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contributing to tolerance in RIL46 included an almost five-
fold higher proline level under −Zn stress and significantly 
higher trehalose content. The implications of these com-
pounds in AsA metabolism and Zn efficiency thus deserve 
further attention.
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Abbreviations
AsA	�A scorbic acid
DHA	� Dehydroascorbic acid
DHAR	� Dehydroascorbic acid reductase
MDA	� Malondialdehyde
MDHA	� Monodehydroascorbic acid
MDHAR	� Monodehydroascorbic acid reductase
MIOX	� Myo-inositol oxygenase
PMI	� Phosphomannose isomerase
ROS	�R eactive oxygen species
QTL	� Quantitative trait locus
Zn	� Zinc

Introduction

Zinc (Zn) deficiency is one of the most abundant abiotic 
stress factors worldwide and affects growth and yield of 
rice (Oryza sativa L.) and other crops on approximately 35 
million hectares of agricultural land (Alloway 2004). Zn is 
essential for plants and has numerous functions in the cell, 
such as involvement in protein folding, or as a catalytic or 
co-catalytic factor of thousands of proteins (Broadley et al. 
2007). Similar to other abiotic stress factors, Zn deficiency 
can induce an imbalance in the production and removal of 
reactive oxygen species (ROS), thereby causing oxidative 

Abstract E ffects of zinc (Zn) deficiency on shoot metab-
olites were investigated in contrasting rice (Oryza sativa 
L.) genotypes with special focus on ascorbic acid (AsA) 
biosynthesis, recycling, and catabolism. The genotypes 
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phase, emergence of visible stress, and severe visible stress. 
The emergence of visible symptoms was paralleled by an 
increase in lipid peroxidation and a decrease in AsA con-
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The tolerant RIL46 showed enhanced transcript levels of 
several genes involved in the mannose/l-galactose pathway 
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involved in the putative alternative myo-inositol pathway 
under low Zn stress. The level of most AsA precursors was 
negatively affected by Zn deficiency, but RIL46 had a con-
stitutively higher level of non-phosphorylated precursors. 
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did not accumulate in either genotype, suggesting that 
AsA degradation did not contribute to the stress-induced 
decline of the AsA pool in IR74. Further factors possibly 
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stress in plants (Cakmak and Marschner 1988). Although 
ROS are constantly produced in plant cells and have impor-
tant signaling functions, their excessive production causes 
damage of lipids, proteins and DNA (Apel and Hirt 2004).

The breeding of rice varieties tolerant to Zn deficiency 
(also termed as ‘zinc efficient’) is of great importance to 
global agriculture. Genetic evidence shows that Zn effi-
ciency is caused by multiple tolerance factors in rice, where 
several quantitative trait loci (QTL) with complex interac-
tions influence plant mortality and leaf bronzing of plants 
grown on low Zn soil (Wissuwa et  al. 2006). In addition, 
the scientific literature suggests that Zn efficiency relies on 
at least two components: (1) the ability to acquire sufficient 
Zn despite low availability in the soil, and (2) efficient uti-
lization of Zn within the plant, also termed as “shoot tol-
erance” (Hacisalihoglu and Kochian 2003). Both tolerance 
factors have been investigated in previous studies using the 
Zn-efficient recombinant inbred line RIL46 selected from a 
rice mapping population, which showed enhanced growth, 
lower mortality and fewer stress symptoms when grown in 
low Zn soil compared to its intolerant parent IR74 (Wis-
suwa et al. 2006; Frei et al. 2010b; Rose et al. 2012). For 
instance, it was demonstrated that rhizosphere processes 
contribute to Zn efficiency, especially the ability to take up 
Zn chelated by phytosiderophores or organic acids (Hoff-
land et al. 2006; Wissuwa et al. 2006; Arnold et al. 2010). 
However, the tolerant line RIL46 showed an even lower Zn 
concentration in the shoot than its intolerant parent IR74. 
This observation is in agreement with findings from other 
crops, where Zn efficient and inefficient genotypes often do 
not differ in Zn concentration (Hacisalihoglu and Kochian 
2003), and highlights the importance of an efficient bio-
chemical utilization of Zn within the shoot. Indeed it was 
reported that RIL46 was able to protect cells from excess 
ROS more efficiently than IR74 (Frei et  al. 2010b; Rose 
et  al. 2011). Screening of the activity and shoot concen-
trations of enzymatic and non-enzymatic antioxidants 
led to the conclusion that tolerance to Zn deficiency was 
associated with an enhanced ascorbate (AsA) level (Frei 
et  al. 2010b). Unlike most antioxidant enzymes (such as 
superoxide dismutase, peroxidases, etc.,), the level of AsA 
decreased when plants encountered low Zn stress, but 
remained higher in the tolerant genotype RIL46.

Ascorbic acid is the most abundant antioxidant in plants 
and its metabolism can be divided into three sections 
(Fig. 1): (i) biosynthesis, (ii) recycling and (iii) catabolism 
(or degradation).

(i) Biosynthesis: the predominant biosynthesis path-
way of AsA starts from hexose sugars and proceeds via 
GDP-d-mannose and l-galactose (mannose/l-galactose 
pathway) (Wheeler et  al. 1998; Smirnoff and Wheeler 
2000; Conklin 2001), but evidence for other pathways 
via uronic acid intermediates exists (Agius et  al. 2003; 

Wolucka and Van Montagu 2003) (Fig.  1). One alterna-
tive pathway involving the conversion of d-galacturonic 
acid to l-galactono-1,4-lactone was verified in strawberry 
fruit (Loewus and Kelly 1961; Agius et  al. 2003) and 
Arabidopsis thaliana cell suspension culture (Davey et al. 
1999), but not in rice (Jo and Hyun 2011). Another alter-
native pathway uses myo-inositol as a substrate (Lorence 
et al. 2004) and is mediated by the enzyme myo-inositol 
oxygenase (MIOX). The contribution of the myo-inositol 
pathway to AsA in plants is under debate, as contradictory 
results have been reported (Lorence et  al. 2004; Endres 
and Tenhaken 2009).

(ii) Recycling: the enzyme ascorbate peroxidase (APX) 
uses two molecules of AsA to reduce H2O2 to water, lead-
ing to the generation of the unstable molecule monodehy-
droascorbate (MDHA), which disproportionates to dehy-
droascorbate (DHA) if not reduced back to AsA by the 
action of monodehydroascorbate reductase (MDHAR). 
DHA is recycled to AsA using reduced glutathione (GSH) 
as a reducing substrate, which is catalyzed by DHA reduc-
tase (DHAR) (Noctor and Foyer 1998; Smirnoff 1996).

(iii) Degradation: if DHA is not reduced quickly, it 
decomposes due to irreversible hydrolysis of its lactone 
ring, leading to the formation of diketogulonic acid (Green 
and Fry 2005). Additionally, DHA can be cleaved to form 
oxalate (C-1 and C-2) and l-threonate (C-3 to C-6), which 
is often oxidized to l-threarate (DeBolt et al. 2004). Green 
and Fry (2005) proposed that two interchangeable inter-
mediates are formed (cyclic -2,3-O-oxalyl-l-threonate and 
cyclic -3,4-O-oxalyl-l-threonate) and subsequently, the 
latter is hydrolyzed to 4-O-oxalyl-l-threonate. It was sug-
gested that this pathway is at least partially catalyzed by yet 
uncharacterized enzymes.

As our previous results using the contrasting genotypes 
IR74 and RIL46 suggested that Zn efficiency was associ-
ated with the ability to maintain an enhanced AsA pool, 
the present study focused on genotypic differences in AsA 
metabolism by targeted metabolite and transcript profiling. 
More specifically, we investigated two hypotheses: (1) Zn 
deficiency inhibits AsA biosynthesis in the intolerant geno-
type, but not in the tolerant one. To test this hypothesis, we 
focused on transcriptional and metabolic regulation of the 
different biochemical routes affecting AsA levels. (2) Alter-
natively, insufficient AsA recycling leads to degradation of 
AsA in the intolerant genotype, but not in the tolerant one. 
More specifically, excess production of ROS due to stress 
may exhaust the enzymatic AsA recycling capacity and 
consequently lead to irreversible degradation of AsA. Test-
ing these hypotheses was part of a broader metabolomic 
approach, which included the amino acid and carbohydrate 
profile to identify further factors interacting with the AsA 
metabolism and contributing to shoot tolerance under Zn 
deficiency.



369Planta (2014) 239:367–379	

1 3

Materials and methods

Plant culture

The experiment was conducted using a Zn-efficient recom-
binant inbred rice (Oryza sativa L.) line RIL46, which car-
ries positive alleles of QTLs for tolerance to low Zn (Wis-
suwa et al. 2006), and its Zn-inefficient parent IR74. Seeds 
were obtained from the Japan International Research Insti-
tute for Agricultural Sciences (JIRCAS, Tsukuba, Japan). 
They were germinated and placed on styrofoam sheets 
floating on 0.5 mM CaCl2 and 10 μM FeCl3. After 10 days, 
seedlings were transferred to 60-l hydroponic tanks con-
taining half strength nutrient solution without Zn. After 
1 week, plants were transferred to full nutrient solution con-
taining 1 mM NaHCO3 (Rose et al. 2011) without (−Zn) or 
with 1 μM Zn (+Zn). The composition of the nutrient solu-
tion was 1.42 mM NH4NO3, 0.32 mM NaH2PO4, 0.51 mM 
K2O4, 1 mM CaCl2, 1 mM MgSO4, 9 μM MnCl2, 0.07 μM 
(NH4)6  ×  Mo7O24, 18.5  μM H3BO3, 0.16  μM CuSO4, 
35.6  μM FeCl3. The pH of the solution was adjusted to 
5.5 twice weekly and nutrient solutions were completely 

replaced after 10 days. Plants were grown in a temperature-
controlled glasshouse with minimum night/day tempera-
tures of 22 °C/28 °C. Average relative humidity was 50 %. 
Plants were grown under supplementary artificial lighting 
to ensure a minimum photosynthetic photon flux density 
(PPFD) of 400 μmol m−2 s−1 from 7 am to 8 pm.

Samples of whole shoots were harvested on three differ-
ent sampling days: firstly 3 days after the start of −Zn treat-
ments, secondly when stress symptoms first emerged in the 
susceptible genotype after 16 days of −Zn treatment, and 
finally when IR74 had severe stress after 24 days of −Zn 
treatment. A leaf bronzing score ranging from 0 (healthy 
leaf) to 10 (dead leaf) was assigned to the three youngest 
fully expanded leaves of each plant (Wissuwa et al. 2006).

Gene expression analyses

Samples (ten replicates per genotype/treatment combina-
tion per sampling day) were immediately frozen in liquid 
N2 and stored at −80  °C. RNA for quantitative RT-PCR 
was extracted from four replicate samples using the RNe-
asy Plant Minikit (Qiagen). DNA was removed from RNA 

Fig. 1   Proposed scheme of the ascorbate metabolism in rice; boxes represent substrates (gray-shaded boxes indicate apoplastic steps, white 
indicates symplastic steps), arrows represent enzymes
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samples using an RNase-free DNase (Promega, Mannheim, 
Germany). RNA concentration was determined using a 
Nanodrop2000C spectrometer (Thermo Scientific) and the 
integrity of RNA was checked by denaturing formalde-
hyde agarose gel electrophoresis. One microgram of total 
RNA was reverse transcribed with the GoScript™ Reverse 
Transcription System (Promega) and quantitative real-time 
polymerase chain reaction (qPCR) was performed with 
100 ng cDNA using the GoTaq® qPCR Master Mix (Pro-
mega) under the following conditions—an initial denatura-
tion step (20 min, 95 °C), followed by 45 cycles of dena-
turation (5 s, 95 °C) and annealing/extension (40 s, 60 °C). 
Gene specific primers (Supplementary Table S1) were used 
for analysis of the different isoforms of all annotated bio-
synthesis genes of the mannose/l-galactose pathway and 
the myo-inositol pathway. Expression data were quanti-
fied using the comparative δδCT method (Frei et al. 2010a) 
using the expression level of IR74 in the control on the first 
sampling day as calibrator and the gene Os05g0564200 
(RAP-ID, annotated as U2 snRNP) as endogenous refer-
ence to normalize gene expression levels of the targeted 
genes. The endogenous reference gene was identified using 
the database “Plant reference gene server” (Patel and Jain 
2011) (http://www.nipgr.res.in/PlantRGS/), as it showed 
more stable expression across genotypes under the experi-
mental conditions as compared to commonly used refer-
ences such as actin or 18S rRNA.

Biochemical analyses

Zn concentration was determined in dried leaf material by 
atomic absorption spectrometry (AAS).

To measure malondialdehyde (MDA) (Hodges et  al. 
1999), leaf material was ground in liquid nitrogen and 
extracted twice by adding 1  ml of 0.1  % trichloro acetic 
acid (TCA) to 100  mg of plant material and centrifuged 
(14,000g, 4 °C, 15 min). The combined supernatants were 
divided into two 750 μl samples and 750 μl of 0.01 % (v/v) 
2,6-di-tert-butyl-4-methylphenol (BHT) in 20 % TCA (v/v) 
was added to one sample. 750 μl of 0.01 % (v/v) BHT and 
0.65  % 2-thiobarbituric acid (TBA) in 20  % TCA (v/v) 
was added to the other sample. Samples were incubated at 
95 °C for 30 min and the reaction was stopped on ice. Sam-
ples were centrifuged (8,000g, 4  °C, 10 min) and absorb-
ance was read at 440, 532 and 600 nm.

Total and reduced AsA were measured immediately 
after plant harvest according to Ueda et al. (2013). Flash-
frozen leaves were ground in liquid nitrogen and 1.5  ml 
of 6  % TCA was added to approximately 80  mg of leaf 
material. Samples were incubated in a chilled ultrasonic 
water bath for 15 min and centrifuged for 5 min at 4  °C 
and 13,000g. 10 μl of the supernatant was used to deter-
mine total and reduced AsA. 10 μl of 75-mM phosphate 

buffer was added to all samples, while 10 μl of 10  mM 
dithiothreitol (DTT) was added only to the total AsA sam-
ples and incubated for 15 min at room temperature. Then, 
10  μl of 0.5  % N-ethylmaleimide (NEM) was added to 
the total AsA samples to remove excess DTT and incu-
bated for at least 30  s. 20 μl of water was added to the 
reduced AsA samples to account for the amount of DTT 
and NEM. Thereafter, 50 μl of 10 % TCA, 40 μl of 43 % 
H3PO4, 40 μl of 4 % α-α-bipyridil and 20 μl of 3 % FeCl3 
were added to all tubes. After incubation at 37 °C for 1 h, 
100 μl of each sample was transferred to a 96-well micro-
plates and absorbance was read at 525 nm using a micro-
plate reader (Powerwave XSII, BioTec). The amount of 
DHA was calculated as the difference between the total 
and reduced AsA concentration.

Metabolomic analyses

Amino acids and sugars were analyzed using either a 
reverse phase chromatography or an enzyme-coupled pho-
tometric assay according to Ahkami et al. (2009). Samples 
were incubated for 60 min at 80  °C in 80 % ethanol and 
centrifuged for 10 min at 18,000g. The supernatants were 
evaporated to dryness, and samples resuspended in mil-
liQ water. Prior to HPLC analysis, samples were derivat-
ized using a fluorescing reagent AQC (6-aminoquinolyl-
N-hydroxysuccinimidylcarbamat). Three mg of self-made 
AQC was dissolved in 1-ml acetonitrile and incubated for 
10 min at 55 °C. The reagent was stored at 4 °C and used 
up to 4  weeks. For derivatization of primary and second-
ary amino acids, 0.16 ml of a buffer containing 0.2 M boric 
acid, pH 8.8, was used. An aliquot of 0.02 ml of each sam-
ple was added to the buffer, followed by 0.02  ml of pre-
pared AQC reagent solution. The whole mixture was incu-
bated for 10  min at 55  °C and used for chromatographic 
separation.

The concentrations of amino acids were determined 
using a reversed phase Alliance HPLC system (Waters 
Company) connected to a fluorescence detector (300  nm 
excitation wavelength, and 400 nm emission wavelength). 
Chromatograms were recorded using the software program 
Empower 2.1. The gradient was accomplished with a buffer 
A containing 140-mM sodium acetate, pH 5.8 (Suprapur, 
Merck) and 7-mM triethanolamine (Sigma). Acetonitrile 
(Roti C Solv HPLC, Roth) and milliQ water were used as 
eluents B and C. To separate the amino acids, a reversed 
phase column (AccQTag, 3.9  mm ×  150  mm) was used, 
which consists of silica as matrix modified by an apolar 
C18 group. The column was equilibrated with buffer A at 
a flow rate of 0.6 ml per minute and heated at 37 °C dur-
ing the whole measurement. The gradient was produced 
by the following concentration changes: start with 100 % 
eluent A, 1 % at 0.5 min, 5 % at 27 min, 9 % at 28.5 min, 

http://www.nipgr.res.in/PlantRGS/
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18 % at 44.5 min, 60 % at 47.5 min and 0 % at 50.5 min of 
eluent B. Reconditioning of the column was carried out for 
10 min using buffer A.

To measure soluble sugars, the same extracts as 
described above for amino acid preparation were used. 
The measurement was carried out with a microplate reader 
(Synergy HT, Tecan, Crailsheim, Germany). Auxiliary 
enzymes glucose-6-phosphate dehydrogenase (Leuconos-
toc mesenteroides, 1 U), hexokinase (1 U), phosphoglucose 
isomerase (0.3 U) and 1 μl of ß-fructosidase (10 mg/100 μl 
buffer without NAD and ATP) were successively added to a 
buffer containing 100-mM imidazole-HCl, pH 6.9, 5-mM 
MgCl2, 2-mM NAD and 1-mM ATP to detect glucose, fruc-
tose and sucrose. The difference in absorbance was propor-
tional to the concentration of the individual sugars.

Sugar alcohols were detected using an ion chroma-
tography system (Dionex, Idstein, Germany) which con-
sisted of a gradient pump (GP50), a degasser module, an 
autosampler (AS50) and a pulsed amperometric detector 
(EG50). Separation of the sugar alcohols was carried out 
using a CarboPack MA1 column (4 × 250 mm) connected 
to a guard column of the same material (4 x 10 mm) and 
an ATC-1 anion trap column which was placed between 
the eluents and separation columns to remove the anionic 
contaminants present in the eluents. A linear gradient was 
accomplished with purest water as buffer A (Millipore) and 
620-mM sodium hydroxide as buffer B (Baker, 50 % solu-
tion). The column was equilibrated at a flow rate of 0.4 ml 
per minute. The duration of the run was 60 min. The cali-
bration and quantitative calculation of sugar alcohols was 
carried out using the Chromeleon software 6.6 and authen-
tic standards.

All other metabolites were measured using a Dionex 
ICS 5,000 (Dionex) coupled to a mass spectrometer, Agi-
lent 6,490 triple Quad. The ICS system consisted of a pump 
(DC), an eluent generator (EG) and an autosampler (AS-
AP) module. Separation of the metabolites was carried 
out using AS11-HC column (2 x 250 mm) connected to a 
guard column of the same material AG11-HC (2 x 50 mm) 
and an ATC anion trap column, which was placed between 
the eluents and separation columns to remove the anionic 
contaminants present in the eluents. A gradient was accom-
plished with purest water (eluent A, Millipore 18.2 micro-
Ohm) and increasing concentration of potassium hydrox-
ide from a concentrated EluGen Cartridge EGC-KOH 
(Dionex). The column was equilibrated at a flow rate of 
0.32 ml per minute with 4 % KOH. The gradient was set 
as following: 4 min to 4 %, 4–10 min to 15 %, 10–14 min 
to 25 %, 14–24 min to 80 %, 24–30 min back to 4 % and 
30–40 min equilibration at 4 % KOH. The duration of the 
run was 40  min. The calibration and quantitative calcula-
tion of organic acids was carried out using the Chromeleon 
software 7.1.

Detection of accurate masses for different compounds 
was carried out on an Agilent triple Quad MS 6,490 
equipped with an easy Jet Spray. Data were acquired and 
evaluated via Mass Hunter (version B.04.00). The MS was 
operated in the negative ion and multiple reactions moni-
toring (MRM) mode. Single analyte standards were infused 
at a flow rate of 0.4 ml/min for tuning compound depend-
ent MS parameters. The major MS/MS fragment patterns 
of each analyte were determined. Declustering potential 
(DP) and collision energy (CE) of each transition was opti-
mized. The optimized parameters were as following: nitro-
gen gas flow, 12  l per min; ion spray voltage, −3,500 V; 
the auxiliary gas temperature, 350 °C. The curtain and col-
lision gas was nitrogen generated from pressurized air in 
a nitrogen generator (SF4, Atlas Copco, Magdeburg, Ger-
many). Dwell time for each transition was 20 ms.

Enzyme assays

Dehydroascorbate reductase activity was measured accord-
ing to Hossain and Asada (1984). Approximately 100 mg 
of flash-frozen leaf material was crushed in liquid nitro-
gen and 1.5-ml extraction buffer containing 50-mM Tris–
HCl, 100-mM NaCl, 2-mM ethylenediaminetetraacetic 
acid (EDTA) and 1-mM MgCl2 was added. Samples were 
centrifuged at 13,000g for 5  min at 4  °C and a reaction 
mix with 70  μl of 50-mM KH2PO4/K2HPO4 buffer, pH 
6.5, 10  μl of 5-mM dehydroascorbate (DHA), 10  μl of 
50-mM reduced glutathione (GSH) was added to 10 μl of 
the enzyme extract. Absorbance was followed in a 96-well 
microplate at 265 nm for 3 min (ε = 14 mM−1 cm−1). Non-
enzymatic reduction of DHA was measured using a blank 
sample without enzyme, and the value was deducted from 
all samples.

Phosphomannose isomerase (PMI) activity was deter-
mined according to Gracy and Noltmann (1968a). Plant 
leaf material was crushed in liquid nitrogen and 1  ml of 
extraction buffer (100-mM triethanolamine HCl buffer, 
pH 7.6 at 25  °C, 0.1  % 2-mercaptoethanol) was added. 
Samples were centrifuged at 13,000g at 4  °C for 15 min. 
The reaction mix contained 87-mM triethanolamine HCl 
buffer, pH 7.6, 5.5-mM d-mannose-6-phosphate, 0.45-mM 
nicotinamide adenine dinucleotide phosphate (NADP), 
two units phosphoglucoisomerase, and 0.1 unit glucose-
6-phosphate dehydrogenase. Absorption was monitored in 
a 96-well microplate at 340 nm until stable, and 100 μl of 
the enzyme extract was added to monitor NADP reduction 
for 10 min (ε = 6.2 mM−1 cm−1).

Statistical analyses

Data were analyzed by a two-way ANOVA with the factors 
treatment, genotype, sampling date, treatment × genotype 
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interaction and treatment  ×  genotype  ×  day interaction 
(IBM SPSS Statistics 20). Pairwise genotypic differences 
in gene expression were determined by post hoc compari-
son using the LSD test, and Tukey’s adjustment was used 
for multiple comparison of means if appropriate.

Results

Stress responses of contrasting genotypes

Leaf samples were taken on three different sampling days 
representing different stages of stress. First samples were 
taken 2  days after the start of treatments, when the plants 
showed no symptoms of Zn deficiency. After 16 days (sec-
ond sampling day), symptoms of Zn deficiency first appeared 
in IR74, and on the third sampling day after 24 days of treat-
ment, IR74 showed severe stress symptoms as indicated by 
high leaf bronzing scores (Fig. 2). Shoot Zn concentrations 
decreased significantly under Zn deficiency and were even 
lower in the tolerant genotype RIL46 (Fig. 2). MDA concen-
trations in leaves increased gradually in IR74 under Zn defi-
ciency, but not in RIL46 (Fig. 2). Together, these data con-
firmed enhanced Zn deficiency tolerance in RIL46 despite 
even lower Zn concentration in leaves.

RIL46 showed significantly higher average AsA concen-
trations in leaves than IR74 (Fig. 3). Total and reduced AsA 
concentrations declined in IR74 under Zn deficiency start-
ing from day 16 after the beginning of treatments, while the 
opposite trend was seen in RIL46. IR74 had a 24 % lower 
total AsA concentration than RIL46 under Zn deficiency 
after 24  days of treatment. Our further analyses aimed at 
explaining the contrasting trends in AsA levels in the two 
genotypes by monitoring AsA biosynthesis, as well as AsA 
recycling and degradation.

AsA biosynthesis

Ascorbic acid biosynthesis was analyzed by monitoring the 
expression of AsA biosynthesis genes (Table  1), selected 
enzyme activities (Fig.  4), and the concentrations of AsA 
precursors (Table 2). Pairwise comparison of gene expres-
sion levels showed that 8 out of 12 genes of the mannose/l-
galactose pathway had higher expression levels in RIL46 
as compared to IR74 on at least one sampling day. No con-
sistent trend was seen in gene regulation in either genotype 
in response to Zn deficiency. Thus, the decline of the AsA 
pool in the sensitive line cannot be explained by stress-
induced down-regulation of AsA biosynthetic genes. The 
activity of PMI was determined, because it is a Zn-depend-
ent enzyme of the mannose/l-galactose pathway. The 
activity was lower under Zn deficiency in both genotypes 
(Fig. 4), especially on the second sampling day, which was 

different from PMI gene expression levels (Table 1). In the 
case of MIOX, the major gene in putative alternative myo-
inositol pathway, significant differences were observed 
between the genotypes (Table  1). RIL46 showed signifi-
cantly higher expression on all the sampling days in the 
−Zn treatment.
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Fig. 2   Influence of Zn deficiency on stress indicators in contrast-
ing rice genotypes. The susceptible (IR74) and the tolerant (RIL46) 
rice line were grown hydroponically, and samples were taken after 
2, 16, and 24  days of + and −Zn treatments. a Shoot Zn concen-
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the same superscript letter are statistically different at P  <  0.05 by 
Tukey’s test. Error bars indicate standard errors
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Furthermore, the concentrations of AsA precursors were 
analyzed (Table  2). Glucose concentration decreased due 
to Zn deficiency in both genotypes, but was significantly 
higher in the tolerant RIL46 averaged over all treatment 
and sampling days. The concentration of phosphorylated 
intermediates of the mannose/l-galactose pathway was 2–3 
orders of magnitude lower than that of glucose, perhaps 
indicating their high turnover rates. The concentrations of 

all measured compounds tended to decrease after 16 days 
of −Zn treatment, although the treatment effect was sig-
nificant only for glucose-6-phosphate and mannose-
1-phosphate. Significant genotype effects were seen in 
fructose-6-phosphate and GDP-mannose, where the aver-
age concentrations were higher in the intolerant IR74. 
Additionally, we measured galactose concentration (Sup-
plementary Table S2), but it was analytically not possible 
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Fig. 3   Influence of Zn deficiency on total (a) and reduced (b) ascor-
bic acid concentrations in shoots of contrasting rice genotypes. The 
susceptible (IR74) and the tolerant (RIL46) rice line were grown 
hydroponically, and samples were taken after 2, 16, and 24 days of 
+ and −Zn treatments. T treatment, G genotype, D sampling day. 

ANOVA significance levels: *P < 0.05, **P < 0.01, ***P < 0.001, ns 
not significant. Data bars not sharing the same superscript letter are 
statistically different at P < 0.05 by Tukey’s test; lack of superscript 
letters in b indicates that differences were not statistically significant. 
Error bars indicate standard errors (n = 6)

Table 1   Influence of Zn deficiency on gene expression levels of annotated gene isoforms of AsA biosynthetic pathways in contrasting rice 
genotypes

The susceptible (IR74) and the tolerant (RIL46) rice line were grown hydroponically, and samples were taken after 2, 16, and 24 days of + and 
−Zn treatments. Expression of the target genes is normalized by the expression of the internal reference gene Os05g0564200 (RAP-ID, anno-
tated as U2 snRNP). Expression levels are expressed as fold-changes relative to the calibrator IR74 under control conditions on the first sam-
pling day

T treatment, G genotype, D sampling day

Color shading indicates significant differences between the genotypes on the same sampling day and treatment: blue indicates lower expression, 
red indicates higher expression. ANOVA significance levels: light red/blue/*, P < 0.05, red/blue/**, P < 0.01, dark red/blue/***, P < 0.001, 
white; not significant (n = 4)
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to separate d-galactose from l-galactose. The mannose/l-
galactose pathway uses l-galactose as a precursor, while 
d-galactose serves as a component of the cell wall and of 
various sugars (French 1954). Thus the increase in total 
galactose in response to low Zn, especially in the sensitive 
IR74 (Supplementary Table S2), cannot be ascribed to AsA 
biosynthesis.

Concentrations of intermediates of the putative alterna-
tive myo-inositol pathway were also measured (Table  2). 
No significant differences were seen in glucuronic acid, 
which showed generally very low levels similar to those 
of phosphorylated intermediates of the mannose/l-galac-
tose pathway (Table  2). In contrast, myo-inositol exhib-
ited significantly higher average concentrations in the 
tolerant RIL46. Genotypic differences were particularly 
pronounced on the third sampling day, when IR74 but not 
RIL46 showed a decline of myo-inositol concentration in 
the −Zn treatment.

AsA recycling and degradation

We tested DHAR enzyme activity, which showed a slight 
but significant increase under low Zn stress, but no sig-
nificant genotypic differences (Supplementary Table S2). 
Other AsA recycling enzymes were not tested as they had 
already been measured previously in a series of experi-
ments using the same genotypes (Frei et  al. 2010b). The 
glutathione concentration was measured because it is the 
redox partner in the enzymatic recycling of AsA. The aver-
age glutathione concentration was significantly higher in 

IR74, where it was strongly induced after 16  days of Zn 
deficiency and decreased again after 24 days of treatment 
(Fig.  5). RIL46 did not show a similar induction of glu-
tathione, indicating that an elevated glutathione concentra-
tion represented an early sensitive response to stress. The 
amino acid glycine, which constitutes a building block for 
glutathione biosynthesis, showed a very similar response 
pattern as glutathione (Fig. 5c).

To test whether low Zn stress stimulated AsA degrada-
tion, we measured the concentrations of two products of 
AsA catabolism (Table 2). Unexpectedly, both components 
tended to decrease under −Zn stress, although the effect 
was not significant for oxalate. In the case of threonate, the 
decreases in concentration on days 16 and 24 were more 
pronounced and highly significant. Genotypic differences 
did not occur in AsA degradation products.

Further metabolites

Further metabolites were measured that are not directly 
associated with AsA metabolism, but have been character-
ized as stress response or tolerance factors in plants. Those 
compounds may provide additional explanations for geno-
typic differences in tolerance to Zn deficiency. The antioxi-
dant disaccharide trehalose, which is also involved in sugar 
signaling/sensing, showed a contrasting response to Zn 
deficiency in the two genotypes, leading to a significantly 
higher level in the tolerant RIL46 (Table 2).

The concentration of the stress responsive amino acid 
proline was increased under low Zn stress on the second 
and third sampling day, but the increase was much more 
pronounced in the tolerant RIL46 (Table 2). In fact, RIL46 
had a more than fourfold higher proline concentration after 
24  days of −Zn treatment compared to IR74. Thus, the 
response of proline differed from that of most other amino 
acids: out of 17 amino acids that showed a significant geno-
typic difference after 24 days of −Zn treatment, 13 exhib-
ited higher concentration in the intolerant IR74 (Table  2, 
Supplementary Table S2).

Discussion

The stress responses of contrasting genotypes observed in 
this nutrient solution experiment confirm the results of pre-
vious experiments in low Zn soil in the Philippines (Wis-
suwa et al. 2006; Frei et al. 2010b). RIL46 was more tol-
erant than IR74, although shoot Zn concentrations of both 
genotypes had to be considered as Zn deficient (Dober-
mann and Fairhurst 2000). The present study went one step 
further and detailed the involvement of AsA in prevent-
ing oxidative stress under Zn deficiency. By addressing 
two hypotheses targeted to AsA metabolism, we explored 
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the metabolic basis underlying genotypic differences in 
AsA metabolism and its involvement in tolerance to Zn 
deficiency.

Hypothesis 1: Zn deficiency inhibits AsA biosynthesis 
in the intolerant genotype, but not in the tolerant one

The mannose/l-galactose pathway (Fig.  1) is considered 
as the predominant AsA biosynthetic pathway in plants 
(Wheeler et al. 1998; Linster and Clarke 2008). Most genes 
of this pathway were more highly expressed in the toler-
ant RIL46 on at least one sampling day, in particular the 
genes at the beginning of the pathway and at the termi-
nal steps, converting l-galactose to AsA. Consistent with 
these results, a global transcript study by Widodo et  al. 
(2010) reported enhanced expression of three AsA biosyn-
thesis genes (GDP-mannose-3,5-epimerase, l-galacose-
1,4-lactone dehydrogenase, l-galactose dehydrogenase) in 
RIL46, when plants were grown in low Zn soil and samples 
taken on only one sampling day. Given the complexity of 
the mannose/l-galactose pathway, it is likely that higher 
expression levels of single genes in the pathway may not 
have increased AsA tissue levels. Accordingly, various 

studies with plants overexpressing only single genes of the 
mannose/l-galactose pathway did not report any effect on 
AsA pool size (Bartoli et al. 2005). However, we observed 
higher expression levels of several genes of the AsA path-
way in RIL46, which is indicative for an activation of the 
whole pathway.

RIL46 had a constitutively higher concentration of glu-
cose (RIL46), which may be due to the ability of RIL46 
to maintain enhanced photosynthesis under low Zn stress 
compared to IR74 (Rose et  al. 2012). Besides its the role 
as an initial precursor of AsA biosynthesis and many other 
plant metabolites, glucose is also involved in a complex 
sugar signaling network, modulating growth, development 
and photosynthesis (Rolland et  al. 2006) and it may pro-
vide a higher energy level for RIL46. Thus, a higher glu-
cose concentration of RIL46 under Zn deficiency may rep-
resent an important tolerance factor.

On the other hand, phosphorylated intermediates of 
AsA biosynthesis showed no significant effects or even 
higher concentration in IR74, and their availability was 
generally lower in the −Zn treatments. However, it was 
suggested that the amount of phosphorylated mannose 
intermediates is not a limiting factor for AsA biosynthesis 

Table 2   Influence of Zn deficiency on shoot concentrations of AsA precursors, degradation products, trehalose and amino acids in contrasting 
rice genotypes

The susceptible (IR74) and the tolerant (RIL46) rice line were grown hydroponically, and samples were taken after 2, 16, and 24 days of + and 
−Zn treatments

A complete dataset of all measured metabolites is provided as supplementary data (Table S2)

T treatment, G genotype, D sampling day

Color shading indicates significant differences between the genotypes on the same sampling day and treatment by pairwise comparison: blue 
indicates lower concentration, red indicates higher concentration. ANOVA significance levels: light red/blue/*, P < 0.05, red/blue/**, P < 0.01, 
dark red/blue/***, P < 0.001, white; not significant (n = 5)



376	 Planta (2014) 239:367–379

1 3

(Hancock and Viola 2005). Moreover, the first part of the 
mannose/l-galactose pathway is also responsible for pro-
ducing cell wall polysaccharides, while the second part, 
subsequent to GDP-l-galactose, is committed only to 
AsA biosynthesis (Ishikawa et  al. 2006). Thus, the early 

intermediates cannot be interpreted as AsA precursors 
only.

Compared to the genes of the mannose/l-galactose path-
way, an even more pronounced up-regulation in RIL46 
was seen for the expression levels of MIOX (Table  1). 
Additionally, RIL46 exhibited a higher concentration of 
myo-inositol (Table 2), the substrate for this enzyme. How-
ever, the contribution of the myo-inositol pathway to AsA 
biosynthesis in plants has been discussed controversially. 
One study reported a 2–3 fold increase of AsA in MIOX 
overexpressing A. thaliana plants (Lorence et  al. 2004), 
while another study could not confirm these results using 
the same transgenic lines (Endres and Tenhaken 2009). In 
a recent study, overexpression of MIOX improved proline 
concentrations and drought tolerance in rice, although it 
did not significantly influence AsA pool size (Duan et  al. 
2012). Thus, the myo-inositol pathway is apparently not a 
major contributor to the AsA pool under normal conditions. 
Nevertheless, it may provide a backup in the tolerant RIL46 
for the mannose/l-galactose pathway, which contains the 
Zn-dependent enzyme PMI (Gracy and Noltmann 1968b; 
Maruta et  al. 2008). While gene expression of PMI was 
slightly increased in the −Zn treatment in both genotypes 
on the second sampling day (Table  1), the enzyme activ-
ity was decreased (Fig.  4). This discrepancy may occur 
because the protein requires Zn to develop its structure and 
catalytic activity. Whether MIOX is able to contribute to 
AsA biosynthesis in rice under Zn deficiency is a hypoth-
esis which remains to be tested using MIOX gene mutants.

In summary, the analysis of the AsA biosynthetic path-
ways suggests that factors preventing degradation of the 
AsA level in RIL46 could be higher substrate availability, 
enhanced expression of some of the biosynthetic genes, and 
AsA synthesis via the Zn-independent myo-inositol path-
way. Limited substrate availability, reduced enzyme activ-
ity (especially PMI) and the lack of induction of the myo-
inositol pathway may be the cause for the decline of the 
AsA pool in the sensitive line IR74.

Hypothesis 2: insufficient AsA recycling leads 
to degradation of AsA in the intolerant genotype, but not 
in the tolerant one

This hypothesis implies that Zn deficiency causes exces-
sive production of ROS exhausting the recycling capac-
ity of the AsA–glutathione cycle, and consequently leads 
to catabolism of DHA and accumulation of products such 
as oxalate and threonate. The recycling enzyme DHAR 
influenced the AsA poolsize in transgenic gain-of-function 
mutants of tobacco and maize (Chen et  al. 2003; Naqvi 
et al. 2009). In our study, the activity of this enzyme was 
slightly increased by Zn deficiency, but no genotypic dif-
ferences were observed (Supplementary Table S2). This is 
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in agreement with a previous study, in which all enzymes 
of the AsA–glutathione cycle were measured in the same 
genotypes as used in this experiment, and none of them 
showed enhanced activity in RIL46 (Frei et  al. 2010b). 
Glutathione forms the redox partner of AsA in the AsA–
glutathione cycle (Noctor and Foyer 1998). Its concentra-
tion and its precursor glycine (Noctor and Foyer 1998) 
were strongly induced by Zn deficiency on the second sam-
pling day in IR74, but were almost unaffected in RIL46 
(Fig. 5). This pattern is congruent with the stress response 
concept proposed by Tausz et  al. (2004), in which a first 
initial response of the glutathione system is followed by an 
acclimation step, leading to a new steady state. This accli-
mation step may be represented in the present study by the 
second sampling day in IR74 (Fig. 5), because glutathione 
concentration increased in parallel with the stress level. A 
continuously high level of stress subsequently may have 
caused degradation of the glutathione-dependent redox sys-
tem, which was represented by decreased glutathione con-
centrations on the third sampling day. Therefore, we sug-
gest that high glutathione concentrations reflect a typical 
early stress indicator, but do not significantly contribute to 
tolerance.

If DHA is not recycled to AsA by enzymatic reduction, 
it is catabolized to compounds such as oxalate and thre-
onate (Parsons et al. 2011). Some evidence exists that these 
catabolic pathways also exist in rice (Guo et al. 2005). As 
opposed to the above-mentioned hypothesis, a decrease 
instead of an increase in these products of AsA catabolism 
was found in the −Zn treatment. In other words, plants 
(especially the sensitive genotype) stimulated AsA recy-
cling, but there was no indication of DHA catabolism due 
to exhaustion of the recycling capacity. As we do not find 
evidence for our second hypothesis, we conclude that AsA 
catabolism is unlikely to contribute to the decline of the 
AsA pool under low Zn stress.

Other tolerance factors

Ascorbic acid is the most abundant antioxidant in plants 
(Noctor and Foyer 1998). The genotypic differences in AsA 
metabolism (especially biosynthesis) elaborated above can, 
therefore, partly explain the differences in oxidative stress 
tolerance under Zn deficiency. However, our metabolic 
profiling revealed that other compounds involved in plant 
stress tolerance also showed genotypic differences, which 
may have contributed to tolerance in RIL46.

RIL46 maintained a high trehalose level under Zn defi-
ciency, while IR74 showed a constantly lower level under 
Zn deficiency (Table 2). The antioxidant disaccharide tre-
halose protected membranes and macromolecules under 
drought stress as a compatible solute (Rontein et al. 2002), 
and conferred tolerance to multiple stresses in rice (Garg 

et al. 2002). Plants with higher trehalose content were also 
able to maintain a higher photosynthesis level, which is 
consistent with the proposed role of trehalose as a sugar-
sensing and carbohydrate metabolism-modulating metabo-
lite (Goddijn and van Dun 1999). There is also an evidence 
that trehalose can scavenge ROS directly under heat stress 
(Luo et al. 2008). However, it is still under debate if treha-
lose concentration in higher plants is sufficient to be con-
sidered as an active metabolite in stress protection (Wingler 
and Wingler 2002). Alternatively, the role of trehalose (or 
rather trehalose-6-P) in sugar signaling may be involved in 
stress reactions and contribute to tolerance (Avonce et  al. 
2004). Thus, the role of trehalose in stress tolerance should 
be further explored.

Proline has been well characterized as a stress toler-
ance factor under salt and drought stress (Ashraf and 
Foolad 2007). The fivefold higher concentration in RIL46 
under low Zn stress (Table 2) indicates that it may also be 
involved in tolerance to Zn deficiency. Apart from its func-
tion as an osmo-protectant, previous studies demonstrated a 
ROS scavenging function of proline (Matysik et al. 2002), 
and a stabilizing effect on key enzymes of the AsA–glu-
tathione cycle (Szekely et  al. 2008). A number of studies 
suggested important functions of proline in the antioxidant 
system rather than as a factor in osmotic adjustment (Tri-
pathi and Gaur 2004; Molinari et  al. 2007). For example, 
proline reduced lipid peroxidation in transgenic sugarcane 
plants overexpressing the Δ1-pyrroline-5-carboxylate syn-
thetase gene, which catalyzes the first part of the proline 
biosynthesis (Molinari et al. 2007). Moreover, overexpres-
sion of MIOX in rice induced a higher proline concentra-
tion and conferred enhanced tolerance to drought stress 
(Duan et al. 2012). Thus, an additional explanation for the 
tolerance of RIL46 could be a higher MIOX expression 
leading to an increased proline concentration.

With the exception of proline, alanine and methionine, 
all amino acids showed either higher accumulation in IR74 
under Zn deficiency or no significant difference between 
genotypes (Table  2). For example, asparagine concentra-
tions were substantially higher in IR74 under Zn defi-
ciency, which may indicate inhibited protein synthesis. It 
was shown earlier that Zn plays a role in regulating pro-
tein synthesis (Hossain et al. 1997) and Zn-deficient plants 
accumulated free amino acids, especially asparagine due 
to impaired protein biosynthesis (Possingham 1956; Kit-
agishi and Obata 1986; Cakmak et al. 1989). Thus, besides 
enhanced AsA metabolism, the ability to maintain protein 
synthesis could be an additional tolerance factor of RIL46 
under Zn deficiency.

In conclusion, our data suggest that the ability to 
maintain a high AsA pool is linked to tolerance to zinc 
efficiency in rice. Further experiments with AsA mutants 
will be necessary to determined whether differences in 
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AsA metabolism are a cause or an effect of zinc effi-
ciency. Moreover, the role of other putative tolerance 
factors such as sugar signaling (trehalose) or proline and 
their interaction with the AsA metabolism need to be fur-
ther explored.
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