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Abstract The fruit of Chinese jujube (Ziziphus jujuba)
possesses extremely high concentrations of ascorbic acid
(AsA). The accumulation of AsA, the expression patterns
of the nine genes related to AsA metabolism as well as the
activities of five enzymes involved in AsA synthesis,
oxidation and recycling were investigated during fruit
development in Z. jujuba Mill. ‘Jinsixiaozao’. The results
showed that the high level of AsA accumulation in jujube
fruit is due to a contribution from both AsA biosynthesis
and AsA recycling. It is suggested that L-galactono-1,4-
lactone dehydrogenase, ascorbate peroxidase and mono-
dehydro-ascorbate reductase are the crucial genes/
enzymes of jujube AsA synthesis, oxidization and
recycling, respectively. These results provide useful new
insights into the regulatory mechanisms of AsA accumu-
lation in Chinese jujube.
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1 Introduction

Ascorbic acid (AsA), also named as ascorbate or vitamin
C, is an essential metabolite for both plants and animals.
However, humans lack the ability to synthesize AsA, so
plants are the major source of dietary AsA for humans. In
plants, AsA is involved in expansion, division and
enlargement of cells, promoting the formation of apical
meristem, regulating flowering, fruit development and
senescence and many other physiological processest' /. It
is also an effective radical scavenger that is able to interact
with the reactive oxygen species!®. In fruits, AsA
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concentration has become a key indicator for quality
evaluation. The fruit of Chinese jujube (Ziziphus jujuba
Mill.), one of the native and main fruit species of China, is
an outstanding source of AsA. The AsA concentration of
jujube fruit is a few dozen times that of other common fruit
and even higher than kiwifruit!”! and understanding the
mechanism underlying the high accumulation of AsA in
Chinese jujube is important.

At least four distinct pathways for AsA biosynthesis
have been described in plants, including L-galactose (or
Smirnoff pathway)™®!, L-glucose pathway!®!, galacturonic
acid pathway!'” and myo-inositol pathway!''l. Among
the four pathways, the L-galactose pathway is thought to
be the dominant one for AsA biosynthesis in many
plantst'?""*1. To date, significant efforts have been made to
investigate AsA metabolism in various fruit species, such
as kiwifruit'®), apple!'”! and strawberry!'®), and the results
suggest that AsA concentration in fruit can be modulated
during fruit development.

We recently carried out a comparative genomic and
transcriptomic study in Chinese jujube after de novo
genome sequencing''” showed that the L-glucose pathway
is the predominant AsA biosynthesis pathway in Chinese
jujube, and the high vitamin C concentration in jujube fruit
can be attributed to high level expansion of the gene family
involved in this biosynthesis pathway (as in sweet
orange®”) and higher expression of the genes involved
in the recycling pathway (as in kiwi fruit®'). However, the
crucial genes involved in AsA accumulation and the
mechanism modulating AsA concentration during fruit
development in Chinese jujube are still unclear.

In this study, one of the most popular jujube cultivars
‘Jinsixiaozao’ was investigated. The AsA concentration,
the expressions of nine related genes and the activities of
five enzymes involved in AsA biosynthesis, oxidization
and regeneration were systematically analyzed at five
different fruit developmental stages. This study provides
insights into the distinct AsA metabolism in Chinese
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jujube and will be helpful to further genetic engineering
studies.

2 Materials and methods
2.1 Plant material

The fruit of Z. jujuba Mill. ‘Jinsixiaozao’ was sampled
from the National Jujube Germplasm Resources Nursery
(NJGRN) located in Taigu County, Shanxi Province,
China. The samples were harvested at five fruit develop-
mental stages, i.e., young fruit (stage I), pre-white ripening
(stage II), white ripening (stage III), half-red ripening
(stage IV) and full-red ripening (stage V). Three replicates
(each treatment contains 10 fruits) were taken at each stage
and the samples were immediately frozen in liquid
nitrogen and stored at —72°C for further analysis.

The fruit diameter and weight of 30 fruits at five stages
was also measured by caliper and electronic balance,
respectively. Fruit growth curves were drawn based on the
mean values.

2.2 Determination of AsA concentration with HPLC

AsA was extracted in metaphosphoric acid!”). Exactly 0.5 g
fresh fruit was used to prepare 50 mL of AsA solution in
0.1% metaphosphoric acid. This was loaded onto a
Reverse C18 column (250 mm x 4.6 mm, .D. 5 um)
and eluted at 1 mL-min' at 25°C. The mobile phase was
0.02 mol-L™" phosphate buffer solution. AsA was
determined at 260 nm. AsA concentrations were deter-
mined by standard curve and expressed as mg per 100 g
FW. All samples were assayed three times and all
operations were conducted in the dark in order to prevent
AsA oxidation.

2.3 Total RNA isolation and cDNA synthesis

Isolation of total RNA was carried out as described in the
improved CTAB method®”. DNase I treatment was
applied to remove contaminating genomic DNA. The
quantity and quality of the RNA were verified by
measuring the absorbance spectrum with NanoDrop N-
1000 spectrophotometer (NanoDrop Products, Wilming-
ton, DE, USA) and were determined spectrophotometri-
cally by measuring the OD260/280 and OD260/230. First-
strand cDNA was performed using the TransScript First-
strand cDNA synthesis SuperMix AT301 (TransGen
Biotech, Beijing, China), according to the manufacturer’s
protocol.

2.4 gRT-PCR analyses

The gene ZjH3 was used as the internal control'**!. Gene-

specific primers were designed from the coding sequences
of other related genes using Primer Premier 5.0 software.
gRT-PCR was performed on a Bio-Rad iQ™S5 using
TransStart Top Green qPCR SuperMix AQ131, according
to the manufacturer’s instructions. Primer specificity was
determined by RT-PCR and melting-curve analysis. The
25 puL reaction system contains 12.5 pL of 2 x SYBR
Premix ExTaq™, 0.5 pL each of 10 umol-L ' primers,
10.5 pL dd H,O and 1 pL diluted cDNA. The thermal
profile for qRT-PCR was pre-incubated for 30 s at 95°C,
followed by 40 cycles of 5 s at 95°C, 10 s at 52°C and 10 s
at 72°C. Subsequently, a melting curve analysis was run
for one cycle from 55 to 90°C. Data from the individual
runs were collated using the 2**“* method®*). Values for
mean expression and standard deviation were calculated
from the results of three independent experiments.

2.5 Assay of enzyme activity

The crude extraction of L-galactono-1,4-lactone dehydro-
genase (GLDH) enzyme was prepared according to the
published method with some modification*™. A 1.0 g
sample was homogenized in 10 mL of 0.1 mol-L™'
potassium phosphate buffer (pH 7.4) containing
0.4 mol-L™" sucrose, 10% (v/v) glycerol, 0.1 mmol-L"'
phenylmethanesulfonyl fluoride, 0.3% (v/v) mercaptoetha-
nol and 2% (w/v) polyvinylpyrrolidone. The homogenate
was centrifuged at 500 g for 20 min at 4°C to collect
supernatant, and then the supernatant was centrifuged at
12 000 g for 15 min at 4°C. The resulting pellet was
suspended in 3 mL 0.1 mol- L' phosphate buffer (pH 8.0)
containing 5 mmol-L " glutathione, 1 mmol-L ' EDTA
and 10% (v/v) glycerol and centrifuged again at 2 000 g for
10 min at 2°C. The supernatant containing crude
mitochondrial protein was used to determine GLDH
activity.

GLDH activity was assayed by following the reduction
of cytochrome c¢ at 550 nm at 25°C. The reaction
mixture (1.5 mL), containing 60 mmol-L™" cytochrome c,
1 mmol-L" sodium azide, 2.5 mmol-L™' L-galactose,
0.1% (v/v) Triton X-100 and 0.1 mL of the enzyme extract
in the 50 mmol-L™" Tris-HCI (pH 8.5), was pre-incubated
at 27°C for 5 min. Subsequently reduction of cytochrome ¢
was monitored by the increase in absorption at 550 nm.
One unit of enzyme was defined as the reduction of
1 mmol-L™' cytochrome ¢ per minute.

The crude extraction and determination of ascorbate
oxidase (AO) followed the method of Esaka®®! and
dehydroascorbate reductase (DHAR), monodehydroascor-
bate reductase (MDHAR), ascorbate peroxidase (APX)
previously published methods®®"1.

Each treatment was replicated three times with each
sample measured three times. Results were represented as
the means and standard deviation.
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3 Results

3.1 Variation of ascorbic acid concentration during fruit
development

AsA concentration in jujube fruit fluctuated between 600
and 800 mg per 100 g FW during fruit development
(Fig. 1a) and there were major changes in the activities of
metabolic enzymes (Fig. 1b). In the rapid fruit growth
period, from young fruit stage to pre-white ripening stage
(Fig. 1a), AsA concentration increased slowly and reached
a peak before the white ripening stage. Then, AsA
concentration decreased rapidly at later fruit development
stages. After the half-red ripening stage, AsA concentra-
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tion showed a small increase, reaching 705 mg per 100 g
FW at the full-red ripening stage.

3.2 Expression profiles of genes involved in ascorbic acid
metabolism

Nine genes related to Vc metabolic pathways were cloned
and their expression studied (Fig. 2). Eight genes related to
AsA metabolism were isolated by homologous gene
cloning methods using the relevant data from the
jujube genome, i.e., GDP-D-mannose pyrophosphorylase
(ZjGMP, accession number KJ934995), GDP-mannose
3',5'-epimerase (ZjGME), GDP-L-galactose phosphorylase
(ZjGGP); L-galactose-1-P phosphatase (ZjGPP, accession
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development (b). a’, b’, ¢’ and d’ mean the significant level at 5%. I, young fruit stage; II, pre-white ripening stage; III, white ripening stage;

1V, half-red ripening stage; V, full-red ripening stage.
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Fig. 2 Relative expressions of genes involved in AsA biosynthesis and recycling in jujube fruit. Enzymes studied were: GDP-D-
mannose pyrophosphorylase (GMP), GDP-mannose 3',5'-epimerase (GME), GDP-L-galactose phosphorylase (GGP); L-galactose-1-P
phosphatase (GPP), L-galactose dehydrogenase (GLDH), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase
(DHAR), ascorbate peroxidase (APX), ascorbate oxidase (AO). I, young fruit stage; II, pre-white ripening stage; III, white ripening stage;

IV, half-red ripening stage; V, full-red ripening stage.
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number KJ739593), L-galactose dehydrogenase
(ZJGLDH), ascorbate oxidase (Zj40), dehydroascorbate
reductase (ZjDHAR), and monodehydroascorbate reduc-
tase (ZJIMDHAR). These genes belong to three groups,
synthetic genes (GMP, GME, GGP, GPP, GLDH), oxidic
genes (MDHAR, DHAR) and recycling genes (APX, AO).
Further analysis indicated that the amino acid sequences
predicted from these genes possessed high homology with
the respective sequences in other plants.

The expression of the above nine genes in flesh fruit
were examined and all showed significant variations
during fruit development. Among the five synthetic
genes, only GLDH showed an expression pattern similar
to the variation in AsA concentration. Of the two recycling
genes, the DHAR expression level showed a similar change
to the AsA concentration, and MDHAR expression kept
increasing during the whole fruit development period,
which might help in maintaining the high level of AsA in
jujube fruit. In the case of the two oxidic genes, the
expression level of APX increased uniformly, while 4O
expression remained stable except for a rise at the pre-
white ripening stage. The resulting changes in AsA
concentration were a consequence of interactions among
synthetic, oxidic and recycling genes and their encoded
enzymes. Among the nine genes, GLDH, DHAR, MDHAR,
APX and AO are more important for AsA accumulation in
jujube fruit. In view of this, the enzymes of the five genes
were chosen for further analysis of enzyme activities.

3.3 Activity changes of five selected enzymes

The enzyme activities of GLDH, MDHAR, DHAR, APX
and AO during fruit development were analyzed by
spectrophotometry (Table 1). The result showed that
DHAR activity remained low, and the activities of the
other four enzymes changed significantly. Of the four
enzymes, GLDH activity showed a similar change to the
AsA concentration whereas the activities of MDHAR,
APX and AO were higher at the later stages. GLDH,
MDHAR, APX and AO appeared to contribute to AsA
accumulation, and the former three, i.e., one synthetic
enzyme GLDH, one recycling enzyme MDHAR, and one
oxidic enzyme APX, were more important.

Table 1 Changes in the activity of five selected enzymes during jujube fruit development

4 Discussion

AsA concentrations in higher plants are controlled by a
dynamic balance between biosynthesis, oxidation and
recycling. AsA is not a stable metabolic product and can be
oxidized to monodehydroascorbate (MDHA) and dehy-
droascorbate (DHA) by APX and AO. MDHA and DHA
could also be enzymatically reduced to AsA by MDHAR
and DHAR®!. Recently, significant efforts have been
devoted to investigating the regulation of ascorbate in
fruits!?®**!. The importance of MDHAR and DHAR in
controlling AsA levels in plant tissues has been demon-
strated in transgenic plants by overexpressing these two
enzymes>**. This is judged to have led to a huge
increase of ASA concentrations through improving the rate
of AsA recycling. In plants, whether AsA is in the reduced
state, or DHA and MDHA in the oxidized states, both
originate from the synthesis of AsA. In other words, AsA
synthesis is the basis of its accumulation. Our research
indicated that GLDH/GLDH might be the key gene/
enzyme of AsA synthesis in Chinese jujube. However,
reduction of GLDH activity by RNA interference in
tomato did not alter the L-ascorbate synthesis capacity in
the transgenic plants®®). Thus, further experimental work
at the post-transcriptional and translational levels is
required to understand the regulatory mechanisms of
AsA synthesis in Chinese jujube and other plants.

Apart from synthesis, the recycling pathway also
influences the accumulation of AsA. In the case when
the recycling speed surpasses the oxidation speed, the
difference causes the re-accumulation of AsA. Our results
showed that the expression of MDHAR and the activity of
MDHAR kept increasing during fruit development, while
DHAR expression and its activity decreased uniformly or
remained stable, indicating MDHAR/MDHAR is more
important and may be the key regeneration gene/enzyme in
AsA recycling of ‘Jinsixiaozao’. Turning to AsA oxidiza-
tion, in this study both the expression of APX and the
activity of APX increased uniformly during fruit develop-
ment, while 40/AO remained stable or relatively low,
indicating A0/AO has a limited role in the reducing of AsA
and APX/APX should be considered the key oxidic gene/
enzyme in AsA metabolism of ‘Jinsixiaozao’. It is worth

U~g1

Fruit development stage

Enzyme

I I 11 v A
GLDH 2.52° 3.74% 2.04° 2.64° 1.86°
MDHAR 1.46° 1.62° 2.26° 2.50° 2.38°
DHAR 0.82 0.76° 0.92° 0.98° 0.70°
APX 2.40° 226" 1.88° 2.48° 3.12°
AO 0.46° 0.52° 1.28° 1.36° 1.51°

Note: I, young fruit stage; II, pre-white ripening stage; III, white ripening stage; I'V, half-red ripening stage; V, full-red ripening stage. a, b and ¢ mean the significant

level at 5%. Enzyme abbreviations are as defined in the legend to Fig. 2.
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noting that AsA-related enzymes, such as AO, APX,
MDHAR, and DHAR are normally encoded by genes from
multigene families, therefore choosing the key highly
expressed genes should be considered in related studies.

5 Conclusions

In this research, we analyzed the accumulation dynamics
of AsA during ‘Jinsixiaozao’ fruit development together
with the gene expression profiling of AsA metabolism and
the activity variations of related enzymes. GLDH, APX and
MDHAR were considered as the key genes of jujube AsA
synthesis, oxidization and recycling, respectively. These
results provide useful new insights into the regulatory
mechanisms of jujube AsA. However, more jujube
cultivars need to be looked at to confirm these results in
further studies.
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