, then 95 ◦C
1 min followed by cooling on ice. Upon completion the cDNA was diluted 10 times by
adding 90 µL 10 mM Tris, 0.05 mM EDTA (pH8) buffer. One µL was used as template in a
15 µL total volume quantitative PCR reaction using PerfeCTa SYBR Green FastMix (2×)
(Quantabio, Beverly, MA, USA) and 200 µM primers (custom synthesis by Macrogen Inc.,
South Korea). Each sample had three qPCR reactions with each representing one biological
replicate consisting of separate RNA extraction, polyA+ mRNA purification and cDNA
synthesis. In summary, the experiment consisted of two sets of two treatments of three
separate biological replicates that yielded 12 samples in total.

Reactions were performed in a MIC qPCR Cycler (Bio Molecular Systems, Upper
Coomera, Australia) with the following program: 95 ◦C 30 s; then 40 cycles of 95 ◦C 5 s,
60 ◦C 15 s, 72 ◦C 10 s (with data collection at end of each 72 ◦C step); followed by melt curve
step of 72 to 95 ◦C at 0.3 ◦C/s, with continuous data collection. Some primer pairs had a
higher annealing temperature of 63 ◦C if initial amplification was unsatisfactory. Poorly
performing primer pairs were replaced with different primers but this was rare. Four
genes were used as reference genes (described in [106]): At1g13320.1 (encoding the 65 kDa
regulatory subunit of protein phosphatase 2A (PP2AA3), At1g59830.1 (one of the isoforms
of the catalytic subunit of protein phosphatase 2A; PP2A-1); At4g33380.1 (dimethylallyl,
adenosine tRNA methylthiotransferase; DMATMT) and At2g28390.1 (MON1). Primer
sequences were mainly sourced from the ‘AtRTPrimer’ resource ([107]; http://atrtprimer.
kaist.ac.kr/ accessed date 21 February 2021) using default conditions and a target amplicon
size of 100–150 bp. Preference was given to primer pairs located in exons flanking an intron
and where there was a large size difference between spliced mRNA CDS and genomic DNA
amplification. In rare cases where no results were found the upper amplicon size limit was
increased to 200 bp and if no suitable primers were returned after that then primers were
designed using the Primer3 plugin [108] (100–150 amplicon size target; min Tm = 58, max
Tm = 62, Optimum= 60) in Geneious® 10.0.9 software (Biomatters Ltd., Auckland, New
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Zealand) or else using Primer-BLAST and NCBI [109]). All primer sequences are listed in
Table S1.

Reactions were evaluated on their melt curve and non-amplification in no-template
control samples. For some genes where there were failures, or what appeared to be outlier
results in terms of divergent Cq values, additional repeat reactions were performed. In most
cases the original outliers were included with the additional repeats in the final analysis.
Purified amplicon of a number of genes (VTC2, ANAC072, AAO1, AAO2, and AAO3) were
sequenced by Macrogen Inc. (Seoul, South Korea) to ensure correct target amplification and
it was correct in all cases. Relative quantification was performed using the MIC software
with the appropriate glucose treatment designated as the control which had an expression
value of ‘1′ (glc1 used for L-gal and glc2 used for L-galL). Expression values of the gene
of interest returned as a ratio of control sample expression. Data for all four reference
genes were used for all analyses. The MIC software analyzes the expression of each gene
incorporating normalization to the geometric mean of reference gene expression using
geNorm [110]. In addition, Cqs are calculated and the efficiency of amplification data from
each reaction is calculated using LinRegPCR [111]. Data output includes mean expression
ratio [112], standard errors, 95% confidence intervals and an estimate of significance by
REST analysis [113] (significance threshold set at p < 0.05).

Phytohormones

Materials: Formic acid (Riedel-de Haën) was purchased from Sigma Aldrich (Auck-
land, New Zealand). Optima LC/MS grade acetonitrile and trifluoroacetic acid (TFA)
were purchased from Thermo Fisher Scientific (Auckland, New Zealand). Water was of
Milli-Q grade. Jasmonic acid (JA), salicylic acid (SA), abscisic acid (ABA) and methyl jas-
monate (MeJA) were purchased from Sigma Aldrich (Auckland, New Zealand). Jasmonoyl-
isoleucine (JA-Ile), 12-hydroxyjasmonic acid (12-OH JA), 9,10-dihydrojasmonic acid (DHJA),
cis-(+)-12-oxo-phytodienoic acid (cis-OPDA), (+/−)-4-(3-oxo-2-(pent-2-enyl)cyclopentyl)
butanoic acid (OPC4) and indole-3-acetic acid (IAA) were purchased from Olchemim
Ltd. (Olomouc, Czech Republic). Phaseic acid (PA), dihydrophaseic acid (DPA), 7′-
hydroxyabscisic acid (7′-OH-ABA) and abscisic acid D-glucopyranosyl ester (ABA-GE)
were purchased from the National Research Council Canada (Saskatoon, Saskatchewan,
Canada). [2H5] JA, [2H4] SA and [2H5] MeJA were purchased from CDN Isotopes (Pointe-
Claire, Quebec, Canada), [2H6] ABA was purchased from Toronto Research Chemicals
(Toronto, ONT, Canada) and [13C6] IAA was purchased from Cambridge Isotopes (An-
dover, MA, USA). Salicylic acid O-β-glycoside (SAG) was synthesized following published
methodology ([114], and was >99% pure by 1H- and 13C-NMR. [2H10] JA-Ile was synthe-
sized using a modification to published methodology by utilizing [2H10] L-isoleucine in
place of isoleucine [115], and was >99% pure by liquid chromatography mass spectrometry
(LC-MS). [2H4] SAG was synthesized similarly to SAG by utilizing [2H4] MeSA in place of
MeSA as starting material and was >99% pure by LC-MS.

Extraction: Frozen plant material was ground in liquid nitrogen to a fine powder
using a mortar and pestle and stored at −80 ◦C until chemical analysis. The samples
were weighed (100 mg FW) and to each was added 1 mL chilled (4 ◦C) extraction solvent
(acetonitrile +0.01% TFA), labeled internal standard mix (2.5 ng [2H4] SA, 25 ng [2H5]
JA, 6.4 ng [2H6] ABA, 0.6 ng [2H10] JA-Ile, 5 ng [2H4] SAG, 25 ng [13C6] IAA and 10 ng
[2H5] MeJA) and 0.8 g stainless steel beads 0.9–2 mm (Next Advance Inc., NY, USA).
Samples were bead beaten for 5 min (Bullet Blender 24 Gold, Next Advance Inc., NY,
USA) and were extracted in the dark overnight at 4 ◦C using an end-over-end rotator
at 30 rotations/min. After centrifugation at 16,000× g for 5 min, supernatant from each
sample was transferred into a well of 96-well collection plate (Phenomenex, CA, USA). The
remaining pellet was re-extracted with 0.5 mL of the chilled extraction solvent, combined
with the first supernatant, and evaporated to dryness using a CentriVap concentrator
(Labconco, Kansas City, MO, USA) at−4 ◦C. Sample clean-up employed graphitized carbon
following a method described by Cai et al. [116] with modifications to adapt to a 96-well
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plate format. Briefly, samples were reconstituted in chilled (4 ◦C) 80:20 acetonitrile:water
(1 mL) and shaken for 20 min on a flat-bed orbital shaker prior to SPE clean-up on a
Hypersep Hypercarb 96-well plate (25 mg/1 mL; Thermo Scientific, CA, USA). Plates were
conditioned using 1 mL acetonitrile followed by 1 mL water. After conditioning, samples
were loaded and then the acidic phytohormones were eluted with 500 µL of acetonitrile and
evaporated to dryness in a refrigerated centrivap vacuum concentrator at −4 ◦C. Samples
were reconstituted in 200 µL of 10:90 acetonitrile:water for analysis by LC-MS.

LC-MS Analysis: LC-MS/MS experiments were performed on a 5500 QTrap triple
quadrupole/linear ion trap (QqLIT) mass spectrometer equipped with a TurboIon-Spray™
interface (AB Sciex, ON, Canada) coupled to a Shimadzu Exion UHPLC (Kyoto, Japan).
Phytohormones were separated on a Poroshell 120 SB-C18 2.7 µm 2.1 mm × 150 mm ID
column (Agilent Technologies, CA, USA) maintained at 60 ◦C. Solvents were (A) water +
0.1% formic acid and (B) acetonitrile + 0.1% formic acid and the flow rate was 400 µL−1.
The initial mobile phase, 2% B was held for 3 min before ramping linearly to 16% B at
3.5 min, then to 100% B at 7 min and holding at 100% B until 8 min before resetting to the
original conditions. Injection size was 10 µL. MS data were acquired in the negative mode,
and positive mode (IAA only), using a MRM method with optimized Q1 and Q3 transitions
for each of the analyzed acidic phytohormones (Table S3). Other operating parameters
were as follows: dwell time, 10 ms; ionspray voltage, −4500 V; ionspray voltage (IAA and
MeJA), 4500 V; temperature, 600 ◦C; curtain gas, 45 psi; ion source gas 1, 60 psi; ion source
gas 2, 60 psi. All data were analyzed and processed using Analyst version 1.7.2 and SciexOS
version 2.0 software packages. Concentrations were calculated on the basis of the peak area
for the endogenous compounds relative to those determined for the internal standards.

5. Conclusions

Our findings suggest that elevated AsA confers increased abiotic stress tolerance by
increasing ABA and its specifically active catabolite PA. Changes in these in turn activate a
complex of stress-response master regulators which have extensive downstream networks
that are involved in mediating drought, cold and salt stress responses. Future research
should be directed at exploring these AsA-related regulatory networks more completely,
identifying potential AsA-related response element(s) in the NCED3 promoter, evaluating
the relative importance of subcellular organelle AsA concentrations and what effects
changes in those can have, and further investigating the crosstalk with phytohormones.
Clearing up the role of jasmonates also requires more work. Finally, how and where AsA
concentration is sensed is another unknown which needs to be further investigated.

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/
article/10.3390/ijms22136743/s1.

Author Contributions: Conceptualization, W.L. and S.M.B.; methodology, W.L., J.M.C. and S.M.B.;
validation, S.M.B.; formal analysis, S.M.B., J.M.C. and W.L.; investigation, S.M.B. and J.M.C.; resources,
W.L. and S.M.B.; data curation, S.M.B.; writing—original draft preparation, S.M.B.; writing—review
and editing, W.L., J.M.C. and S.M.B.; visualization, S.M.B.; supervision, S.M.B.; project administration,
S.M.B.; funding acquisition, S.M.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Plant and Food Research internal ‘Blue Skies’ investment fund.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is presented in manuscript and in supplementary materials.

Acknowledgments: The authors would like to thank Catherine McKenzie (PFR) for help with
plotting AsA and hormone graphs using R.

https://www.mdpi.com/article/10.3390/ijms22136743/s1
https://www.mdpi.com/article/10.3390/ijms22136743/s1


Int. J. Mol. Sci. 2021, 22, 6743 20 of 24

Conflicts of Interest: The authors are inventors on patents concerning the elevation of AsA in plants:
Patent number 9157088: Transferases, epimerases, polynucleotides encoding these and uses thereof;
Patent number 9648813: Regulation of gene expression via uORF of GDP-L-galactose phosphorylase
(GGP) gene.

References
1. Drouin, G.; Godin, J.-R.; Pagé, B. The genetics of vitamin C loss in vertebrates. Curr. Genom. 2011, 12, 371–378. [CrossRef]

[PubMed]
2. Bulley, S.; Laing, W. The regulation of ascorbate biosynthesis. Curr. Opin. Plant Biol. 2016, 33, 15–22. [CrossRef] [PubMed]
3. Pilkington, S.M.; Crowhurst, R.; Hilario, E.; Nardozza, S.; Fraser, L.; Peng, Y.Y.; Gunaseelan, K.; Simpson, R.; Tahir, J.; Deroles,

S.C.; et al. A manually annotated Actinidia chinensis var. chinensis (kiwifruit) genome highlights the challenges associated with
draft genomes and gene prediction in plants. BMC Genom. 2018, 19, 257. [CrossRef]

4. Foyer, C.H.; Kyndt, T.; Hancock, R.D. Vitamin C in Plants: Novel Concepts, New Perspectives and Outstanding Issues. Antioxid.
Redox Signal. 2020, 32, 463–485. [CrossRef]

5. Niki, E. Interaction of Ascorbate and α-Tocopherol. Ann. N. Y. Acad. Sci. 1987, 498, 186–199. [CrossRef]
6. Hager, A.; Holocher, K. Localization of the xanthophyll-cycle enzyme violaxanthin de-epoxidase within the thylakoid lumen and

abolition of its mobility by a (light-dependent) pH decrease. Planta 1994, 192, 581–589. [CrossRef]
7. Green, M.A.; Fry, S.C. Apoplastic degradation of ascorbate: Novel enzymes and metabolites permeating the plant cell wall. Plant

Biosyst. 2005, 139, 2. [CrossRef]
8. González-Reyes, J.A.; Alcaín, F.J.; Caler, J.A.; Serrano, A.; Córdoba, F.; Navas, P. Stimulation of onion root elongation by ascorbate

and ascorbate free radical in Allium cepa L. Protoplasma 1995, 184, 31–35. [CrossRef]
9. Fry, S.C. Oxidative scission of plant cell wall polysaccharides by ascorbate-induced hydroxyl radicals. Biochem. J. 1998, 332, 507.

[CrossRef]
10. González-Reyes, J.A.; Döring, O.; Navas, P.; Obst, G.; Böttger, M. The effect of ascorbate free radical on the energy state of the

plasma membrane of onion (Allium cepa L.) root cells: Alteration of K+ efflux by ascorbate? Biochim. Biophys. Acta Bioenerg. 1992,
1098, 177–183. [CrossRef]

11. Arrigoni, O.; De Tullio, M.C. Ascorbic acid: Much more than just an antioxidant. Biochim. Biophys. Acta Gen. Subj. 2002, 1569, 1–9.
[CrossRef]

12. Kundu, S. Unity in diversity, a systems approach to regulating plant cell physiology by 2-oxoglutarate-dependent dioxygenases.
Front. Plant. Sci. 2015, 6, 98. [CrossRef]

13. Smirnoff, N. Ascorbic acid metabolism and functions: A comparison of plants and mammals. Free. Radic. Biol. Med. 2018, 122,
116–129. [CrossRef] [PubMed]

14. De Tullio, M.C.; Arrigoni, O. Hopes, disillusions and more hopes from vitamin C. Cell. Mol. Life Sci. 2004, 61, 209–219. [CrossRef]
15. Bellini, E.; De Tullio, M.C. Ascorbic Acid and Ozone: Novel Perspectives to Explain an Elusive Relationship. Plants 2019, 8, 122.

[CrossRef] [PubMed]
16. Cimmino, L.; Dolgalev, I.; Wang, Y.B.; Yoshimi, A.; Martin, G.H.; Wang, J.J.; Ng, V.; Xia, B.; Witkowski, M.T.; Mitchell-Flack,

M.; et al. Restoration of TET2 Function Blocks Aberrant Self-Renewal and Leukemia Progression. Cell 2017, 170, 1079–1095.
[CrossRef] [PubMed]

17. Hore, T.A.; von Meyenn, F.; Ravichandran, M.; Bachman, M.; Ficz, G.; Oxley, D.; Santos, F.; Balasubramanian, S.; Jurkowski,
T.P.; Reik, W. Retinol and ascorbate drive erasure of epigenetic memory and enhance reprogramming to naive pluripotency by
complementary mechanisms. Proc. Natl. Acad. Sci. USA 2016, 113, 12202–12207. [CrossRef] [PubMed]

18. Blaschke, K.; Ebata, K.T.; Karimi, M.M.; Zepeda-Martínez, J.A.; Goyal, P.; Mahapatra, S.; Tam, A.; Laird, D.J.; Hirst, M.; Rao, A.;
et al. Vitamin C induces Tet-dependent DNA demethylation and a blastocyst-like state in ES cells. Nature 2013, 500, 222–226.
[CrossRef] [PubMed]

19. Zsigmond, L.; Tomasskovics, B.; Deak, V.; Rigo, G.; Szabados, L.; Banhegyi, G.; Szarka, A. Enhanced activity of galactono-1,4-
lactone dehydrogenase and ascorbate-glutathione cycle in mitochondria from complex III deficient Arabidopsis. Plant Physiol.
Biochem. 2011, 49, 809–815. [CrossRef] [PubMed]

20. Szarka, A.; Horemans, N.; Kovacs, Z.; Grof, P.; Mayer, M.; Banhegyi, G. Dehydroascorbate reduction in plant mitochondria is
coupled to the respiratory electron transfer chain. Physiol. Plant. 2007, 129, 225–232. [CrossRef]

21. Nunes-Nesi, A.; Sulpice, R.; Gibon, Y.; Fernie, A.R. The enigmatic contribution of mitochondrial function in photosynthesis. J.
Exp. Bot. 2008, 59, 1675–1684. [CrossRef] [PubMed]

22. Bartoli, C.G.; Pastori, G.M.; Foyer, C.H. Ascorbate Biosynthesis in Mitochondria Is Linked to the Electron Transport Chain
between Complexes III and IV. Plant Physiol. 2000, 123, 335–344. [CrossRef] [PubMed]

23. Imai, T.; Karita, S.; Shiratori, G.-I.; Hattori, M.; Nunome, T.; Oba, K.; Hirai, M. L-Galactono-γ-lactone Dehydrogenase from Sweet
Potato: Purification and cDNA Sequence Analysis. Plant Cell Physiol. 1998, 39, 1350–1358. [CrossRef]

24. Yabuta, Y.; Maruta, T.; Nakamura, A.; Mieda, T.; Yoshimura, K.; Ishikawa, T.; Shigeoka, S. Conversion of L-Galactono-1,4-lactone
to L-Ascorbate Is Regulated by the Photosynthetic Electron Transport Chain in Arabidopsis. Biosci. Biotechnol. Biochem. 2008, 72,
2598–2607. [CrossRef] [PubMed]

http://doi.org/10.2174/138920211796429736
http://www.ncbi.nlm.nih.gov/pubmed/22294879
http://doi.org/10.1016/j.pbi.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27179323
http://doi.org/10.1186/s12864-018-4656-3
http://doi.org/10.1089/ars.2019.7819
http://doi.org/10.1111/j.1749-6632.1987.tb23761.x
http://doi.org/10.1007/BF00203597
http://doi.org/10.1080/11263500500056849
http://doi.org/10.1007/BF01276898
http://doi.org/10.1042/bj3320507
http://doi.org/10.1016/S0005-2728(05)80334-2
http://doi.org/10.1016/S0304-4165(01)00235-5
http://doi.org/10.3389/fpls.2015.00098
http://doi.org/10.1016/j.freeradbiomed.2018.03.033
http://www.ncbi.nlm.nih.gov/pubmed/29567393
http://doi.org/10.1007/s00018-003-3203-8
http://doi.org/10.3390/plants8050122
http://www.ncbi.nlm.nih.gov/pubmed/31075980
http://doi.org/10.1016/j.cell.2017.07.032
http://www.ncbi.nlm.nih.gov/pubmed/28823558
http://doi.org/10.1073/pnas.1608679113
http://www.ncbi.nlm.nih.gov/pubmed/27729528
http://doi.org/10.1038/nature12362
http://www.ncbi.nlm.nih.gov/pubmed/23812591
http://doi.org/10.1016/j.plaphy.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/21601466
http://doi.org/10.1111/j.1399-3054.2006.00810.x
http://doi.org/10.1093/jxb/ern002
http://www.ncbi.nlm.nih.gov/pubmed/18256046
http://doi.org/10.1104/pp.123.1.335
http://www.ncbi.nlm.nih.gov/pubmed/10806250
http://doi.org/10.1093/oxfordjournals.pcp.a029341
http://doi.org/10.1271/bbb.80284
http://www.ncbi.nlm.nih.gov/pubmed/18838812


Int. J. Mol. Sci. 2021, 22, 6743 21 of 24

25. Yabuta, Y.; Mieda, T.; Rapolu, M.; Nakamura, A.; Motoki, T.; Maruta, T.; Yoshimura, K.; Ishikawa, T.; Shigeoka, S. Light regulation
of ascorbate biosynthesis is dependent on the photosynthetic electron transport chain but independent of sugars in Arabidopsis.
J. Exp. Bot. 2007, 58, 2661–2671. [CrossRef]

26. Schertl, P.; Sunderhaus, S.; Klodmann, J.; Gergoff Grozeff, G.E.; Bartoli, C.G.; Braun, H.-P. L-Galactono-1,4-lactone dehydrogenase
(GLDH) Forms Part of Three Subcomplexes of Mitochondrial Complex I in Arabidopsis thaliana. J. Biol. Chem. 2012, 287,
14412–14419. [CrossRef] [PubMed]

27. Szarka, A.; Bánhegyi, G.; Asard, H. The inter-relationship of ascorbate transport, metabolism and mitochondrial, plastidic
respiration. Antioxid. Redox Signal. 2013, 19, 1036–1044. [CrossRef] [PubMed]

28. Wheeler, G.L.; Jones, M.A.; Smirnoff, N. The biosynthetic pathway of vitamin C in higher plants. Nature 1998, 393, 365–369.
[CrossRef] [PubMed]

29. Laing, W.A.; Martinez-Sanchez, M.; Wright, M.A.; Bulley, S.M.; Brewster, D.; Dare, A.P.; Rassam, M.; Wang, D.; Storey, R.;
Macknight, R.C.; et al. An upstream open reading frame is essential for feedback regulation of ascorbate biosynthesis in
Arabidopsis. Plant Cell 2015, 27, 772–786. [CrossRef] [PubMed]

30. Dowdle, J.; Ishikawa, T.; Gatzek, S.; Rolinski, S.; Smirnoff, N. Two genes in Arabidopsis thaliana encoding GDP-L-galactose
phosphorylase are required for ascorbate biosynthesis and seedling viability. Plant J. 2007, 52, 673–689. [CrossRef]

31. Zhang, W.; Lorence, A.; Gruszewski, H.A.; Chevone, B.I.; Nessler, C.L. AMR1, an Arabidopsis Gene That Coordinately and
Negatively Regulates the Mannose/L-Galactose Ascorbic Acid Biosynthetic Pathway. Plant Physiol. 2009, 150, 942–950. [CrossRef]
[PubMed]

32. Hu, T.; Ye, J.; Tao, P.; Li, H.; Zhang, J.; Zhang, Y.; Ye, Z. The tomato HD-Zip I transcription factor SlHZ24 modulates ascorbate
accumulation through positive regulation of the D-mannose/L-galactose pathway. Plant J. 2016, 85, 16–29. [CrossRef]

33. Lisko, K.A.; Aboobucker, S.I.; Torres, R.; Lorence, A. Engineering Elevated Vitamin C in Plants to Improve their Nutritional
Content, Growth, and Tolerance to Abiotic Stress. In Phytochemicals—Biosynthesis, Function and Application; Jetter, R., Ed.; Springer
International Publishing: Cham, Switzerland, 2014; Volume 44, pp. 109–128.

34. Zhang, Z.; Wang, J.; Zhang, R.; Huang, R. The ethylene response factor AtERF98 enhances tolerance to salt through the
transcriptional activation of ascorbic acid synthesis in Arabidopsis. Plant J. 2012, 71, 273–287. [CrossRef] [PubMed]

35. Ye, J.; Hu, T.; Yang, C.; Li, H.; Yang, M.; Ijaz, R.; Ye, Z.; Zhang, Y. Transcriptome Profiling of Tomato Fruit Development Reveals
Transcription Factors Associated with Ascorbic Acid, Carotenoid and Flavonoid Biosynthesis. PLoS ONE 2015, 10, e0130885.
[CrossRef] [PubMed]

36. Batth, R.; Singh, K.; Kumari, S.; Mustafiz, A. Transcript Profiling Reveals the Presence of Abiotic Stress and Developmental Stage
Specific Ascorbate Oxidase Genes in Plants. Front. Plant Sci. 2017, 8, 198. [CrossRef]

37. Fujita, M.; Fujita, Y.; Maruyama, K.; Seki, M.; Hiratsu, K.; Ohme-Takagi, M.; Tran, L.-S.P.; Yamaguchi-Shinozaki, K.; Shinozaki, K.
A dehydration-induced NAC protein, RD26, is involved in a novel ABA-dependent stress-signaling pathway. Plant J. 2004, 39,
863–876. [CrossRef]

38. Rizhsky, L.; Liang, H.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When defense pathways collide. The response of
Arabidopsis to a combination of drought and heat stress. Plant Physiol. 2004, 134, 1683–1696. [CrossRef]

39. Hegedus, D.; Yu, M.; Baldwin, D.; Gruber, M.; Sharpe, A.; Parkin, I.; Whitwill, S.; Lydiate, D. Molecular characterization of
Brassicanapus NAC domain transcriptional activators induced in response to biotic and abiotic stress. Plant Mol. Biol. 2003, 53,
383–397. [CrossRef]

40. Tran, L.-S.P.; Nakashima, K.; Sakuma, Y.; Simpson, S.D.; Fujita, Y.; Maruyama, K.; Fujita, M.; Seki, M.; Shinozaki, K.; Yamaguchi-
Shinozaki, K. Isolation and Functional Analysis of Arabidopsis Stress-Inducible NAC Transcription Factors That Bind to a
Drought-Responsive cis-Element in the Early Responsive to Dehydration stress 1 Promoter. Plant Cell 2004, 16, 2481–2498. [CrossRef]
[PubMed]

41. Enomoto, T.; Tokizawa, M.; Ito, H.; Iuchi, S.; Kobayashi, M.; Yamamoto, Y.Y.; Kobayashi, Y.; Koyama, H. STOP1 regulates
the expression of HsfA2 and GDHs that are critical for low-oxygen tolerance in Arabidopsis. J. Exp. Bot. 2019, 70, 3297–3311.
[CrossRef] [PubMed]

42. Kobayashi, Y.; Ohyama, Y.; Kobayashi, Y.; Ito, H.; Iuchi, S.; Fujita, M.; Zhao, C.-R.; Tanveer, T.; Ganesan, M.; Kobayashi, M.; et al.
STOP2 Activates Transcription of Several Genes for Al- and Low pH-Tolerance that Are Regulated by STOP1 in Arabidopsis. Mol.
Plant 2014, 7, 311–322. [CrossRef]

43. Yu, Y.; Wang, J.; Li, S.; Kakan, X.; Zhou, Y.; Miao, Y.; Wang, F.; Qin, H.; Huang, R. Ascorbic Acid Integrates the Antagonistic
Modulation of Ethylene and Abscisic Acid in the Accumulation of Reactive Oxygen Species. Plant Physiol. 2019, 179, 1861.
[CrossRef]

44. Koussevitzky, S.; Nott, A.; Mockler, T.C.; Hong, F.; Sachetto-Martins, G.; Surpin, M.; Lim, J.; Mittler, R.; Chory, J. Signals from
Chloroplasts Converge to Regulate Nuclear Gene Expression. Science 2007, 316, 715. [CrossRef]

45. Ye, J.; Li, W.; Ai, G.; Li, C.; Liu, G.; Chen, W.; Wang, B.; Wang, W.; Lu, Y.; Zhang, J.; et al. Genome-wide association analysis
identifies a natural variation in basic helix-loop-helix transcription factor regulating ascorbate biosynthesis via D-mannose/L-
galactose pathway in tomato. PLoS Genet. 2019, 15, e1008149. [CrossRef] [PubMed]

46. Wang, J.; Yu, Y.; Zhang, Z.; Quan, R.; Zhang, H.; Ma, L.; Deng, X.W.; Huang, R. Arabidopsis CSN5B Interacts with VTC1 and
Modulates Ascorbic Acid Synthesis. Plant Cell 2013, 25, 625–636. [CrossRef] [PubMed]

47. Wang, J.; Zhang, Z.; Huang, R. Regulation of ascorbic acid synthesis in plants. Plant Signal. Behav. 2013, 8, e24536. [CrossRef]

http://doi.org/10.1093/jxb/erm124
http://doi.org/10.1074/jbc.M111.305144
http://www.ncbi.nlm.nih.gov/pubmed/22378782
http://doi.org/10.1089/ars.2012.5059
http://www.ncbi.nlm.nih.gov/pubmed/23259603
http://doi.org/10.1038/30728
http://www.ncbi.nlm.nih.gov/pubmed/9620799
http://doi.org/10.1105/tpc.114.133777
http://www.ncbi.nlm.nih.gov/pubmed/25724639
http://doi.org/10.1111/j.1365-313X.2007.03266.x
http://doi.org/10.1104/pp.109.138453
http://www.ncbi.nlm.nih.gov/pubmed/19395407
http://doi.org/10.1111/tpj.13085
http://doi.org/10.1111/j.1365-313X.2012.04996.x
http://www.ncbi.nlm.nih.gov/pubmed/22417285
http://doi.org/10.1371/journal.pone.0130885
http://www.ncbi.nlm.nih.gov/pubmed/26133783
http://doi.org/10.3389/fpls.2017.00198
http://doi.org/10.1111/j.1365-313X.2004.02171.x
http://doi.org/10.1104/pp.103.033431
http://doi.org/10.1023/B:PLAN.0000006944.61384.11
http://doi.org/10.1105/tpc.104.022699
http://www.ncbi.nlm.nih.gov/pubmed/15319476
http://doi.org/10.1093/jxb/erz124
http://www.ncbi.nlm.nih.gov/pubmed/30882866
http://doi.org/10.1093/mp/sst116
http://doi.org/10.1104/pp.18.01250
http://doi.org/10.1126/science.1140516
http://doi.org/10.1371/journal.pgen.1008149
http://www.ncbi.nlm.nih.gov/pubmed/31067226
http://doi.org/10.1105/tpc.112.106880
http://www.ncbi.nlm.nih.gov/pubmed/23424245
http://doi.org/10.4161/psb.24536


Int. J. Mol. Sci. 2021, 22, 6743 22 of 24

48. Li, Y.; Chu, Z.; Luo, J.; Zhou, Y.; Cai, Y.; Lu, Y.; Xia, J.; Kuang, H.; Ye, Z.; Ouyang, B. The C2H2 zinc-finger protein SlZF3 regulates
AsA synthesis and salt tolerance by interacting with CSN5B. Plant Biotechnol. J. 2018, 16, 1201–1213. [CrossRef] [PubMed]

49. Davletova, S.; Schlauch, K.; Coutu, J.; Mittler, R. The zinc-finger protein Zat12 plays a central role in reactive oxygen and abiotic
stress signaling in Arabidopsis. Plant Physiol. 2005, 139, 847–856. [CrossRef] [PubMed]

50. Mittler, R.; Kim, Y.; Song, L.; Coutu, J.; Coutu, A.; Ciftci-Yilmaz, S.; Lee, H.; Stevenson, B.; Zhu, J.-K. Gain- and loss-of-function
mutations in Zat10 enhance the tolerance of plants to abiotic stress. FEBS Lett. 2006, 580, 6537–6542. [CrossRef] [PubMed]

51. Sakamoto, H.; Maruyama, K.; Sakuma, Y.; Meshi, T.; Iwabuchi, M.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Arabidopsis
Cys2/His2-type zinc-finger proteins function as transcription repressors under drought, cold, and high-salinity stress conditions.
Plant Physiol. 2004, 136, 2734–2746. [CrossRef]

52. Sawake, S.; Tajima, N.; Mortimer, J.C.; Lao, J.; Ishikawa, T.; Yu, X.; Yamanashi, Y.; Yoshimi, Y.; Kawai-Yamada, M.; Dupree, P.; et al.
KONJAC1 and 2 Are Key Factors for GDP-Mannose Generation and Affect L-Ascorbic Acid and Glucomannan Biosynthesis in
Arabidopsis. Plant Cell 2015, 27, 3397–3409. [CrossRef] [PubMed]

53. Cho, K.-M.; Nguyen, H.T.K.; Kim, S.Y.; Shin, J.S.; Cho, D.H.; Hong, S.B.; Shin, J.S.; Ok, S.H. CML10, a variant of calmodulin,
modulates ascorbic acid synthesis. N. Phytol. 2016, 209, 664–678. [CrossRef]

54. Xing, C.; Liu, Y.; Zhao, L.; Zhang, S.; Huang, X. A novel MYB transcription factor regulates ascorbic acid synthesis and affects
cold tolerance. Plant Cell Environ. 2019, 42, 832–845. [CrossRef] [PubMed]

55. Plumb, W.; Townsend, A.J.; Rasool, B.; Alomrani, S.; Razak, N.; Karpinska, B.; Ruban, A.V.; Foyer, C.H. Ascorbate-mediated
regulation of growth, photoprotection, and photoinhibition in Arabidopsis thaliana. J. Exp. Bot. 2018, 69, 2823–2835. [CrossRef]
[PubMed]

56. Rodríguez-Ruiz, M.; Mateos, R.M.; Codesido, V.; Corpas, F.J.; Palma, J.M. Characterization of the galactono-1,4-lactone dehydro-
genase from pepper fruits and its modulation in the ascorbate biosynthesis. Role of nitric oxide. Redox Biol. 2017, 12, 171–181.
[CrossRef] [PubMed]

57. Toth, S.Z.; Schansker, G.; Garab, G. The physiological roles and metabolism of ascorbate in chloroplasts. Physiol. Plant. 2013, 148,
161–175. [CrossRef] [PubMed]

58. Heyneke, E.; Luschin-Ebengreuth, N.; Krajcer, I.; Wolkinger, V.; Muller, M.; Zechmann, B. Dynamic compartment specific changes
in glutathione and ascorbate levels in Arabidopsis plants exposed to different light intensities. BMC Plant Biol. 2013, 13, 104.
[CrossRef]

59. Poiroux-Gonord, F.; Santini, J.; Fanciullino, A.-L.; Lopez-Lauri, F.; Giannettini, J.; Sallanon, H.; Berti, L.; Urban, L. Metabolism in
orange fruits is driven by photooxidative stress in the leaves. Physiol. Plant. 2013, 149, 175–187. [CrossRef]

60. Jagadeesh, S.L.; Charles, M.T.; Gariepy, Y.; Goyette, B.; Raghavan, G.S.V.; Vigneault, C. Influence of Postharvest UV-C Hormesis
on the Bioactive Components of Tomato during Post-treatment Handling. Food Bioprocess Technol. 2011, 4, 1463–1472. [CrossRef]

61. Chao, Y.-Y.; Kao, C. Heat shock-induced ascorbic acid accumulation in leaves increases cadmium tolerance of rice (Oryza sativa L.)
seedlings. Plant Soil 2010, 336, 39–48. [CrossRef]

62. Toth, S.Z.; Puthur, J.T.; Nagy, V.; Garab, G. Experimental Evidence for Ascorbate-Dependent Electron Transport in Leaves with
Inactive Oxygen-Evolving Complexes. Plant Physiol. 2009, 149, 1568–1578. [CrossRef]

63. Ioannidi, E.; Kalamaki, M.S.; Engineer, C.; Pateraki, I.; Alexandrou, D.; Mellidou, I.; Giovannonni, J.; Kanellis, A.K. Expression
profiling of ascorbic acid-related genes during tomato fruit development and ripening and in response to stress conditions. J. Exp.
Bot. 2009, 60, 663–678. [CrossRef]

64. Frei, M.; Tanaka, J.P.; Wissuwa, M. Genotypic variation in tolerance to elevated ozone in rice: Dissection of distinct genetic factors
linked to tolerance mechanisms. J. Exp. Bot. 2008, 59, 3741–3752. [CrossRef] [PubMed]

65. Baltruschat, H.; Fodor, J.; Harrach, B.D.; Niemczyk, E.; Barna, B.; Gullner, G.; Janeczko, A.; Kogel, K.H.; Schafer, P.; Schwarczinger,
I.; et al. Salt tolerance of barley induced by the root endophyte Piriformospora indica is associated with a strong increase in
antioxidants. N. Phytol. 2008, 180, 501–510. [CrossRef] [PubMed]

66. Yang, S.H.; Wang, L.J.; Li, S.H. Ultraviolet-B irradiation-induced freezing tolerance in relation to antioxidant system in winter
wheat (Triticum aestivum L.) leaves. Environ. Exp. Bot. 2007, 60, 300–307. [CrossRef]

67. Noctor, G. Metabolic signalling in defence and stress: The central roles of soluble redox couples. Plant Cell Environ. 2006, 29, 409.
[CrossRef] [PubMed]

68. Conklin, P.; Barth, C. Ascorbic acid, a familiar small molecule intertwined in the response of plants to ozone, pathogens, and the
onset of senescence. Plant Cell Environ. 2004, 27, 959–970. [CrossRef]

69. Tamaoki, M.; Mukai, F.; Asai, N.; Nakajima, N.; Kubo, A.; Aono, M.; Saji, H. Light-controlled expression of a gene encoding
L-galactono-γ-lactone dehydrogenase which affects ascorbate pool size in Arabidopsis thaliana. Plant Sci. 2003, 164, 1111–1117.
[CrossRef]

70. Drazkiewicz, M.; Skorzynska-Polit, E.; Krupa, Z. Response of the ascorbate-glutathione cycle to excess copper in Arabidopsis
thaliana (L.). Plant Sci. 2003, 164, 195. [CrossRef]

71. Massot, C.; Stevens, R.; Genard, M.; Longuenesse, J.-J.; Gautier, H. Light affects ascorbate content and ascorbate-related gene
expression in tomato leaves more than in fruits. Planta 2012, 235, 153–163. [CrossRef]

72. Laing, W.; Norling, C.; Brewster, D.; Wright, M.; Bulley, S. Ascorbate concentration in Arabidopsis thaliana and expression of
ascorbate related genes using RNAseq in response to light and the diurnal cycle. bioRxiv 2017, 138008.

http://doi.org/10.1111/pbi.12863
http://www.ncbi.nlm.nih.gov/pubmed/29193661
http://doi.org/10.1104/pp.105.068254
http://www.ncbi.nlm.nih.gov/pubmed/16183833
http://doi.org/10.1016/j.febslet.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17112521
http://doi.org/10.1104/pp.104.046599
http://doi.org/10.1105/tpc.15.00379
http://www.ncbi.nlm.nih.gov/pubmed/26672069
http://doi.org/10.1111/nph.13612
http://doi.org/10.1111/pce.13387
http://www.ncbi.nlm.nih.gov/pubmed/29929211
http://doi.org/10.1093/jxb/ery170
http://www.ncbi.nlm.nih.gov/pubmed/29726917
http://doi.org/10.1016/j.redox.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28242561
http://doi.org/10.1111/ppl.12006
http://www.ncbi.nlm.nih.gov/pubmed/23163968
http://doi.org/10.1186/1471-2229-13-104
http://doi.org/10.1111/ppl.12023
http://doi.org/10.1007/s11947-009-0259-y
http://doi.org/10.1007/s11104-010-0438-7
http://doi.org/10.1104/pp.108.132621
http://doi.org/10.1093/jxb/ern322
http://doi.org/10.1093/jxb/ern222
http://www.ncbi.nlm.nih.gov/pubmed/18776183
http://doi.org/10.1111/j.1469-8137.2008.02583.x
http://www.ncbi.nlm.nih.gov/pubmed/18681935
http://doi.org/10.1016/j.envexpbot.2006.12.003
http://doi.org/10.1111/j.1365-3040.2005.01476.x
http://www.ncbi.nlm.nih.gov/pubmed/17080595
http://doi.org/10.1111/j.1365-3040.2004.01203.x
http://doi.org/10.1016/S0168-9452(03)00122-5
http://doi.org/10.1016/S0168-9452(02)00383-7
http://doi.org/10.1007/s00425-011-1493-x


Int. J. Mol. Sci. 2021, 22, 6743 23 of 24

73. Li, J.; Liang, D.; Li, M.; Ma, F. Light and abiotic stresses regulate the expression of GDP-L-galactose phosphorylase and levels of
ascorbic acid in two kiwifruit genotypes via light-responsive and stress-inducible cis-elements in their promoters. Planta 2013,
238, 535–547. [CrossRef] [PubMed]

74. Fukunaga, K.; Fujikawa, Y.; Esaka, M. Light Regulation of Ascorbic Acid Biosynthesis in Rice via Light Responsive cis-Elements
in Genes Encoding Ascorbic Acid Biosynthetic Enzymes. Biosci. Biotechnol. Biochem. 2010, 74, 888–891. [CrossRef] [PubMed]

75. Conklin, P.L.; DePaolo, D.; Wintle, B.; Schatz, C.; Buckenmeyer, G. Identification of Arabidopsis VTC3 as a putative and unique
dual function protein kinase::protein phosphatase involved in the regulation of the ascorbic acid pool in plants. J. Exp. Bot. 2013,
64, 2793–2804. [CrossRef] [PubMed]

76. Noctor, G.; Foyer, C.H. Ascorbate and Glutathione: Keeping Active Oxygen Under Control. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 1998, 49, 249–279. [CrossRef]

77. Sharova, E.I.; Medvedev, S.S.; Demidchik, V.V. Ascorbate in the Apoplast: Metabolism and Functions. Russ. J. Plant Physiol. 2020,
67, 207–220. [CrossRef]

78. Altschul, S.; Gish, W.; Miller, W.; Myers, E.; Lipman, D. Basic local alignment search tool. J. Mol. Biol. 1990, 215, 403–410.
[CrossRef]

79. Vogel, J.T.; Zarka, D.G.; Van Buskirk, H.A.; Fowler, S.G.; Thomashow, M.F. Roles of the CBF2 and ZAT12 transcription factors in
configuring the low temperature transcriptome of Arabidopsis. Plant J. 2005, 41, 195–211. [CrossRef]

80. Rizhsky, L.; Davletova, S.; Liang, H.; Mittler, R. The Zinc Finger Protein Zat12 Is Required for Cytosolic Ascorbate Peroxidase 1
Expression during Oxidative Stress in Arabidopsis. J. Biol. Chem. 2004, 279, 11736–11743. [CrossRef] [PubMed]

81. Warde-Farley, D.; Donaldson, S.L.; Comes, O.; Zuberi, K.; Badrawi, R.; Chao, P.; Franz, M.; Grouios, C.; Kazi, F.; Lopes, C.T.; et al.
The GeneMANIA prediction server: Biological network integration for gene prioritization and predicting gene function. Nucleic
Acids Res. 2010, 38, W214–W220. [CrossRef]

82. Tran, L.-S.P.; Nakashima, K.; Sakuma, Y.; Osakabe, Y.; Qin, F.; Simpson, S.D.; Maruyama, K.; Fujita, Y.; Shinozaki, K.; Yamaguchi-
Shinozaki, K. Co-expression of the stress-inducible zinc finger homeodomain ZFHD1 and NAC transcription factors enhances
expression of the ERD1 gene in Arabidopsis. Plant J. 2007, 49, 46–63. [CrossRef] [PubMed]

83. Koda, Y. The Role of Jasmonic Acid and Related Compounds in the Regulation of Plant Development. In International Review of
Cytology; Jeon, K.W., Friedlander, M., Eds.; Academic Press: Cambridge, MA, USA, 1992; Volume 135, pp. 155–199.

84. Gundlach, H.; Zenk, M.H. Biological activity and biosynthesis of pentacyclic oxylipins: The linoleic acid pathway. Phytochemistry
1998, 47, 527–537. [CrossRef]

85. Fenech, M.; Amorim-Silva, V.; Esteban del Valle, A.; Arnaud, D.; Ruiz-Lopez, N.; Castillo, A.G.; Smirnoff, N.; Botella, M.A. The
role of GDP-L-galactose phosphorylase in the control of ascorbate biosynthesis. Plant Physiol. 2021, 185, 1574–1594. [CrossRef]
[PubMed]

86. Klepikova, A.V.; Kasianov, A.S.; Gerasimov, E.S.; Logacheva, M.D.; Penin, A.A. A high resolution map of the Arabidopsis thaliana
developmental transcriptome based on RNA-seq profiling. Plant J. 2016, 88, 1058–1070. [CrossRef] [PubMed]

87. Ali, B.; Pantha, S.; Acharya, R.; Ueda, Y.; Wu, L.-B.; Ashrafuzzaman, M.; Ishizaki, T.; Wissuwa, M.; Bulley, S.; Frei, M. Enhanced
ascorbate level improves multi-stress tolerance in a widely grown indica rice variety without compromising its agronomic
characteristics. J. Plant Physiol. 2019, 240, 152998. [CrossRef] [PubMed]

88. Zhang, J.; Li, B.; Yang, Y.; Mu, P.; Qian, W.; Dong, L.; Zhang, K.; Liu, X.; Qin, H.; Ling, H.; et al. A novel allele of L-galactono-1,4-
lactone dehydrogenase is associated with enhanced drought tolerance through affecting stomatal aperture in common wheat. Sci.
Rep. 2016, 6, 30177. [CrossRef] [PubMed]

89. Zhang, G.-Y.; Liu, R.-R.; Zhang, C.-Q.; Tang, K.-X.; Sun, M.-F.; Yan, G.-H.; Liu, Q.-Q. Manipulation of the Rice L-Galactose
Pathway: Evaluation of the Effects of Transgene Overexpression on Ascorbate Accumulation and Abiotic Stress Tolerance. PLoS
ONE 2015, 10, e0125870. [CrossRef] [PubMed]

90. Lisko, K.A.; Torres, R.; Harris, R.S.; Belisle, M.; Vaughan, M.M.; Jullian, B.; Chevone, B.I.; Mendes, P.; Nessler, C.L.; Lorence, A.
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. Vitr. Cell. Dev. Biol. Plant 2013, 49, 643–655. [CrossRef]

91. Cai, X.; Zhang, C.; Shu, W.; Ye, Z.; Li, H.; Zhang, Y. The transcription factor SlDof22 involved in ascorbate accumulation and
salinity stress in tomato. Biochem. Biophys. Res. Commun. 2016, 474, 736–741. [CrossRef] [PubMed]

92. Cai, X.; Zhang, C.; Ye, J.; Hu, T.; Ye, Z.; Li, H.; Zhang, Y. Ectopic expression of FaGalUR leads to ascorbate accumulation with
enhanced oxidative stress, cold, and salt tolerance in tomato. Plant Growth Regul. 2015, 76, 187–197. [CrossRef]

93. Saddique, Q.; Liu, D.L.; Wang, B.; Feng, P.; He, J.; Ajaz, A.; Ji, J.; Xu, J.; Zhang, C.; Cai, H. Modelling future climate change impacts
on winter wheat yield and water use: A case study in Guanzhong Plain, northwestern China. Eur. J. Agron. 2020, 119, 126113.
[CrossRef]

94. Zhang, H.; Xiang, Y.; He, N.; Liu, X.; Liu, H.; Fang, L.; Zhang, F.; Sun, X.; Zhang, D.; Li, X.; et al. Enhanced Vitamin C Production
Mediated by an ABA-Induced PTP-like Nucleotidase Improves Plant Drought Tolerance in Arabidopsis and Maize. Mol. Plant
2020, 13, 760–776. [CrossRef] [PubMed]

95. Liu, Y.; Yang, T.; Lin, Z.; Gu, B.; Xing, C.; Zhao, L.; Dong, H.; Gao, J.; Xie, Z.; Zhang, S.; et al. A WRKY transcription factor
PbrWRKY53 from Pyrus betulaefolia is involved in drought tolerance and AsA accumulation. Plant Biotechnol. J. 2019, 17, 1770–1787.
[CrossRef]

http://doi.org/10.1007/s00425-013-1915-z
http://www.ncbi.nlm.nih.gov/pubmed/23775440
http://doi.org/10.1271/bbb.90929
http://www.ncbi.nlm.nih.gov/pubmed/20378970
http://doi.org/10.1093/jxb/ert140
http://www.ncbi.nlm.nih.gov/pubmed/23749562
http://doi.org/10.1146/annurev.arplant.49.1.249
http://doi.org/10.1134/S1021443720020156
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1111/j.1365-313X.2004.02288.x
http://doi.org/10.1074/jbc.M313350200
http://www.ncbi.nlm.nih.gov/pubmed/14722088
http://doi.org/10.1093/nar/gkq537
http://doi.org/10.1111/j.1365-313X.2006.02932.x
http://www.ncbi.nlm.nih.gov/pubmed/17233795
http://doi.org/10.1016/S0031-9422(97)00572-4
http://doi.org/10.1093/plphys/kiab010
http://www.ncbi.nlm.nih.gov/pubmed/33793952
http://doi.org/10.1111/tpj.13312
http://www.ncbi.nlm.nih.gov/pubmed/27549386
http://doi.org/10.1016/j.jplph.2019.152998
http://www.ncbi.nlm.nih.gov/pubmed/31226542
http://doi.org/10.1038/srep30177
http://www.ncbi.nlm.nih.gov/pubmed/27443220
http://doi.org/10.1371/journal.pone.0125870
http://www.ncbi.nlm.nih.gov/pubmed/25938231
http://doi.org/10.1007/s11627-013-9568-y
http://doi.org/10.1016/j.bbrc.2016.04.148
http://www.ncbi.nlm.nih.gov/pubmed/27157141
http://doi.org/10.1007/s10725-014-9988-7
http://doi.org/10.1016/j.eja.2020.126113
http://doi.org/10.1016/j.molp.2020.02.005
http://www.ncbi.nlm.nih.gov/pubmed/32068157
http://doi.org/10.1111/pbi.13099


Int. J. Mol. Sci. 2021, 22, 6743 24 of 24

96. Li, X.; Ye, J.; Munir, S.; Yang, T.; Chen, W.; Liu, G.; Zheng, W.; Zhang, Y. Biosynthetic Gene Pyramiding Leads to Ascorbate
Accumulation with Enhanced Oxidative Stress Tolerance in Tomato. Int. J. Mol. Sci. 2019, 20, 1558. [CrossRef]

97. Macknight, R.C.; Laing, W.A.; Bulley, S.M.; Broad, R.C.; Johnson, A.A.T.; Hellens, R.P. Increasing ascorbate levels in crops to
enhance human nutrition and plant abiotic stress tolerance. Curr. Opin. Biotechnol. 2017, 44, 153–160. [CrossRef] [PubMed]

98. Devireddy, A.R.; Zandalinas, S.I.; Fichman, Y.; Mittler, R. Integration of reactive oxygen species and hormone signaling during
abiotic stress. Plant J. 2021, 105, 459–476. [CrossRef] [PubMed]

99. Winter, D.; Vinegar, B.; Nahal, H.; Ammar, R.; Wilson, G.V.; Provart, N.J. An “Electronic Fluorescent Pictograph” Browser for
Exploring and Analyzing Large-Scale Biological Data Sets. PLoS ONE 2007, 2, e718. [CrossRef]

100. Qin, X.; Zeevaart, J.A. The 9-cis-epoxycarotenoid cleavage reaction is the key regulatory step of abscisic acid biosynthesis in
water-stressed bean. Proc. Natl. Acad. Sci. USA 1999, 96, 15354–15361. [CrossRef] [PubMed]

101. Tan, B.-C.; Joseph, L.M.; Deng, W.-T.; Liu, L.; Li, Q.-B.; Cline, K.; McCarty, D.R. Molecular characterization of the Arabidopsis
9-cis epoxycarotenoid dioxygenase gene family. Plant J. 2003, 35, 44–56. [CrossRef]

102. Xing, X.; Zhou, Q.; Xing, H.; Jiang, H.; Wang, S. Early Abscisic Acid Accumulation Regulates Ascorbate and Glutathione
Metabolism in Soybean Leaves Under Progressive Water Stress. J. Plant Growth Regul. 2016, 35, 865–876. [CrossRef]

103. Weng, J.-K.; Ye, M.; Li, B.; Noel, J.P. Co-evolution of Hormone Metabolism and Signaling Networks Expands Plant Adaptive
Plasticity. Cell 2016, 166, 881–893. [CrossRef] [PubMed]

104. Honda, I.; Seto, H.; Turuspekov, Y.; Watanabe, Y.; Yoshida, S. Inhibitory Effects of Jasmonic Acid and its Analogues on Barley
(Hordeum vulgare L.) Anther Extrusion. Plant Growth Regul. 2006, 48, 201.

105. Rassam, M.; Laing, W. Variation in Ascorbic Acid and Oxalate Levels in the Fruit of Actinidia chinensis Tissues and Genotypes. J.
Agric. Food Chem. 2005, 53, 2322–2326. [CrossRef] [PubMed]

106. Czechowski, T.; Stitt, M.; Altmann, T.; Udvardi, M.K.; Scheible, W.R. Genome-wide identification and testing of superior reference
genes for transcript normalization in Arabidopsis. Plant Physiol. 2005, 139, 5. [CrossRef] [PubMed]

107. Han, S.; Kim, D. AtRTPrimer: Database for Arabidopsis genome-wide homogeneous and specific RT-PCR primer-pairs. BMC
Bioinform. 2006, 7, 179. [CrossRef] [PubMed]

108. Rozen, S.; Skaletsky, H. Primer3 on the WWW for general users and for biologist programmers. Methods Mol. 2000, 132, 365–386.
109. Ye, J.; Coulouris, G.; Zaretskaya, I.; Cutcutache, I.; Rozen, S.; Madden, T.L. Primer-BLAST: A tool to design target-specific primers

for polymerase chain reaction. BMC Bioinform. 2012, 13, 134. [CrossRef] [PubMed]
110. Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time

quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034.1.
[CrossRef] [PubMed]

111. Ramakers, C.; Ruijter, J.M.; Deprez, R.H.L.; Moorman, A.F.M. Assumption-free analysis of quantitative real-time polymerase
chain reaction (PCR) data. Neurosci. Lett. 2003, 339, 62–66. [CrossRef]

112. Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR. Nucleic Acids Res. 2001, 29, e45. [CrossRef]
113. Pfaffl, M.W.; Horgan, G.W.; Dempfle, L. Relative expression software tool (REST) for group-wise comparison and statistical

analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002, 30, e36. [CrossRef] [PubMed]
114. Grynkiewicz, G.; Achmatowicz, O.; Hennig, J.; Indulski, J.; Klessig, D. Synthesis and characterisation of the salicyclic acid β

D-glucopyranoside. Pol. J. Chem. 1993, 67, 1251–1254.
115. Kramell, R.; Schmidt, J.; Schneider, G.; Sembdner, G.; Schreiber, K. Synthesis of n-(jasmonyl)amino acid conjugates. Tetrahedron

1988, 44, 5791–5807. [CrossRef]
116. Cai, W.J.; Ye, T.T.; Wang, Q.; Cai, B.D.; Feng, Y.Q. A rapid approach to investigate spatiotemporal distribution of phytohormones

in rice. Plant Methods 2016, 12, 47. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms20071558
http://doi.org/10.1016/j.copbio.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/28231513
http://doi.org/10.1111/tpj.15010
http://www.ncbi.nlm.nih.gov/pubmed/33015917
http://doi.org/10.1371/journal.pone.0000718
http://doi.org/10.1073/pnas.96.26.15354
http://www.ncbi.nlm.nih.gov/pubmed/10611388
http://doi.org/10.1046/j.1365-313X.2003.01786.x
http://doi.org/10.1007/s00344-016-9588-z
http://doi.org/10.1016/j.cell.2016.06.027
http://www.ncbi.nlm.nih.gov/pubmed/27518563
http://doi.org/10.1021/jf048197s
http://www.ncbi.nlm.nih.gov/pubmed/15769175
http://doi.org/10.1104/pp.105.063743
http://www.ncbi.nlm.nih.gov/pubmed/16166256
http://doi.org/10.1186/1471-2105-7-179
http://www.ncbi.nlm.nih.gov/pubmed/16571141
http://doi.org/10.1186/1471-2105-13-134
http://www.ncbi.nlm.nih.gov/pubmed/22708584
http://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
http://doi.org/10.1016/S0304-3940(02)01423-4
http://doi.org/10.1093/nar/29.9.e45
http://doi.org/10.1093/nar/30.9.e36
http://www.ncbi.nlm.nih.gov/pubmed/11972351
http://doi.org/10.1016/S0040-4020(01)81437-X
http://doi.org/10.1186/s13007-016-0147-1
http://www.ncbi.nlm.nih.gov/pubmed/27891171

	Introduction 
	Results 
	AsA Precursor Feeding 
	Gene Expression Results 
	l-Galactose Pathway Gene Expression, Including Pre-Pathway Genes as Well as Alternate Galacturonate Pathway 
	Ascorbate Oxidase and AsA Recycling Genes 
	Post Translational Modulators 
	Expression of Known Regulatory Genes 
	Exploring Regulatory Network 
	Changes in Phytohormone Content in Response to Elevated AsA Content 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

