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Abstract: Persimmon (Diospyros kaki Thunb.) is an important fruit crop in East Asia and has great
commercial potential due to the high demand for fresh edible fruits or processed dried persimmon, as
well as its being a source of raw materials for the chemical industry. Genetic engineering has shown
great potential in persimmon fruit improvement and compensated for the limitations of conventional
breeding. In this study, we developed an efficient transformation system and in vivo regeneration
protocol by using the leaf disc culture of ‘Gongcheng Shuishi’ persimmon through the optimization
of different basic media and hormone combinations. Based on the secondary induction system on
1/2DKW (DKW medium) + ZT (2.0 mg/L) + TDZ (0.5 mg/L) and MS (1/2 N) + ZT (2.0 mg/L) +
IAA (0.1 mg/L), the callus induction rate and adventitious bud induction rate were 96.0% and 94.0%,
respectively, and RNA interference of DkANR (ANR, anthocyanidin reductase) was achieved after
transformation, thus resulting in a reduction in proanthocyanidin accumulation. The GFP (green
fluorescent protein) fluorescence signal was visualized in the transgenic seedlings with GFP gene
cotransformation. A total of 17.9% of the positive regenerated transgenic seedlings with empty vector
were confirmed by both hyg gene and 35S promoter PCR analysis. Southern blotting assays showed
that 20 positive transgenic persimmon seedlings were obtained from 135 regenerated transformants
derived from DkANRi. Altogether, a reliable and highly efficient transformation system was achieved
in persimmon, which may contribute to gene function identification and genetic improvement in
the future.

Keywords: Agrobacterium; Diospyros; anthocyanidin reductase; GFP; proanthocyanidin; transformation

1. Introduction

Persimmons (Diospyros kaki Thunb.; 2n = 6x = 90 or 2x = 9x = 135) are a kind of decidu-
ous perennial woody fruit tree that originated in China and have a 2000-year cultivation
history. Persimmons belong to the family Ebenaceae, which contains nearly 500 species [1].
Persimmon production in China accounts for 76.04% of the world’s production (FAO-
STAT, 2021). Persimmon cultivars are classified into two groups according to the genetic
characteristics of natural deastringency: pollination constant and nonastringent (PCNA)
persimmons that are controlled by qualitative loci, and non-PCNA types that are controlled
by quantitative loci. The former is divided into Chinese PCNA (C-PCNA) and Japanese
PCNA (J-PCNA), and the trait of natural deastringency of C-PCNA is dominant but re-
cessive in J-PCNA. Non-PCNA types include the pollination variant and nonastringent
(PVNA), the pollination variant and astringent (PVA) and the pollination constant and
astringent (PCA) type [2]. At present, most commercial cultivars belong to astringent (PCA
type) landraces in China. PCNA-type persimmon is attractive because their fruits can
lose their astringency on the tree naturally and be eaten directly without extra artificial
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deastringency treatment after harvesting. PCNA-type persimmon fruits are suitable for
fresh consumption, long-term storage, and transportation. As conventional breeding is
seriously hindered by the long juvenile period and polyploidy properties of persimmon,
genetic transformation presents an advantage in the rapid introduction of foreign genes to
existing cultivars with small specific changes in the genome [1].

Proanthocyanidins (PAs) are important secondary metabolites in higher plants. As
there is a large amount of PAs accumulation in persimmon fruits compared with other
fruit trees, the PAs biosynthetic pathway and the process of natural deastringency have
become interesting issues in persimmon studies [2]. With the increasingly abundant data
from genome [3], transcriptome, proteome [4,5], and miRNA sequencing [6] in persimmon,
a large number of important differentially expressed genes (DEGs) have been screened
and isolated, but their functions need to be further verified. Some research on in vitro
regeneration and genetic transformation has been carried out by explants of Japanese
persimmon [7–9] and rootstock D. lotus [10]. The phenotype of the transgenic lines pre-
sented remarkable changes, such as plant dwarfing [7,11] and rooting ability reduction [7],
salt stress or other environmental stress tolerance enhancements [12–14], and the down-
regulation of polygalacturonase biosynthesis [15]. To date, only a few reports on het-
erozygous genes from other plant species have been introduced into J-PCNA persimmon
by stable transformation. There are few functional identifications of genes derived from
persimmon itself by a stable genetic transformation in persimmons. The regeneration rate
and positive rate concerning transformation in persimmon need to be improved because
the high PAs content notably results in brown calli and hindered plantlet growth (Table 1).

Table 1. Advancements of transgenic persimmon.

Donor Gene Acceptor Genotype Explants Total Time of
Callus Formation

Regeneration
Rate (Positive)% References

cryIA(c) J-PCNA ‘Jiro’ Leaf disc 2 months 2.1 (1.5) [8]

- J-PCNA ‘Saijo’ Hypocotyl
segments 4–5 months 27.0 (11.1) [9]

codA J-PCNA ‘Jiro’ Leaf disc - 20.0 [12]
S6PDH J-PCNA ‘Jiro’ Leaf disc - 3.5 (2.5) [13]
PGIP J-PCNA ‘Jiro’ Leaf disc 1 month 7.8 (5.5) [15]

LAC
C-PCNA‘Baogai Tianshi’,

‘Eshi 1’, non-PCNA
‘Mopanshi’

Leaves in vivo [16]

LAR
C-PCNA ‘Xiaoguo

Tianshi’, non-PCNA
‘Mopanshi’

Leaves in vivo [17]

ANR Non-PCNA ‘Gongheng
Shuishi’ Fruit discs [18]

To some extent, the transformation capabilities for woody plants are largely restricted
to successful efficient regeneration systems. In previous reports, explants from somatic
embryogenesis [19], leaf primordia, stem internodes, and the young leaves of adult Japanese
persimmon ‘Jiro’ showed a high frequency of regeneration on Murashige and Skoog (MS)
medium with half of the normal concentrations of nitrogen-containing 10 µM zeatin (ZT),
1 µM 4PU-30 (forchlorfenuron) in combination with 0.1 µM indole-3-acetic acid (IAA), or
MS (1/2N) medium containing 0.03 to 0.1 µM IAA or 0.01 to 0.03 µM 1-naphthylacetic
acid (NAA) combined with 10 µM ZT in the dark [20]. The J-PCNA ‘Jiro’ persimmon
adventitious buds could be generated spontaneously and directly from the roots [21]. Of
all the tested plant growth regulators, 5–10 µM ZT in combination with 8–10 µM IAA
exhibited the best influence on stimulating the generation of adventitious buds in Japanese
persimmon micropropagation.

There are two leading commercial PCA persimmon cultivars, ‘Mopanshi’ and ‘Gongcheng
Shuishi’, distributed in northern and southern China, respectively. Although the study of
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adventitious bud regeneration has been reported in ‘Mopanshi’ (PCA type) from China [22],
the callus easily turns brown or black before generating adventitious buds, which tremen-
dously hinders the application of ‘Mopanshi’ for stable transformation. Currently, the
PCA persimmon ‘Gongcheng Shuishi’ is an important commercial cultivar in southern
China and accounts for nearly 30% of persimmon production in China. To date, there
have been no reports on regeneration and genetic transformation related to ‘Gongcheng
Shuishi’ persimmon, which is important for fresh or dried consumption. Meaningfully,
accompanying the development of molecular breeding and functional genomics research
on persimmon, the establishment of a stable genetic transformation system for traditional
Chinese persimmon cultivars is needed. A key gene, ANR (anthocyanidin reductase),
which is involved in PAs biosynthesis in plants [23–25], was used as an exogenous gene
in this study. The present work aimed to develop a practical in vitro regeneration and
Agrobacterium tumefaciens-mediated genetic transformation on ‘Gongcheng Shuishi’ persim-
mon, which will be further applied to identify the functions of the genes involved in PAs
metabolism or fruit development and the genetic improvement of persimmon.

2. Materials and Methods
2.1. Plant Materials

To remove endophytes and obtain in vitro shoots to induce adventitious buds and
leaves for gene transformation, the burgeon (5–10 cm) from vegetative shoots of ‘Gongcheng
Shuishi’ (Diospyros kaki Thunb.; PCA type) in the field were sampled and washed thoroughly
under running tap water for 15 min. Explants were further sterilized with 75% ethanol for
30 s, followed by 10 min of treatment with 1% NaClO. After surface sterilization, the buds
were rinsed three times with autoclaved deionized water to remove disinfectant residue
and then cultured onto two kinds of basal medium: MS (1/2 N) [7] or DKW [26] medium
plus different concentrations of ZT (zeatin) to induce adventitious buds (Table S1). The pH
of all media was adjusted to 5.8 before autoclaving at 121 ◦C for 15 min. The buds were
cultured under a 16 h/day photoperiod at 25 ± 2 ◦C.

2.2. Plant Growth Regulator Combinations for Shoot Multiplication

The buds gradually elongated, and when the shoot lengths reached 1.0 cm, they were
provided fresh-cut ends and transferred to MS (1/2N), or DKW medium supplemented
with 0.5 mg/L or 1.0 mg/L ZT and 0 or 0.1 mg/L IAA [10]. All the media contained 0.7%
agar, 3.0% sucrose, and 0.06% PVP-40 (Table S1). Each treatment was comprised of 50 tissue
culture seedlings and repeated three times. After two weeks, the plantlets were moved into
a new fresh subculture medium containing the same additive composition. After 30 days
of culture, the effectiveness of shoot induction for each treatment was determined by
recording the average number of shoots per explant and the number of differentiated buds.
The number of effective shoots was calculated by the formula: shoot number/cultured
seedling number. The leaves of those tissue culture seedlings were used for inducing callus
and adventitious bud regeneration and stable genetic transformation.

2.3. Regeneration and Rooting of Adventitious Buds

After pre-culture of leave by MS (1/2N) + 1.0 mg/L ZT + 0.1 mg/L IAA from in vitro
cultured shoot derive from burgon, two different solid callus induction media, MS (1/2N)
and 1/2DKW [26]. The infected leaf discs were subcultured in a medium containing ZT
(1.0 mg/L, 2.0 mg/L) and thidiazuron (TDZ) (0.5 mg/L) for 1 month for callus induction,
then transferred to fresh medium for adventitious bud regeneration (Table S1). After
40 days of culture, ZT (1.0 mg/L, 2.0 mg/L) and IAA (0.1 mg/L) were also examined to
obtain the optimal combination for adventitious bud induction, then the callus formation
rate and adventitious bud regeneration rate were recorded (Table S1). After the regenerated
shoots elongated to approximately 1.5 cm to 3.0 cm, they were transferred to a subculture
medium (Table S1) for positive detection.
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After more than 3 to 5 subcultures, individual shoots approximately 2.0 cm in length
were excised and transferred into 250 mL glass culture vessels containing 50 mL of MS
(1/2N) rooting induction medium supplemented with 2.0 mg/L IAA at 25 ± 2 ◦C in
the dark for 1 month and then cultivated in an experimental greenhouse under a 16 h
photoperiod at 25 ± 2 ◦C.

2.4. Agrobacterium tumefaciens-Mediated Gene Transformation

DkANRi constructs contain the silencing vector pH7GWIWG2 with the 5′ end se-
quences of the DkANR (accession no. AB195284.1) or EV (empty vector), and the pMS4
vector (containing the GFP gene) was transformed into Agrobacterium tumefaciens strain
GV3101 and used to infect explants [16]. The primers used for cloning are listed in Table
S2. The spectinomycin (spe)-resistance and hygromycin (hyg)-resistance loci labelled in
pH7GWIWG2 were used to select positive transgenic seedlings.

The leaves of ‘Gongcheng Shuishi’ in vitro culture shoots that were continuously
subcultured 4 times were sliced into leaf discs (1.0 cm× 1.0 cm) and cultured on pre-culture
leaf medium (Table S1) in darkness for 3 days at 25 ± 2 ◦C. The vector Agrobacterium
GV3101 containing the target vector DkANRi was added to 50 mL of Luria Bertani liquid
medium (pH 7.2) containing the corresponding antibiotic spectinomycin (no. CS10421,
Coolaber, Beijing, China) (50 mg/mL) and cultured at 28 ◦C in a shaker for 12–14 h at
220 r/min. Then, the overnight Agrobacterium culture was harvested at an OD600 of 1.6–1.8
and centrifuged at 5000× g for 5 min before being resuspended to an OD600 of 0.75 with
liquid infiltration medium [10 mmol MgCl2, 10 mmol 2-(N-morpholino) ethanesulfonic
acid (MES), and 150 µmol acetosyringon]. The cultures were incubated for 1–2 h at room
temperature before infiltration [16]. Then, leaf discs (1.0 cm × 1.0 cm) were transferred
into suspensions of Agrobacterium tumefaciens strain GV3101 containing DkANRi for 15 min.
Later, leaf discs were drained on sterile filter paper and moved into co-cultivation medium
(Table S1). After co-cultivation with Agrobacterium for 7 days at 25 ± 2 ◦C in the dark,
they were washed with sterilized water containing 400 mg/L cefotaxime sodium salt (no.
CC3251, Coolaber Ltd., Beijing, China) (Cef) 3 times. Finally, similar to the method in “2.3
Regeneration and Rooting of Adventitious Buds”, the leaf discs were moved to a callus
induction medium containing 400 mg/L Cef and 5 mg/L spectinomycin for callus induction
for 20 days and an adventitious bud regeneration medium containing 400 mg/L Cef and
5 mg/L spectinomycin for 1–2 months (Table S1). Adventitious buds were transferred to a
fresh selection medium every month, and they were sampled for positive detection and
PAs content analysis.

2.5. Green Fluorescent Protein Detection

The transgenic lines of pMS4 and control plants were used for detecting the GFP fluo-
rescence signal. The robust GFP fluorescence signal in the transgenic callus and seedlings
can be visualized under an in vivo imaging system (LB 985 Night SHADE). The excita-
tion/emission wavelengths for GFP are 488 nm/505–550 nm.

2.6. Molecular Detection of Transformants

The regenerated seedlings transformed with DkANRi and EV were subcultured
1–2 times for multiplication in subculture medium containing Cef (400 mg/L) and spe
(5 mg/L). Genomic DNA from the fresh leaves of putatively transformed plantlets and
control plants was isolated by a Dzup (Plant) Genomic DNA Isolation Reagent kit (San-
gon Biotech, Shanghai, China), and they were used for polymerase chain reaction (PCR)
detection to confirm whether the exogenous gene was integrated into the chromosome of
transformed ‘Gongcheng Shuishi’. The 711-bp coding region of the hyg gene was ampli-
fied using the primers Hyg-F and Hyg-R (Table S2). The 485-bp coding region of the 35S
promoter was amplified using the primers 35S-F and 35S-R (Table S2). In addition, two
primers, LB (LB-F, LB-R) and RB (RB-F, RB-R), the site that could not be recombined into the
plant genome for PCR detection to avoid false positives determination of Agrobacterium and
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tissue culture seedlings (Figure S1). The PCR conditions were as follows: 1 cycle of 94 ◦C
for 5 min; 30 cycles of 94 ◦C for 30 s, 60 ◦C for 30 s and 72 ◦C for 30 s; and a final extension
at 72 ◦C for 10 min (1 cycle). The amplified products were separated by electrophoresis in a
1.5% agarose gel and stained with ethidium bromide.

2.7. Southern Blotting Assay to Identify Positive Transgenic Plants

To further confirm positive transgenic plants, total genomic DNA was extracted
from plant leaves after transformation using the CTAB method [27]. Southern blotting was
conducted by the DIG-High Prime DNA Labelling and Detection Starter Kit II (11585614910,
Roche, Switzerland). Genomics DNA (15 µg each) of the transformed persimmon seedlings
and nontransformed persimmon seedlings were digested with Xba I. The digests were
separated on a 0.8% agarose gel and blotted to a nylon membrane (Hybond-N+, Amersham,
USA). The filter was probed with digoxigenin (DIG)-labelled coding regions of the hyg
gene [15].

2.8. RNA Extraction and cDNA Synthesis

Total RNA was isolated from frozen leaf samples using an RNAiso Plus* kit (TaKaRa,
Dalian, China). Three biological replicates were performed for each sample. cDNA was
synthesized from 1.0 µg of each RNA sample using the PrimeScript RT Kit with gDNA
Eraser (TaKaRa, Dalian, China).

2.9. Quantitative Reverse Transcription PCR (qRT–PCR)

The PCR mixture (10 µL total volume) included 5 µL of SYBR Premix Ex Taq II (TaKaRa,
Dalian, China), 3.5 µL of ultrapure deionized H2O, 1.0 µL of diluted cDNA (200 ng/µL),
and 0.25 µL of each primer (10 µM) (Table S2). The thermal profiles were 95 ◦C for 5 min,
followed by 45 cycles of 95 ◦C for 5 s, 58 ◦C for 10 s, and 72 ◦C for 15 s. Each sample
was assayed in quadruplicate, and DkActin (accession no. AB473616) was used as the
internal control.

2.10. PAs Content Determination

Both soluble and insoluble PAs contents were measured by the Folin–Ciocalteu
method [28]. The absorbance spectra of the samples were detected using a UV spec-
trophotometer at 725 nm, and a standard curve of tannic acid at various concentrations
was drawn to quantify the PAs content of the samples.

In addition, the PAs content of persimmon fruit discs was also detected by staining
with DMACA (4-dimethylaminocinnamaldehyde) solution (0.6% DMACA and 1% 6 N
HCl in methanol) [29]. The transformed discs were decolorized for 2 h in 30% (v/v) acetic
acid in ethanol, washed with 75% ethanol, and then dyed blue in DMACA solution for
2 min. A visual deeper blue colour indicated a higher PAs content.

3. Results and Discussion
3.1. The Primary Culture and Subculture Proliferation of ‘Gongcheng Shuishi’

In vitro tissue culture is a tool for enhancing cultivation through massive vegetative
propagation (e.g., direct regeneration from dormant buds and shoot tips) and indirect
organogenesis from calli obtained from meristematic tissue and leaves. In this study, to
obtain the culture tissue seedlings of ‘Gongcheng Shuishi’, the axillary buds sampled from
vegetative shoots of ‘Gongcheng Shuishi’ were cultured in primary culture medium for
one month. The axillary bud was a common explant for the primary culture in persim-
mon [30]. The frequency of the surviving buds indicated that the ZT concentration had no
obvious influence on the germination rate in MS (1/2N) medium (Figure 1A, B). When the
concentration of ZT was 1.0 mg/L, the germination rate of the axillary bud was higher in
DKW medium than in MS (1/2N) medium. The bud germination rate in the DKW medium
with ZT 1.0 mg/L (63.7%) was significantly higher than in MS (1/2N) medium containing
ZT (1.0-4.0 mg/L) (Figure 1A,B). Moreover, the callus grew slowly and was smaller in the
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DKW medium than in the MS (1/2N) medium (Figure 1A), suggesting that DKW was more
suitable for bud germination.
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Figure 1. Establishment of the primary culture and subculture of ‘Gongcheng Shuishi’ persimmon.
(A) Primary culture of ‘Gongcheng Shuishi’ in different media for 2 months. (B) The bud germination
rates of ‘Gongcheng Shuishi’ in different media for 2 months. (C) The subculture of ‘Gongcheng
Shuishi’ in different media for 1 month. (D) The number of effective shoots of ‘Gongcheng Shuishi’ in
different media for 1 month. Bar = 1.0 cm. The unit of hormone concentration is mg/L, followed by
the number in (A,C). Means followed by different letters indicate significant differences at p ≤ 0.05
by Tukey’s test.

The frequency of bud germination and growth was greatly influenced by the basic
medium, auxin, and cytokinin combination in the subculture. The multiplication rates
and growth potential of the seedlings in DKW were all higher than in MS (1/2N), and the
seedlings grew robustly with more green leaves (Figure 1C). The number of effective shoots
was 1.42 on DKW medium with 1.0 mg/L ZT and 0.1 mg/L IAA (Figure 1D). This was
consistent with previous reports [31,32] that the basic medium is the key factor influencing
the proliferation culture of persimmon, and DKW is the most suitable medium for the
proliferation of ‘Mopanshi’ (non-PCNA) [26]. Moreover, cytokinin is an important phyto-
hormone to promote the proliferation of the tissue culture seedlings, high concentrations
of zeatin were required for shoot growth, and the optimum range in concentration was
10−4–10−5 M, as due to the cytokinin in xylem sap increases in the spring and causes bud
sprouting [33]. However, a higher concentration of ZT also induced a large callus block
around the basal part of the seedlings, and a negative correlation between shoot length and
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shoot number indicated that the low concentration of ZT (1.0 mg/L) was suitable for the
growth of ‘Gongcheng Shuishi’ persimmon.

3.2. ‘Gongcheng Shuishi’ Persimmon Shoots Formation from Leaf Explants

After subculturing 4 times, the leaves of the ‘Gongcheng Shuishi’ persimmon plantlets
were used to induce callus and adventitious buds on MS (1/2N) or 1/2DKW media com-
prised of different concentrations of ZT and IAA. 1/2DKW with ZT (2.0 mg/L) and TDZ
(0.5 mg/L) was optimal for callus induction, followed by MS (1/2 N) with ZT (2.0 mg/L)
and IAA (0.1 mg/L) for adventitious bud induction (Figure 2A). The callus and bud
formation rates were 96.0% and 94.0%, respectively (Figure 2B).
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Figure 2. In vitro propagation of ‘Gongcheng Shuishi’ persimmon leaves. (A) Callus induction
(20 days) and adventitious bud regeneration (1–2 months) of ‘Gongcheng Shuishi’ in different media.
(B) The rate of callus formation and bud formation of ‘Gongcheng Shuishi’ in different media. (C) The
process of adventitious bud regeneration and rooting for ‘Gongcheng Shuishi’ persimmon. C1–C2
callus parenchyma cells began to form shoot tips. C3 demonstrates adventitious bud germination.
In C4 adventitious buds grew into seedlings. C5–C6 demonstrate the rooting of the seedlings.
Bar = 1.0 cm. The unit of plant growth regulator concentration is mg/L, followed by the number in
(A,B). Means followed by different letters indicate significant differences at p ≤ 0.05 by Tukey’s test.

Moreover, the presence of phytohormones is regarded as an essential factor for shoot
growth, callus induction, and adventitious bud differentiation. Our results indicated that
TDZ (0.5 mg/L) and ZT (2.0 mg/L) were better at inducing calli, and ZT (2.0 mg/L) in
combination with IAA (0.1 mg/L) showed a similar effect in promoting the differentia-
tion of adventitious buds (Figure 2A,B). TDZ and several substituted pyridyl phenylurea
compounds have been demonstrated to have strong cytokinin-like activity and stimulate
callus growth at relatively lower concentrations [34]. TDZ seems to induce meristematic
nodules more effectively than other phytohormones but inhibits adventitious bud differen-
tiation. Most of the adventitious buds induced by TDZ did not grow further unless they
were transferred to a medium containing zeatin [35]. A significant increase in persimmon
callus and shoot formation in different media was observed, and we obtained the highest
proportion of leaf calli (96.0%, 0.5 mg/L TDZ+ 2.0 mg/L ZT) and adventitious buds (94.0%,
2.0 mg/L ZT + 0.1 mg/L IAA) compared with a previous report.
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3.3. Rooting of Regenerated Shoots

After the in vitro seedling of ‘Gongcheng Shuishi’ was subcultured in DKW + ZT
(1.0 mg/L) + IAA (0.1 mg/L) more than 4 times, the seedlings were moved to MS (1/2N) +
IAA (2.0 mg/L) culture medium for 7 days in the dark to induce rooting. Roots gradually
emerged from the side of the callus after 1 month of culture, and 35.7% of the plantlets
rooted well (Figure 2C). Some experiments were conducted on persimmon cultivars in
tissue culture to induce adventitious roots. Most of those studies presented difficulty in
rooting, and IAA, indole-3-butyric acid (IBA), and NAA could affect the rooting ability
of persimmons [36]. IAA exerts a significant influence on the rooting of ‘Uenishiwase’
persimmon, with the highest rooting rate (32.4%) and number (0.6) of adventitious roots [37].
In this study, our results also supported that IAA (2.0 mg/L) promotes the rooting of
‘Gongcheng Shuishi’ with 35.7% rooting rate.

3.4. Transgenic Persimmon Plants with GFP

Based on the regeneration system, the Agrobacterium-mediated leaf disc infection pro-
tocol was established to transfer the pMS4 vector (containing the green fluorescent protein
gene, GFP) into ‘Gongcheng Shuishi’ persimmon. As a result, the callus and adventitious
buds were generated after one month and two months of culture, respectively (Figure 3A).
Likewise, a robust GFP fluorescence signal in the transgenic callus and seedlings was
detected by an in vivo imaging system (LB 985 Night SHADE) (Figure 3B). This meant
that the GFP gene was introduced into ‘Gongcheng Shuishi’ seedlings and that successful
expression could be visualized.
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Figure 3. Detection of GFP fluorescence in a transgenic ‘Gongcheng Shuishi’ persimmon plantlet with
the GFP gene. (A) Morphology of transgene-positive and control plants from the small to large stages.
(B) Visualization of the GFP fluorescence signal in the transgenic plantlet by an in vivo imaging
system (LB 985 Night SHADE). Bar = 2.0 cm.

3.5. Identification of Stable Regenerated Transgenic Seedlings

A key structural gene ANR encoding anthocyanidin reductase participate in the PAs
biosynthesis (Figure 4A). Through the regeneration system, we also transferred the EV and
DkANRi into ‘Gongcheng Shuishi’ persimmon leaves. To verify the stable transformation
system, we identified positive seedlings transformed with DkANRi and performed a com-
parative analysis of the expression levels of DkANR and PAs between the transgenic lines
and the control.
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Figure 4. PCR amplification, DMACA staining of leaves, and DkANR expression and PAs contents of
putatively positively transformed ‘Gongcheng Shuishi’ persimmon seedlings. (A) Brief scheme for
the biosynthesis of proanthocyanidin. (B) PCR analysis of the transformed plants with EV using the
hyg primer. (C) PCR analysis of the positively transformed plants with EV using the 35S primer. (D)
PCR analysis of the transformed plants with DkANRi using the hyg primer. (E) PCR analysis of the
positively transformed plants with DkANRi using the 35S primer. (F) Southern blot analysis of the
positively transformed plants with DkANRi. (G) Analysis of PAs content in the leaves of the transgenic
plants by 4-dimethylaminocinnamaldehyde (DMACA) staining. (H) Transcript level of DkANR in
the transgenic plants with EV and DkANRi. (I) PAs content of WT, EV, and DkANRi transgenic
plants. WT and EV represent the wild-type persimmon DNA and empty vector transgenic plant
DNA, respectively. P represents the empty vector plasmid DNA. Asterisks (*) indicate significantly
different values, **, p ≤ 0.01; ***, p ≤ 0.001. Bar = 1.0 cm.
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In the present study, to obtain stable transgenic seedlings of DkANRi of ‘Gongcheng
Shuishi’ in vitro, 80 and 250 leaf discs were immersed in Agrobacterium infection solution
containing the empty vectors and DkANRi in vitro, respectively. As a result, a total of 39 and
135 regenerated seedlings inoculated with EV and DkANRi were obtained (Table S3), and
the callus induction rates and adventitious bud information rates reached 91.6% and 63.3%,
respectively. To confirm the transformed nature of the regenerants, after 1–2 subcultures
of those seedlings, DNA was isolated from all transgenic plantlets and a nontransformed
‘Gongcheng Shuishi’ persimmon plant, and hyg gene- and 35S-specific primers (Table S2)
were used for PCR detection. Target fragments of 711 bp and 485 bp were amplified from
the positive samples using hyg-specific primers and 35S primers, respectively, and the
sequencing analysis of the PCR products was consistent with the hyg and 35S sequences
(Figure S2). The target band was amplified in the EV and recombinant plasmids but not in
the transgenic plants by the LB and RB primers (Figure S3). These results indicated that
the hyg gene and 35S were successfully integrated into transgenic ‘Gongcheng Shuishi’
plants. There were seven transgenic positive seedlings inoculated with EV (Figure 4B,C)
and 20 positive seedlings inoculated with DkANRi (Figure 4D, E) by PCR analysis. The
transformation efficiency was 17.9% and 14.8%, respectively. Consistently, the stable genetic
transformation was confirmed by Southern blot analysis. The expected fragments were
detected in the transgenic lines obtained from transformation with DkANRi but not in the
control seedlings (Figure 4F).

The expression of DkANR was determined in DkANRi seedling lines and WT (wild
type) seedlings for 4 biological duplications (4 plants derived from each transgenic line).
The results showed that the transcript level of DkANR in the DkANRi lines was significantly
lower than in the WT seedlings and empty vector plasmid-infected plantlets (Figure 4H).

DMACA staining of the leaves from positive DkANRi transgenic lines (#31, #52, #53,
#57) presented a distinctly weaker blue colour than the EV control (Figure 4G). Correspond-
ingly, the total PAs concentration was significantly reduced in the DkANRi lines (0.61%,
0.81%, 0.50%, 0.32%) compared with the WT lines (1.67%) and EV plasmid-transformed
plantlets (1.56%) (Figure 4I). Compared with the callus of the transformed seedlings and
nontransformed seedlings, we found that the colour shown in the transgenic callus was also
light against the WT (Figure S4). In summary, DkANRi was successfully introduced into
‘Gongcheng Shuishi’ in vitro culture seedlings, which led to the downregulation of DkANR
expression and a decrease in PAs content. To preserve materials, the positive seedlings of
‘Gongcheng Shuishi’ were subcultured in DKW + ZT (1.0 mg/L) + IAA (0.1 mg/L) + spe
(5 mg/L), and some of the positive seedlings were screened continuously through spe in
the root induction stage. Positively rooted plants were obtained (Figure 5).
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Conventional cross-breeding of woody fruit trees is constrained by their extensive
reproductive cycle with long juvenile periods, complex reproductive biology, and high
degree of heterozygosity [38]. To overcome the limitations of conventional cross-breeding,
genetic transformation provides a promising approach to accelerate the production of
persimmon fruit cultivars with improved traits [39]. Agrobacterium-mediated gene transfer
remains the most conventional method for fruit species, including apple, almond, banana,
citrus, grapevine, and melon. Regarding persimmon, the Agrobacterium-mediated transient
transformation system in the leaves in vivo [16,17] and fruit discs in vitro have been estab-
lished [18], which provide simple and rapid tools for the primary functional identification
of genes. The functional verification of MYB, which is related to persimmon proantho-
cyanidin synthesis, and ERF (the hypoxia response transcription factor) employed transient
expression in persimmon leaves and fruit discs [40,41], and DkMYB4 was also transformed
into kiwifruit for functional analysis [24]. However, the instability and uncertainty of the
transient expression system cannot guarantee the confirmation of gene function.

GFP is usually used as a selection reporter, detection of the GFP fluorescence signal and
monitoring of GFP expression at different developmental stages in transgenic plants assist
in establishing stable genetic transformation in cotton [42]. In our study, robust fluorescence
could be detected inside the callus and regenerated seedlings. Intensive GFP signals were
derived from calli and plants after four to eight weeks of culture (Figure 3). Thus, we
established and optimized the regeneration protocol for the commercially important non-
PCNA ‘Gongcheng Shuishi’ (Figure 5) and silenced the DkANR gene, which is related to
PAs biosynthesis, to confirm its function.

During the process of stable genetic transformation on non-PCNA persimmon, the fruit
easily turns brown due to the high PAs content. Compared with the material ‘Mopanshi’
(non-PCNA persimmon) (the regeneration rate was 41.4%, but the positive rate was less
than 9%), another important leading persimmon cultivar, ‘Gongcheng Shuishi’, had a
higher regeneration efficiency (94.0%) and transgenic survival (17.9%) due to traits that
were not easy to brown. Through current optimization, the process and period of stable
transformation was shortened, with transformation efficiency increasing with a positive
rate up to 18%, which was higher than most previous reports on persimmon and similar
to the results of Gao et al. [12] (Table 1). Based on this effective protocol, we obtained
transgenic lines of DkMYB19 and DkMYB20 with a positive rate of 28.8% [43].

4. Conclusions

An efficient Agrobacterium-mediated persimmon genetic transformation protocol was
successfully established in this study. The appropriate medium for subculture proliferation
of ‘Gongcheng Shuishi’ tissue culture seedlings was DKW medium with 1.0 mg/L ZT and
0.1 mg/L IAA. The callus induction rate reached 96.0% based on solid callus induction
medium [1/2DKW + TDZ (0.5 mg/L) + ZT (2.0 mg/L) + Cef (400 mg/L)], and the ad-
ventitious bud regeneration rate was 94% in medium [MS (1/2)N + ZT (2.0 mg/L) + IAA
(0.1 mg/L) + Cef (400 mg/L)]. Through 1–2 months of culture, we achieved a rate of 17.8%
positive seedlings. Our regeneration and transformation protocol offers a promising ap-
proach for gene function verification and the genetic improvement of Chinese persimmon.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8050422/s1, Figure S1: PH7GWIWG2 vector map
containing DkANRi by Snapgene 6.0; Figure S2: Sequence alignment of 35S (A) and hyg (B) PCR
products from DkANRi positive lines and vector; Figure S3: PCR amplification of putative positive
transformed ‘Gongcheng Shuishi’ persimmon seedlings; Figure S4: The status of the transgenic
lines of ‘Gongcheng Shuishi’ persimmon; Table S1: Composition of the medium used in this study;
Table S2: The primers used in this study; Table S3: Regeneration seedlings and positive detection of
transformed ‘Gongcheng Shuishi’ persimmon.
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