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Abstract

-Ascorbic acid (vitamin C) is an abundant metabolite in plant cells and tissues. Ascorbate
functions as an antioxidant, as an enzyme cofactor, and plays essential roles in multiple
physiological processes including photosynthesis, photoprotection, control of cell cycle and cell
elongation, and modulation of flowering time, gene regulation, and senescence. The importance of
this key molecule in regulating whole plant morphology, cell structure, and plant development has
been clearly established via characterization of low vitamin C mutants of Arabidopsis, potato,
tobacco, tomato, and rice. However, the consequences of elevating ascorbate content in plant
growth and development are poorly understood. Here we demonstrate that Arabidopsis lines over-
expressing a myo-inositol oxygenase or an .-gulono-1,4-lactone oxidase, containing elevated
ascorbate, display enhanced growth and biomass accumulation of both aerial and root tissues. To
our knowledge this is the first study demonstrating such a marked positive effect in plant growth
in lines engineered to contain elevated vitamin C content. In addition, we present evidence
showing that these lines are tolerant to a wide range of abiotic stresses including salt, cold, and
heat. Total ascorbate content of the transgenic lines remained higher than those of controls under
the abiotic stresses tested. Interestingly, exposure to pyrene, a polycyclic aromatic hydrocarbon
and known inducer of oxidative stress in plants, leads to stunted growth of the aerial tissue,
reduction in the number of root hairs, and inhibition of leaf expansion in wild type plants, while
these symptoms are less severe in the over-expressers. Our results indicate the potential of this
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metabolic engineering strategy to develop crops with enhanced biomass, abiotic stress tolerance,
and phytoremediation capabilities.
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Introduction

-Ascorbic acid (AsA, vitamin C) is a ubiquitous metabolite in plant tissues that serves a
diverse array of functions. It protects cells and organelles from oxidative damage by
scavenging reactive oxygen species (ROS e.g. superoxide and H,05), which are produced
by aerobic metabolic processes such as photosynthesis and respiration or by environmental
stresses such as drought, cold, and pollutants. Ascorbate also participates in the regeneration
of a-tocopherol (vitamin E), and acts as a substrate for synthesis of important organic acids
(-tartaric, -theronic, -glyceric and (-oxalic acids), as well as being a cofactor for enzymes
involved in multiple processes including flavonoid and phytohormone biosynthesis and the
xanthophyll cycle (De Tullio and Arrigoni 2004; Debolt et al. 2007). There is also growing
evidence of the participation of AsA in the regulation of cell division and elongation (Potters
et al. 2002; Horemans et al. 2003). Ascorbate also modulates flowering time and the onset
of senescence (Barth et al. 2006), regulates gene expression (De Tullio 2012), and acts as a
signaling molecule involved in the plant’s response to environmental stresses such as ozone
and pathogen attack (Conklin and Barth 2004).

Humans and some other animal species do not synthesize AsA due to the lack of the enzyme
catalyzing the last step of the biosynthetic pathway (.-gulono-1,4-lactone oxidase or
GLOase), and for those it has become a vitamin. Despite the critical importance of vitamin
C to plant health and human nutrition, the pathways that lead to AsA biosynthesis in plants
have only been recently identified (Lorence and Nessler 2007). In contrast to animals, which
utilize o-glucuronate as a precursor for vitamin C formation, plants rely on at least four
alternate routes for AsA synthesis, the o-mannose/.-galactose (Man/Gal), o-galacturonate
(GalU), .-gulose (Gul), and myo-inositol (MI) pathways (Fig. 1; Lorence and Nessler 2007;
Smirnoff 2011).

Among the new knowledge that has emerged from the detailed characterization of the
function of the various enzymes involved in AsA metabolism in plants are the remarkable
negative consequences for growth, morphology, and development of lines that are deficient
in this key molecule. Low AsA lines have been developed either after chemical mutagenesis
or via knockout approaches. A common phenotype reported for Arabidopsis, potato, rice,
tomato and tobacco low AsA mutants is a significant reduction of growth and biomass
accumulation of both aerial and root tissues (Conklin et al. 1996; Keller et al. 1999;
Veljovic-Jovanovic et al. 2001; Pavet et al. 2005; Chen and Gallie 2006; Olmos et al. 2006;
Alhagdow et al. 2007; Gilbert et al. 2009; Liu et al. 2011). At the cellular level, this
reduction in plant size and biomass is linked in some cases with decreased cell size (Pavet et
al. 2005; Alhagdow et al. 2007; Gilbert et al. 2009) and in others with lower number of cells
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(Alhagdow et al. 2007; Gilbert et al. 2009. Reduced AsA levels also seem to have a negative
impact in the number of flowers, number of tillers, and the size of the fruits, and seed yield
(Veljovic-Jovanovic et al. 2001; Alhagdow et al. 2007; Gilbert et al. 2009; Liu et al. 2011).
On the other hand, it remains unclear if elevated AsA levels have positive effects for plant
growth and development.

AsA deficiency has also clear negative consequences for the plant’s ability to cope with
environmental stresses. The vtc-1 Arabidopsis mutant, which lacks 70% of the AsA content
of wild type (WT), exhibits increased sensitivity to ozone, sulphur dioxide, and UV-B
radiation (Conklin et al. 1996). This mutant also produces more H,O, under salt stress
compared to WT plants and is deficient in energy dissipation (Huang et al. 2005). A rice
mutant with a 30% reduction in AsA content compared to controls is also more ozone
sensitive (Frei et al. 2012). The key role of AsA in protecting plant cells and tissues from
oxidative stress caused by multiple forms of abiotic stress has been shown in Arabidopsis,
maize, potato, rice, soybean, tobacco, tomato, and wheat either by feeding AsA or one of its
precursors, or via transgenic approaches (Shalata and Newman 2001; Kwon et al. 2003;
Chen and Gallie 2005; Guo et al. 2005; Ushimaru et al. 2006; Eltayeb et al. 2006; Eltayeb et
al. 2007; Lee et al. 2007; Athar et al. 2008; Dolatabadian et al. 2009; Hamada and Al-
Hakimi 2009; Upadhyaya et al. 2010; Li et al. 2010; Wang et al. 2010; Yin et al. 2010;
Eltayeb et al. 2001**; Téth et al. 2011; Zhang et al. 2011; Li et al. 2012).

In this manuscript we investigated the role of elevated AsA in plant growth and biomass
accumulation in Arabidopsis lines over-expressing an ORF encoding a .-gulono-1,4-lactone
oxidase (Radzio et al. 2003) or a myo-inositol oxygenase (MIOX) previously identified in
Arabidopsis (MIOX4, Lorence et al. 2004). MIOX participates in the myo-inositol pathway
to AsA, while GLOase participates in both the .-gulose and inositol routes to AsA formation
(Fig. 1). We also analyzed if these high AsA lines are tolerant to abiotic stresses, including
salt, cold, and heat treatment. In addition, we evaluated if additional AsA content of the
GLOase and MIOX4 over-expressers provided protection against pyrene (PYR), a common
environmental pollutant. Our data showed that MIOX4 and GLOase lines accumulated more
biomass of both aerial and root tissues compared to WT and empty vector controls growing
under similar conditions. These high AsA lines were also more tolerant to salt, cold, and
heat. Interestingly while PYR induced stunted growth of the aerial tissue, lower number of
root hairs, and inhibition of leaf expansion in the WT, high-AsA lines did not display the
same severity of symptoms at the doses tested. We measured AsA content in all plants under
stress conditions and confirmed that AsA content remains higher in the transgenics
compared to the age-matched controls. To our knowledge this is the first study
demonstrating a marked positive effect in growth and biomass accumulation in a model
plant due to over-expression of enzymes in the vitamin C metabolic network.

Material and Methods

Plant materials and growth conditions

Seeds of Arabidopsis thaliana var. Columbia (provided by Dr. Brenda Winkel) transformed
with the pPCAMBIA1300 empty vector (Lorence et al. 2004), and transgenic homozygous
lines GLOase L3 (Radzio et al. 2003), and MIOX4 lines 2 and 3 (Lorence et al. 2004) were
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surface sterilized with 95% ethanol for 3 min, 50% bleach containing 0.05% Tween 20 for 3
min, and then germinated on Murashige and Skoog (MS) media (Murashige and Skoog
1962). Plates were vernalized at 4°C for 3-4 d and then transferred to an environment
control chamber (Conviron, Pembina, ND) and incubated at 23°C, 65% humidity with a
16:8 h light:dark photoperiod at 110-120 pmol m~2 s1. After true-leaves formed (7-10 d
after sowing), seedlings were transferred to soil (Arabidopsis Growing Medium, Lehle
Seeds, Round Rock, TX) in 5x5 cm square plastic pots, and growth until analysis at the
above mentioned conditions.

Ascorbate content analysis

For measurements of plants grown under control conditions, rosette leaves (50-60 mg) from
plants at developmental stage 6.5 (Boyes et al. 2001) were collected, weighed, flash frozen
in liquid nitrogen, and stored at —80°C until analysis. For measurements of plants grown on
MS plates under NaCl, heat, and pyrene stress, aerial tissue from various seedlings was
collected, pooled to complete samples of 50 mg, flash frozen in liquid nitrogen, and stored at
—80°C until analysis. For measurements of soil grown plants under NaCl and cold stress,
rosette leaves of plants at developmental stage 5.1 (Boyes et al. 2011**) were collected,
weighed, flash frozen in liquid nitrogen, and stored at —80°C until analysis. Tissues were
collected in the morning, 2-3 h after the lights in the growth chamber turned on. Ascorbic
acid content was measured by the ascorbate oxidase protocol, an enzyme-based
spectrophotometric method as described (Lorence et al. 2004). Briefly, plant extracts were
made from tissue frozen in liquid nitrogen, ground in 6% (w/v) fresh meta-phosphoric acid,
and centrifuged at 13,000 rpm for 15 min. Reduced AsA was determined by measuring the
decrease in Aygs (extinction coefficient of 14.3 cm™1 mM™1) after the addition of 1 unit of
ascorbate oxidase (Sigma, St. Louis, MO) to 1 ml of the reaction mixture containing the
plant extract in 100 mM potassium phosphate buffer (pH 6.9). Oxidized ascorbate
(dehydroascorbate, DHA) was measured by the increase in Aygs after addition of 1 ul of 200
mM dithiothreitol to 1 ml of reaction mix and incubating at room temperature for 20 min.
Total AsA was calculated as the sum of the reduced and oxidized forms of ascorbate.
Measurements were performed in analytical triplicate and values are reported as umol AsA
per gram fresh weight (FW).

Plant growth analysis

Seeds of wild type, pPCAMBIA, GLOase L3, and MIOX4L2 and L3 were planted and grown
as described above. Plant growth was measured as inflorescence height (cm), rosette
diameter (cm), and dry weight (mg) of aerial tissue when plants reached developmental
stage 6.5 (~five weeks after sowing). For growth measurements in liquid culture, 10
seedlings of each line were transferred to 125 ml flasks, each containing 35 ml of MS media,
10 days after planting. Flasks were incubated at 23°C, on a rotary shaker (100 rpm) for 2
weeks under constant light (150 pmol m=2 s71). Growth of aerial and underground tissues
was measured as fresh (mg) and dry weight (mg).
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Low temperature and salt treatments

For the cold tolerance assay, plants were grown as previously described but at 16°C. Plant
growth was measured as inflorescence height (cm), rosette diameter (cm), and dry weight
(mg) of aerial tissue when plants reached 5 weeks (developmental stage 6.5). For salt
treatment, two types of assays were used. In the first in vitro assay, seedling root growth was
measured after germinating seeds on MS plates supplemented with 0, 50, 100, 150, or 200
mM NaCl. Ten plates with five seeds per line were scored for root growth. In the second salt
stress assay, seeds were germinated on MS media, vernalized, and transferred to soil. After
two weeks of growth, ten plants of each genotype were watered with 0, 50, 100, 150, or 200
mM NaCl, and images of representative results were made after 4 wk of continuous stress.
This experiment was repeated four times, in two cases with one plant growing per pot and in
the other two cases with multiple plants growing in each pot.

Heat shock treatment and chlorophyll content analysis

Seeds were planted and vernalized as indicated above. Seedlings were stressed at 29°C for
10 days. Images were taken and samples were collected for AsA and chlorophyll analysis.
Fresh samples (100 mg) were collected and frozen in liquid nitrogen. Frozen samples were
extracted with 2 ml 80:20 (v/v) acetone:H,0 by grinding in a mortar and pestle until
homogenous. Samples were centrifuged at 13,000 rpm for 5 min. Supernatant was collected
and the pellet was used to repeat the extraction procedure two more times. Three
supernatants were combined to perform the measurements. The absorbance of the
supernatant was measured in a spectrophotometer (Evolution 300, Thermo Electron
Corporation, Madison, WI) at 665, 652 and 470 nm, and chlorophyll content was calculated
as described (Lichtenthaler 1987).

Pyrene treatment

Statistics

Seeds of WT, GLOase L3 and MIOX4 L3 were surfaced sterilized and germinated on MS
medium as described. After germination (7 days after sowing) seedlings were transferred to
Petri dishes with MS medium supplemented with pyrene (PYR, dissolved in methanol 1:1,
v/v) at concentrations ranging from 5 to 200 ppb. Plates were then placed in an
environmental control chamber at a 60° angle from horizontal to allow plant growth. Five
plates with five seeds per line were used in this study. The analysis was repeated three times.
Phenotypic responses were noted and documented using a dissecting microscope (Carl Zeiss
Stemi 2000-C 6X) and complementing camera. For a more accurate measurement of the
effect of PYR in the plants, seedling root growth was measured after germinating seeds on
MS plates supplemented with 0, 50, 100, 150, and 200 ppb PYR. Ten plates with five seeds
per line were scored for root growth. The zero PYR control contained methanol, at the same
level (0.01%) used for PYR addition.

Data analysis was performed using Minitab. Significant differences were calculated using
the Student’s t test at 95% confidence limit.
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Results

MIOX4 and GLOase over-expressers had higher foliar AsA content

Compared to WT plants, the levels of total AsA detected were 1.55, 1.48, and 1.75- fold
higher in leaves of L2 and L3 MIOX4 and L3 GLOase, respectively (Fig. 2a). Reduced
ascorbate represented 95% or higher of the total ASA measured in these samples. Using RT-
PCR we have confirmed expression of the transgenes of interest in MIOX4 and GLOase
over-expressers used in this study (data not shown).

Over-expression of MIOX4 and GLOase led to enhanced growth and biomass
accumulation of aerial and root tissues

The high-AsA lines accumulated more aerial biomass compared to WT and an empty vector
control (p)CAMBIA1300) growing under similar conditions (Fig. 2b). The L2 and L3
MIOX4 and L3 GLOase accumulated 32.3, 74.6 and 36.8% more dry weight of the aerial
tissue compared to WT, respectively. These high-AsA lines also displayed a longer
inflorescence and a wider rosette diameter compared to controls growing under similar
conditions (Fig. 2¢,d).

The MIOX4 and GLOase lines accumulated more biomass of both aerial and root tissues as
compared to WT and pPCAMBIA controls growing side by side (Fig. 3a—h). MIOX4 and
GLOase over-expressers grew significantly better than WT plants as indicated by the dry
weight measurements of the corresponding aerial and root tissues (Fig. 3i). The MIOX4
transgenic plants accumulated 27.1% more shoot biomass and 99.0% more root biomass
than WT, while the GLOase over-expressers accumulated 22% more shoot biomass and
73.1% more root biomass than WT.

MIOX4 and GLOase lines were tolerant to salt, cold, and heat stresses

High AsA lines showed enhanced tolerance to salt stress as indicated by their more vigorous
growth of the primary root in the presence of 50-150 mM NaCl compared to WT controls.
Foliar AsA content of MIOX4 and GLOase seedlings grown on MS plates plus 50-100
NaCl was higher than those of control seedlings (WT and pCAMBIA) growing under
similar conditions (Fig. 4b). We were unable to measure AsA content at the two higher NaCl
concentrations (150 and 200 mM) as seedlings were too small to provide enough tissue for
the assay.

The MIOX4 and GLOase transgenic plants survived, flowered, and set fruits when watered
with up to 150 mM of NaCl, whereas WT exhibited a significant decrease of the rosette size
and displayed clear signs of stress (accumulation of pink/red pigments and chlorosis) at
concentrations between 50 and 100 mM NaCl (Fig.4c,d). Foliar AsA content of MIOX4 and
GLOase lines watered with 50-200 NaCl was higher than those of control plants (WT and
pCAMBIA) growing under similar conditions (Fig. 4e).

Both MI0OX4 and GLOase lines showed a significant increase in dry weight (a),
inflorescence height (b), and rosette diameter (c) when compared to WT and pCAMBIA
lines exposed to 16°C (Fig. 5). Under this stress, the L2 and L3 MIOX4 and L3 GLOase
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accumulated 66.3, 41, and 19.2% more dry weight of the aerial tissue compared to WT,
respectively. Foliar AsA content of MIOX4 and GLOase lines grown at 16°C was higher
than those of control lines (WT and pCAMBIA) grown under the same regime (Fig. 5d).

The MIOX4 and GLOase transgenics displayed increased vegetative growth under heat-
shock treatment as indicated by the larger and greener cotyledons and true leaves observed
in these lines when compared to WT growing under similar conditions (Fig. 6a).
Chlorophyll content measurements confirmed that indeed WT suffered larger chlorophyll
losses due to the heat treatment, as compared to the MIOX4 and GLOase lines that were
able to maintain higher levels of this pigment after treatment (Fig. 6b). Chlorophyll content
measurements of non-stressed plants showed no differences between WT and MIOX and
GLOase lines (data not shown). Foliar AsA content of MIOX4 and GLOase lines grown at
29°C was higher than those of control lines (WT) grown under the same conditions (Fig.
6c).

MIOX4 and GLOase over-expressers were tolerant to pyrene

After exposure of MIOX4, GLOase, and WT controls to 5 to 200 ppb PYR, plants displayed
different responses (Fig. 7). At day 13, WT plants exposed to 5 ppb PYR started to show
signs of a stress-induced morphogenic response to the pollutant, and those symptoms
increased in severity at higher doses. At 100 ppb PYR, shoot growth was reduced in WT,
but not in the high-AsA lines (Fig. 7a). When we took a closer look at the aerial tissue of the
PYR-exposed plants we found that leaf expansion in WT was inhibited at concentrations as
low as 7 ppb PYR, while high-AsA lines did not show reduced leaf expansion (Fig. 7b). WT
plants also exhibited reduction in the number of root hairs after PYR exposure while high-
AsA plants showed less severe symptoms (Fig. 7c). These experiments were repeated at
least three times, each time with five plates per genotype per dose. Similar results were
obtained when we compared WT to MIOX4 lines (data not shown).

The primary roots from MI0OX4 and GLOase transgenics showed enhanced growth with 50
and 150 ppb PYR compared with WT controls (Fig. 7d). Germination and growth of all
genotypes with 200 ppb PYR was greatly reduced (data not shown). Foliar AsA content of
MIOX4 and GLOase lines grown on plates plus PYR was higher than those of control lines
(WT and pCAMBIA) grown under similar conditions (Fig. 7e).

Discussion

We previously developed and characterized Arabidopsis lines with elevated AsA content by
constitutively expressing GLOase (Radzio et al. 2003) and MIOX4 (Lorence et al. 2004)
cDNAs under a double enhanced 35S constitutive promoter. The T3 and T4 generations of
these homozygous lines were found to have between a 2- and 3-fold increase in foliar AsA
levels as compared to WT growing under similar conditions (Radzio et al. 2003; Lorence et
al. 2004). Expression of the transgenes of interest was confirmed via Northern blot (Radzio
et al. 2003; Lorence et al. 2004). In this study we decided to confirm that the following
generations of seeds of these lines continue to have significant differences in AsA content
compared to controls. Ascorbate content in Arabidopsis has been reported to vary according
to light intensity (Bartoli et al. 2006), tissue type (Lorence et al. 2004), photoperiod
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(Tamaoki et al. 2003), and age of the plant (Zhang et al. 2009). Therefore, here we paid
particular attention to these variables. For AsSA measurements we sampled a large number of
plants (40 individuals) at developmental stage 6.5, and rosette leaves were collected during
the first 3 h after the lights went on in the incubator.

Foliar AsA levels from the T4 — T7 generations of GLOase and MIOX4 over-expressers
were significantly higher compared to controls. The total AsA content for GLOase L3 (2.92
+0.47 umol g~1 FW) was very similar to the value previously reported for earlier
generations of this transgenic line (Radzio et al. 2003). On the other hand, the total AsA
content for MIOX4 L2 and L3 (2.58 + 0. 25 and 2.45 + 0.26 umol g~ FW, respectively)
was lower than previously reported (Lorence et al. 2004), but clearly higher than WT levels
(1.66 + 0.37 umol g~ FW). The difference in the total AsA content we found here versus
our previous work with M10OX4 lines may be due to differences in the temperature and light
intensity for plant growth (26°C and 950 pmol m=2 s71 in Lorence et al. 2004 versus 23°C
and 110-120 pmol m~2 s~1 this work), and at the significantly larger sample size used in the
current (40 biological replicates) versus the previous study (3 biological replicates). Endres
and Tenhaken (2009) failed to detect differences in total foliar ASA content between MIOX4
over-expressers and WT, possibly due to differences in AsA detection methodology. Endres
and Tenhaken (2009) used an HPLC-based approach while an enzyme-based
spectrophotometric method may yield different results (Lorence et al. 2004; Queval and
Noctor 2007; Foyer et al. 2009; Chen and Gallie 2008; Maruta et al. 2010). AsA
measurements of various sources of A. thaliana var. Columbia seeds available at the
Arabidopsis Biological Resource Center (ABRC, Columbus, OH) indicated some variation
in foliar AsA content (data not shown). Téth et al. (2011) recently verified that the MIOX4
over-expressers had 70% higher AsA content than WT controls and displayed enhanced
tolerance to heat and high light as compared to controls growing under similar conditions.

A common phenotype reported for Arabidopsis, potato, rice, tomato and tobacco mutants
with lower than normal AsA content was a significant reduction of growth and biomass
accumulation of both aerial and root tissues (Conklin et al. 1996; Keller et al. 1999;
Veljovic-Jovanovic et al. 2001; Pavet et al. 2005; Chen and Gallie 2006; Olmos et al. 2006;
Alhagdow et al. 2007; Gilbert et al. 2009; Liu et al. 2011). At the cellular level this
reduction in plant size and biomass accumulation was linked to either decreased cell size or
a lower number of cells. Reduced AsA content also seemed to reduce the number of flowers,
number of tillers, and the size of the fruits, and seed yield. AsA appears to play a critical role
in modulating growth, morphology, and development of whole plants. However, similar
analyses are needed for plants with enhanced AsA content.

A recurrent observation we have made while working with both GLOase and MI0OX4 over-
expressers has been a more vigorous growth of the aerial tissue. This larger phenotype has
been documented by us for GLOase (Radzio et al. 2003), and independently by a team in
Hungary working with M10X4 seeds we provided (T6th et al. 2011). In order to analyze this
phenotype in more detail well-established growth parameters for plants grown in soil (Fig.
2b—d) and also under liquid cultures conditions (Fig. 3a—i) were measured. Interestingly, we
found that our high-AsA lines grew a longer inflorescence, a wider rosette, and accumulated
more biomass of the aerial tissue when compared to controls growing under similar
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conditions. The dry weight of the foliar tissue of plants grown in soil was 32 to 74% higher
in GLOase and MIOX4 lines than those of WT. This enhanced growth and biomass
accumulation measured in soil grown plants was confirmed in a parallel experiment with
plants grown in liquid culture. In this second assay, the dry weight of the shoot was 22-27%
higher for GLOase and MIOX4 lines, while the dry weight of the roots of those lines was
73-99% higher than appropriate controls. Measurements of the length of the primary root of
seedlings grown on MS plates further supported the enhanced growth phenotype of the
MIOX4 and GLOase lines compared to age-matched controls (Fig. 4a). The enhanced
growth of the GLOase and MI1OX4 high-AsA lines may have resulted from increased cell
size, more rapid cell division, or an increase in cell number. This enzyme may also have
increased the flux of carbon towards synthesis of UDP-glucuronate and increased the
formation of cell wall components (Kanter et al. 2005; Endres and Tenhaken, 2009) in these
MIOX4 lines. Enhancement of UDG-glucuronate available for synthesis of cell wall
components cannot be the only explanation for the enhanced biomass accumulation we
measured in the high-AsA lines as GLOase plants also display this phenotype. We propose
that the elevated AsA content may also have led to increased cell division and cell expansion
(Potters et al. 2002; Horemans et al. 2003). To our knowledge this work is the first to report
a positive effect in growth and biomass accumulation of both aerial and root tissues after
over-expression of enzymes involved in the vitamin C metabolic network. Other plants
engineered to contain high AsA content showed normal phenotypes and no obvious effects
in plant growth after over-expression of the corresponding transgenes (Bulley et al. 2012)
were observed.

In addition to growth analysis, we tested the tolerance of MIOX4 and GLOase homozygous
lines to multiple abiotic stresses that are known causes of significant agricultural losses,
including soil salinity, cold, and heat insults (Mittler and Blumwald 2010). In our study, the
root seedling growth, and the aerial tissue growth were higher in MIOX4 and GLOase
compared to the WT controls under salt stress conditions at doses between 50 and 150 mM
(Fig. 4a, c, d). This result is in agreement with previous studies in Arabidopsis (Ushimaru et
al. 2006), potato (Upadhyaya et al. 2010; Eltayeb et al. 2011), soybean (Hamada and Al-
Hakimi 2009), tobacco (Kwon et al. 2003; Eltayeb et al. 2006; Eltayeb et al. 2007; Lee et al.
2007), tomato (Shalata and Neumann 2001; Zhang et al. 2011), and wheat (Athar et al.
2008) that also support the positive role of elevated AsA in conferring tolerance to salt
stress. Total AsA content of seedlings grown on MS plates plus NaCl declined as salt
concentration increased, however, AsA levels of MIOX4 and GLOase remained higher than
with WT and pCAMBIA lines at all NaCl concentrations tested (Fig.4b). Interestingly, total
AsA content of soil-grown plants watered with 50-150 mM NaCl increased as salt
concentration increased, however, AsA levels of MIOX4 and GLOase remained higher than
in controls grown under these conditions (Fig. 4e). The difference in the response of the
plants to NaCl treatment in both assays (decrease in AsA content of seedlings growing on
plates, but enhancement of AsA content in soil-grown plants) may be attributed to the age of
the plants, but also to the lower light intensity received by tissues growing in dishes.

The GLOase and MIOX4 plants grew a longer inflorescence, a wider rosette, and
accumulated more biomass of the aerial tissue when grown under cold (16°C) conditions as
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compared to controls growing side by side (Fig. 5). Total AsA content of MIOX4 and
GLOase lines remained higher than with controls under cold stress (Fig. 5d). To our
knowledge this is the first report of cold tolerance in high-AsA Arabidopsis lines. This result
is consistent with previous data obtained in rice (Guo et al. 2005), tobacco (Kwon et al.
2003), and tomato (Li et al. 2010; Zhang et al. 2011) plants in which AsA content was
increased either by feeding AsA or its precursors or by transgenic approaches.

MIOX4 and GLOase lines were also more tolerant to heat than WT as shown by the larger
size of the cotyledons and true leaves (Fig. 6a). Interestingly these high-AsA lines were also
able to retain more chlorophyll after treatment when compared to controls (Fig. 6b). This
loss of chlorophyll was most likely due to the heat shock as differences in chlorophyll
content between the MIOX4 and GLOase lines and the WT during the vegetative growth of
the plants were never detected (data not shown). Total AsA content of MIOX4 and GLOase
lines remained higher than the ones of controls under this stress (Fig 6¢). Téth et al. (2011)
also found the MIOX4 lines were tolerant to a combination of heat and high light.

In addition to testing the ability of high-AsA lines to withstand salt, cold, and heat stress, we
decided to expand our analysis to include exposure to common environmental pollutants.
We chose to study treatment with pyrene (PYR), a polycyclic aromatic hydrocarbon (PAH).
PAHSs are byproducts in petroleum-based manufacturing, and, as toxic and persistent organic
pollutants, are a high priority for remediation efforts. We also chose a model PAH, as these
chemicals are known to trigger the production of oxidative stress and cell death in animal
and plant cells (Alkio et al. 2005 and references therein; Liu et al. 2009). Elevated AsA
levels seemed to confer protection against PYR-induced morphogenic responses in the
MIOX4 and GLOase lines. Among the responses we found in the WT, that were less severe
in the high-AsA lines were stunted growth of the aerial tissue (Fig 7a), inhibition of leaf
expansion (Fig. 7b), and reduction in the number of root hairs at the doses tested (Fig. 7c).
Our observations are consistent to the ones made previously in Arabidopsis in response to
phenenthrene, a 3-ring PAH (Alkio et al. 2005; Liu et al. 2009). Measurements of the length
of the primary root show that MIOX4 and GLOase lines grew better than the WT and
pCAMBIA controls at the PYR doses tested (Fig. 7d). However, length of the primary root
of WT exposed to PYR did not decrease in response to PYR. This result is different to the
one measured in WT Arabidopsis in response to phenanthrene (Alkio et al. 2005; Liu et al.
2009). Total AsA content increased in all genotypes in response to PYR, however, AsA
levels in M1OX4 and GLOase lines remained higher than the one of controls at the PYR
concentration range here explored (Fig. 7e). Interestingly, Liu et al. (2009) measured a
similar increase in glutathione levels in response to phenanthrene in WT Arabidopsis. In
addition, the elevated AsA content measured at the higher PYR doses (100-150 ppb PYR)
indicates that the toxicity mechanism of PYR is likely mediated by accumulation or ROS.
We propose that the elevated AsA content of MIOX4 and GLOase provides plants a
protective mechanism against the PYR-induced morphogenic responses.

The total foliar AsA content of MIOX4 and GLOase lines was higher than those of age-
matched controls growing under normal and stress conditions (Figs. 2a, 4b, 4e, 5d, 6c, 7e).
The fact that both lines, the one over-expressing the first enzyme in the myo-inositol
pathway and the one expressing GLOase, an enzyme participating in both the myo-inositol
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and (-gulose pathways indicates that the enhanced biomass phenotype here documented is
most likely due to differences in AsA content and not differences in myo-inositol content.
Previous reports documenting that Arabidopsis lines with altered MIOX expression display
normal phenotypes (Kanter et al. 2005; Torabinejad et al. 2009; Endres and Tenhaken,
2011; Alford et al. 2012) strengthen this idea.

Our results suggest the potential of engineering elevated AsA content as an effective
strategy to develop crops with enhanced biomass, abiotic stress tolerance, and
phytoremediation capabilities. Although these results show significant promise for the
development of plants with enhanced abiotic stress tolerance, elevated AsA content may
affect the ability of plants to interact with insects and other herbivores (Goggin et al. 2010).
Fine regulation of these genes may allow the production of transgenic plants, with tolerances
to a wide range of stresses.
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Pathways involved in ascorbate biosynthesis and regeneration in plants: The o-mannose/.-
galactose (Man/Gal) route, the .-gulose (Gul) shunt, the o-galacturonate (GalU) pathway,
and the myo-inositol (MI) route. A purple acid phosphatase with phytase activity has been
shown to channel phytate to the MI pathway, while VTC4 has been shown to also use .-
myo-inositol-1 phosphate and contribute to both myo-inositol and ascorbate metabolisms.
The enzymes participating in the Man/Gal route are: Phosphoglucose isomerase (EC
5.3.1.9); phosphomannose isomerase (PMI, EC 5.1.3.1.8); phosphomannose mutase (PMM,
EC 5.4.2.8); GDP-mannose pyrophosphorylase (VTC1, EC 2.7.7.13); GDP-mannose-3’,5’-
epimerase (GME, EC 5.1.3.18); GDP-galactose phosphorylase (VTC2, EC 2.7.7.B2); .-
galactose-1-phosphate phosphatase (VTC4); .-galactose dehydrogenase (GalDH, EC
1.1.1.48); .-galactono-1,4-lactone dehydrogenase (GLDH, EC 1.3.2.3). The enzymes in the
GalU pathway are: o-galacturonate reductase (GalUR) and gluconolactonase (EC 3.1.1.17).
The enzymes in the MI pathway are: Inositol phosphate phosphatase (EC 3.1.3.25); myo-
inositol oxygenase (MIOX, EC 1.13.99.1); glucuronate reductase (GIcUR, EC 1.1.1.19);
gluconolactonase (GNL, EC 3.1.1.17), and .-gulono-1,4-lactone oxidase (GLOase, EC
1.1.3.8). The enzymes involved in AsA recycling are: Monodehydroascorbate reductase
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(MDHAR, EC. 1.6.5.4), and dehydroascorbate reductase (DHAR, EC 1.8.5.1). Where
omitted EC number have not been assigned. GLDH is a known mitochondrial enzyme. In
this study we analyzed in detail Arabidopsis lines constitutively expressing MIOX and
GLOase, enzymes in the MI pathway (underlined).
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Figure 2.
Arabidopsis lines with elevated foliar AsA content (MIOX4 and GLOase over-expressers)

show enhanced biomass when grown in soil under normal conditions. (a) Total ascorbate
content (umol g~ FW), (b) dry weight of aerial tissue (mg), (c) inflorescence height (cm),
and (d) rosette diameter (cm). The proportion of reduced ascorbate was 95% or higher of the
total AsA. Data represent the means + standard deviation (SD) of 40 replicates. *Indicates
significant differences between WT and high-AsA lines as determined by t-test (P=0.05).
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Arabidopsis lines with elevated foliar AsA content show enhanced biomass of both aerial
and root tissues when grown in liquid culture. Ten-day old seedlings were inoculated into
125 ml flasks, containing 35 ml liquid MS media. Biomass was harvested after 2 wk growth
in liquid culture. Comparison of aerial tissue biomass of WT (a), pPCAMBIA (b), MIOX4
(c), and GLOase (d) lines. Comparison of root biomass of WT (e), pPCAMBIA (f), MIOX4
(9), and GLOase (h) lines. Dry weight measurements corresponding of WT, pPCAMBIA,
MIOX4 and GLOase plants grown in liquid culture. Data represent the means + SD of 6
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replicates (i). *Indicates statistically significant differences between WT and high-AsA lines
(t-test, P=0.05).
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Figure4.
Effect of salt stress on the growth and AsA content of MIOX4 and GLOase over-expressers

compared to WT controls. (a) Effect of NaCl on root length of the wild type and transgenic
lines grown on agar plates plus NaCl for 19 d. Data are means = SD of 50 biological
replicates. (b) Total AsA content of seedlings grown on plates plus NaCl. Data are means +
SD of 5 biological replicates (each replicate containing five seedlings). (c) Phenotype of
individual plants under NaCl stress after 2 wk of stress treatment. (d) Effect of salt stress on
a population of 6-wk-old plantlets. (e) Total AsA content of soil-grown plants watered with
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NaCl until they reached the end of the vegetative growth (developmental stage 5.1). Data are
means + SD of 5 biological replicates. The proportion of reduced ascorbate was 95% or
higher of the total AsA. *Indicates statistically significant differences between WT and
high-AsA lines (t-test, P=0.05).
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Figureb.
High-AsA Arabidopsis lines are tolerant to cold stress (16°C) and maintain elevated AsA

under this stress. (a) Dry weight of aerial tissue (mg), (b) inflorescence height (cm), and (c)
rosette diameter (cm). Data represent the means + SD of 40 replicates. (d) Total AsA content
of soil-grown plants under cold stress. Leaf tissue was collected at the end of the vegetative
growth. Data are means + SD of 5 biological replicates. The proportion of reduced ascorbate
was 95% or higher of the total AsA. *Indicates significant differences between WT and
high-AsA lines as determined by t-test (P=0.05).
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Figure6.
Effect of heat shock (29°C) on the phenotype and AsA content of GLOase, MIOX4, and

control plants at10 d after heat stress. Wild type (WT) displayed chlorosis (loss of
chlorophyll) after heat exposure (a), while MIOX4 and GLOase retained their chlorophyll
level (b). Data represent the means + SD of 3 replicates. (c) Total AsA content of seedlings
grown under heat stress. Data are means + SD of 5 biological replicates (each replicate
containing five seedlings). The proportion of reduced ascorbate was 95% or higher of the
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total AsA. *Indicates significant differences between WT and high-AsA lines (t-test,
P=0.05).
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Figure7.
Elevated ascorbate protects Arabidopsis from stress-induced morphogenetic responses

caused by pyrene (PYR). (a) Reduction of the growth of the aerial tissue in WT, while high-
AsA lines grow normal in the presence of PYR. PYR inhibits leaf expansion (b) and reduces
the amount of root hairs (c) in WT, but does not affect high-AsA lines (GLOase data shown
here). Seeds were germinated on MS medium and then transferred to MS plus PYR for 14 d.
Images were collected 3 wk after sowing. (d) Effect of PYR on root length of the wild type
and transgenic lines grown on agar plates plus PYR for 19 d. Data are means + SD of 50
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biological replicates. (e) Total AsA content of seedlings grown under PYR stress. Data are
means + SD of 5 biological replicates (each replicate containing five seedlings). The
proportion of reduced ascorbate was 95% or higher of the total AsA. *Indicates significant
differences between WT and high-AsA lines (t-test, P=0.05).
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