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Abstract

Tocopherol cyclase (VTEL) plays a key role in promoting the production of tocopherol and
increasing vitamin E content in plants. J'VTE1 gene isolated and cloned from walnut was
transformed into genome of sour jujube (Zizyphus jujuba Mill. var. spinosus Hu.) by
Agrobacterium tumefaciens. Putative transgenic lines were checked by polymerase chain
reaction (PCR). The content of tocopherol of the transgenic plants were determined by high
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performance liquid chromatography (HPLC). Compared to the non-transgenic sour jujube
plants, the total content of tocopherol in transgenic plants was markedly increased in all
tested tissues including the stems and leaves.
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1. Introduction

Sour jujube (Zizyphus jujuba Mill. var. spinosus Hu.) is a wild fruit tree originated from
China, it is widely distributed in central and north of China (Li et al., 2000). Being rich in
vitamin C and minerals in fruit and seed, sour jujube fruits can be used as edible food and
traditional Chinese medicine. Sour jujube is good rootstock of cultivated jujube (Zizphus
jujube Mill.), because it has high resistant to cold and drought, tolerant to saline-alkali and
more developed roots.

There were a few reports on Agrobacterium-mediated transformation in jujube. Gu et al.
(2008) reported the Agrobacterium-mediated transformation in winter jujube using shoot tips
as receptors and the transformation frequency was 5.2%; Luo et al. (2015) and Guo et al.
(2016) reported the Agrobacterium-mediated transformation in ‘Huping” jujube using stem
segments as receptors and the genetic transformation rate was 1.52 % and 1.83%,
respectively; He et al. (2003) reported that the transformation frequency of ‘Chalingsha’
jujube were 2.4% and 4% respectively when using young stem segments and hypocotyls as
receptors. But Agrobacterium-mediated transformation of sour jujube has not been reported.

Vitamin E, synthesized only by photosynthetic organisms, is obtained mainly from vegetable
oils, nuts, cereals, green vegetables, fruits and oil seeds, and y-tocopherol is the major form in
seeds. the tocopherol cyclase (TC, VTE1]) has been reported to be the key enzyme that
catalyzes conversion of 2,3-dimethyl6-phytyl-1,4-benzoquinone (DMPBQ) to y-tocopherol
and promotes the production of y-tocopherol and the total vitamin E content (Kanwischer et
al., 2005; Vidi et al., 2006; Wang et al., 2015). The purpose of this study is to develop
genetically modified sour jujube plants that will improve the Vitamin E content of sour jujube
fruit. For such genetic engineering, Tocopherol cyclase gene (JrVTE1l) was isolated and
cloned from walnut. A stable plant regeneration protocol from leaf explants of ‘Taishan’ sour
jujube (Wang et al. 2009) had been established. Transgenic plants of JrVTE1 gene were
obtained and HPLC analysis showed highly Vitamin E content expressed in stems and leaves.

2. Materials and Methods
2.1 Plant material and Culture Condition

In vitro shoot cultures of ‘Taishan’ sour jujube were proliferated and maintained on a
multiplication medium (MM): MS basal medium containing 2 mg/LL BA, 0.4 mg/L IBA, 30
g/L sucrose, the pH was adjusted to 5.8 before autoclaving (120 °C, 20 min). The cultures
were grown at 25 °C with a photoperiod of 16-h light (40 umol m™ s, as provided by
cool-white fluorescent light) and 8-h darkness.

2.2 Shoot Regeneration From Leaf Explants and Determination of Phytotoxic Levels of
Selective Antibiotic
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Expanding young leaves were excised from 3- to 4-week-old proliferation shoot cultures,
wounded by several transverse cuts, and placed on an induction medium I (IMI): WPM basal
medium containing 1.0 mg/L TDZ and 0.5 mg/L IBA. The leaf explants were cultured in dark
condition for 4 weeks on IMI, and then transferred to induction medium II (IMII): WPM
basal medium containing 0.5 mg/LL. GA3 and 0.1 mg/L IBA and cultured under the 16/8h
photoperiod for shoot bud elongation.

In a separate study, expanding young leaves were cultured onto IMI containing different
levels of Kanamycin monosulphate (Km): 5, 10, 25, 50 mg/L for 4 weeks, then transferred
onto IMII containing the same concentration of Km as IMI. Km was filter-sterilized and
added to the autoclaved media after the media had been cooled to 50 °C prior to solidification.
The appropriate level of Km for selection of transformants was determined as the lowest
concentration that completely inhibited regeneration from non-transformed leaves or
produced white shoot from micropropagation. The shoot regeneration rate was recorded after
8 weeks of culture.

2.3 Agrobacterium-Mediated Genetic Transformation

The target gene JrVTE1 was isolated from walnut (Juglans regia). J’'NTE] was cloned and
recombined into vector pRI101 (TaKaRa, Dalian, China) to create vector pRI101-JrVTE1
and confirmed by sequencing, and neomycin phosphotransferase II (NPTII) was used as a
marker gene for the selection of transgenic tissue (Figure 1). Agrobacterium strain AGL1 was
used as the host for the vector pRI101-JrVTEL. The culture of A. tumefaciens was grown
overnight (200 rpm, 28 °C) in liquid LB medium with 0.5% glucose. Bacterial cells were
collected by centrifugation for 10 min at 1500 g and then pellet was re-suspended and diluted
to OD600 value of 0.6 with liquid co-culture medium (liquid IMI containing 20uM of
acetosyringone (AS).

—1 CaMV35s —{ AtADS5'-UTR —‘ JrVTEL ‘— NPTII  —  NOST —‘

RB | LB

Figure 1. Schematic representation of T-DNA region of binary vectors pRI101

RB: right border; CaMV35S: caulifiower mosaic virus 35S promoter; AtADS0-UTR: the
enhancer of JrVTEl expression; JrVTEL: tocopherol cyclase gene; NPTII: neomycin
phosphotransferase II; NOST: nopaline synthase gene terminator; LB: left border.

Expanding young leaves, wounded in advance, were immersed in bacterial suspension for
20-30 min with gentle shaking at 28 °C. The infected leaves were blot dried on sterile filter
paper to remove excess bacteria. Co-cultivation of Agrobacterium cell and leaf explants on
liquid co-culture medium was carried out according to the method described by Sun et al.
(2011) in the dark at 25 °C for three days. After co-cultivation, the explants were washed 4-5
times with sterile deionized water and two times with liquid pre-selection medium (IMI with
100 mg/L carbenicillin (Carb) and 100 mg/L cefotaxime sodium salt (Cef), and then were
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blot dried and transferred to solid pre-selection medium for a three-day culture in the dark at
25 °C. The explants were, in turn, incubated every one week onto selection medium I
(pre-selection medium with Km) till cultured 3 weeks before exposure to the light. The
explants were then transferred to selective medium II (pre-selection medium with Km) and
cultured for 3 weeks before exposure to light, and then were transferred to selective medium
IT (IMII with 100 mg/L Carb, 100 mg/L. Cef and Km) and sub-cultured every 1 weeks till
adventitious shoots formed. Theses adventitious shoots were transferred to MM with 100
mg/L Carb, 100 mg/L Cef and 50 mg/L. Km for micropropagation and further selection to
eliminate any remaining Agrobacterium cells. Every survived single shoot was individually
marked and were propagated and gave rise to individual putatively transgenic lines.
Transformation rate was calculated as the percentage of the Km-resistant green shoots (can
grow and survive both on selection medium and MM containing 25 mg/L. Km) that produced
from total infected leaf explants.

2.4 PCR Analysis of Transgenic Lines

Genomic DNA was extracted from leaves of putative transgenic lines and non-transgenic
(control) plantlets using a modified CTAB method. The sequences of the PCR primers were
as follows:

5'-CGCCATATGTCGAGGGGCCTATC-3'
5'-CGCGTCGACCTAAAGACCAGGGGGT-3'

The PCR conditions were at 95 °C for 3 min, 30 cycles at 94 °C for 20 s, 54 °C for 20 s and
72 °C for 2 min, and the last step was at 72 °C for 5 min. The amplification products were
separated by electrophoresis on 1% agarose gels. Molecular weights were estimated using
DNA marker DL2000 as a standard.

2.5 Determination of Tocopherols by HPLC

leaf and stem from transgenic plantlets were analyzed for tocopherols levels by HPLC
performed on a LiChrospher Si-60 column (5 m) (Merck, Germany), using a UV detector
(Shimadzu, 10AVP, Japan). Tocopherol (a-, B-, y-and -6) was used as internal standard. Peaks
of a- and y- in experimental samples were identified by comparison with elution times of
standards. - and 6-tocopherol was not detected in any tissue in this test.

3. Results
3.1 Regeneration Potential of Leaf Segments Under the Stress of Km

Sour jujube leaves were found to be very sensitive to the presence of Km in the medium. At
lower Km concentration 5 mg/L, the callus formation rate was reduced by 33.3%, and shoot
regeneration rate reduced by 80% (Table 1). Km concentration at 15 mg/L, the leaf explants
could form a small amount of callus blocks (callus formation rate was 7.14%), but could not
differentiate into adventitious buds. When the concentration of Km was higher than 25 mg/L,
the formation of callus and adventitious buds was completely inhibited, and the explant
gradually became bleached and died. Therefore, 25 mg/L Km was used for selecting putative
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transformed shoots during adventitious shoot regeneration from leaf explants.

Table 1. Sensitivity of leaf explants of sour jujube to kanamycin

Concentration of kanamycin (mg/L) Callus induction rate (%) Shoot induction rate (%)

0 100 96.7c
5 66.7 16.7b
15 13.3 Oa
25 0 Oa
50 0 Oa

3.2 Genetic transformation and PCR Analysis of Putative Transgenic Plants

Leaf tissues were inoculated with Agrobacterium, following co-cultivation, pre-selection,
finally transferred to selection medium (Figure 2, A). Approximately 32% of the leaf explants
produced excisable shoots (2-3 mm) on selection medium I (Figure 2, B). And then 23
regenerated Km-resistant shoots were obtained from the selection medium II (Figure 2, C).
Theses shoots were transferred to MM with Km for micropropagation and further selection. It
was found that a few shoots became white and could not survive under the stress of Km
(Figure 2, D), finally died and discarded. Only 9 Km-resistant green shoots were obtained
through the third selection.

Figure 2. Plant regeneration from leaf explants of ‘Taishan’ jujube after infection with
Agrobacterium

A. Leaf explant on selection medium I after co-cultivation. B. Shoot formation from the leaf
explant on selection medium I after co-cultivation. C. Selected putative transformed plantlets.
D. non-transgenic sour jujube shoot became white and died on MM containing Km.
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PCR analysis showed that a DNA fragment corresponding to the JrVTEI gene (1353 bp) was
amplified from genomic DNA isolated from leaves of some putative transformed plants
(Figure 3, lanesl-3, 5). No amplification product was detected from DNA samples of the
non-transformed control (Figure 3, lane 6). Results of PCR analysis preliminary proved that
the JrVTE1 gene was integrated into the plant genome. Seven of 9 Kan-resistant plants were
detected to be positive and the transformation rate was 5.83%.

Figure 3. PCR analysis of putative sour jujube transgenic plants

Lane M: DL2000 DNA marker. Lane 1-5: putative transformed plants. Lane 6:
non-transformed control.

3.3 The Content of Tocopherol of Transgenic and Non-Transgenic Sour Jujube Plants

Overexpression of Jr'VTE] increased tocopherol content in tested tissues of the stems and
leaves of transgenic sour jujube (Figure 4). The a- tocopherol content in the leaves and stem
of transgenic lines were higher than non-transformed control. The a- tocopherol content was
increased by 7.25 pg/g in leaf of transgenic sour jujube line 3 and by 3.04 pg/g in stem of
transgenic sour jujube line 2, respectively. A small amount of or no y-tocopherol was detected
in stem of non-transformed control, but the y-tocopherol content in stem of the 4 transgenic
lines were range from 2.93 to 4.01 pg/g. The total tocopherol content (sum of the content of
a- and y- tocopherol) in the stem of the transformants was 30%-104% higher than the
non-transformed control.
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Figure 4. Tocopherol content of transgenic and non-transgenic sour jujube plants

3. Discussion

The present study established a protocol for Agrobacterium tumefaciens-mediated genetic
transformation of sour jujube using leaf explants. Through the establishment of high
frequency regeneration system of leaf and kanamycin sensitivity tests, a stable and efficient
gene transformation receptor system for sour jujube was set up, which laid a sound
foundation for Agrobacterium-mediated transformation by means of leaf disc method. In
preliminary experiments, different basal medium, cytokine combinations and induction step
were tested, and the high frequency shoot regeneration systems by two-step induction from
leaf explants of ‘Taishan’ sour jujube has been established (Wang et al., 2009). The highest
frequency of shoot regeneration was 100% by the two-step induction, and this shoot
regeneration protocol was successfully used for Agrobacterium tumefaciens-mediated genetic
transformation. Furthermore, in order to determine the appropriate concentration of selection
agent to effectively screen transformed shoots, leaf explants were cultured on IMI and then
on IMII supplemented with different concentrations of Km. The formation of callus and
adventitious buds was completely inhibited when the concentration of Km was higher than 25
mg/L, so the concentration of Km was maintained at 25 mg/L in all selection medium during
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the transformation experiments. Zhang et al. (2018) reported that 50 mg/L. Km was used for
selecting putative transformed shoots generated from hypocotyls and cotyledons of
‘Fengmiguan’ jujube, while 125 mg/L Km was used as the screening concentration of ‘Jun’
jujube callus (Feng et al., 2014).

For successful production of transgenic plantlets, co-cultivation is one of the most important
steps for Agrobacterium-mediated transformation of plants. In the early study, we
investigated the effect of co-cultivation medium state, liquid versus solid, on transformation
efficiency of pear cultivar (Sun et al., 2011), and find out that co-cultivation with liquid
medium yielded more green shoots and resulted in a higher transformation rate comparing to
that obtained from solid co-cultivation medium. The same method of co-cultivation with
liquid medium was also applied to the genetic transformation of sour jujube cultivar ‘Taishan’
and satisfied results are obtained.

In present study, 9 Km-resistant shoots were obtained through the selection and 7 of those
plants were detected to be positive by PCR amplification, and the transformation percentage
was 5.83%. There were a few reports on Agrobacterium-mediated transformation in jujube,
the transformation efficiency is not high enough to produce a large number of transgenic
plants. He et al. (2003) reported that the regeneration rating of the adventitious buds from
young stem segment and hypocotyls of ‘Chalingsha’ jujube were over 90%, and the
transformation frequency were 2.4% and 4% respectively. Gu et al. (2008) reported the
Agrobacterium-mediated transformation of shoot tips of winter jujube and the transformation
frequency was 5.2%. Luo et al. (2015) and Guo et al. (2016) reported the
Agrobacterium-mediated transformation of stem segment of ‘Huping’ jujube, and the genetic
transformation rate was 1.52 % and 1.83%, respectively. In this study, the transformation with
the Jr'VTE1 gene markedly increased the total content of tocopherol in the tested tissues
including the stems and leaves of transgenic sour jujube. Previous studies reported that
overexpressing VTEI can enhance tolerance of plant to the drought (Liu 2008) and salt stress
(Ouyang 2011). Therefore, abiotic stress tests of transgenic sour jujube plants overexpressing
JrVTELI gene would be carried out in our further work.
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Glossary
AAB Device: an equipment for sky.
KKD Device: an equipment for shipping.
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