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Abstract

Persimmon (Diospyros kaki Thunb.) contains numerous uridine diphosphate glucosyltransferases (UGT), and their roles
in fruit development and quality formation have not been well studied because of limited genetic information. This study
investigated a persimmon DkUGT3 which is highly expressed in young fruits and leaves during development. DkUGT3 can
catalyze ABA glycosylation to form ABA-GE, thereby reducing free ABA. Tomato with overexpressed (OE) DkUGT3 sig-
nificantly induces pale green color phenotypes in both transgenic young plants and fruits. DkUGT3-OE significantly weakens
the tomato ABA signaling which affects the expressions of ABA-inducible transcriptional factors (TFs), such as GLK1 and
GLK2 and their downstream target genes involved in chlorophyll synthesis, chloroplast development, sugar metabolism
and transport, and photosynthesis, thereby impeding leaf and fruit development and quality. Conversely, DkUGT3-RNAi-
treatment recovered the OE tomato fruits from yellowing phenotype to green color. This study found that chlorophyll accu-
mulations and ABA level were increased by DkUGT3-RNAi-treatment in young persimmon leaves. These results demonstrate
that DkUGT?3 plays crucial roles in ABA-mediated leaf and fruit development. This study provides new evidence for the
regulation of ABA in early development.
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Introduction

UDP glucosyltransferases (UGTs) are widespread in higher
plants and mediate glycosylation reactions through catalyz-
ing the conjugation sugar and aglycone to form glycosides
and sugar esters (Schwab and Wiist 2015; Wang and Hou
2009; Xiong et al. 2019a, b). Generally, UGTs catalyze the
glycosylation of UDP-sugar to alter their bioactivity, stabil-
ity, and solubility (Bowles et al. 2005; Song et al. 2018). The
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glycosylation of abscisic acid (ABA) is catalyzed by ABA
UGT, which can adjust the ABA level rapidly by inducing a
reversible reaction (Okamoto et al. 2006; Priest et al. 2006)
in which the inactive ABA-glucose ester (ABA-GE) can be
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growth and adapt to complex environmental changes, plants
must continuously adjust their ABA levels. Therefore, ABA
UGTs are important regulators to maintain the homeostasis of
ABA in tissues and cells during plant development. Several
ABA BG/UGTs have been descripted in fruits, for example
strawberry FaBG3 (Almeida et al. 2007; Griesser et al. 2008),
tomato SIUGT75C1 (Sun et al. 2017), and persimmon DkBG1
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(Liang et al. 2020). However, the roles of ABA UGTs in most
fleshy fruits remain obscure.

During seedling stage, green tissues become photoauto-
trophic tissues by transforming plastids into fully functional
chloroplasts (Waters and Langdale 2009). The formation of
chloroplasts depends on the biosynthesis of chlorophyll and
carotenoid activated by light (Bartley and Scolnik 1995; Llor-
ente et al. 2017). Carotenoids are photosynthetic accessory
pigments which protect chlorophylls from photooxidation, and
carotenoid synthesis in green tissues is tightly coupled with
chlorophylls (Bartley and Scolnik 1995). Therefore, inhibiting
carotenoid synthesis can lead to albino or pale green seedlings
as a result of chloroplast photooxidation (Llorente et al. 2017).
Tomato fruits contain a large number of carotenoids which
have become a model for the research of carotenoids regu-
lation (Barry 2012). Recent studies suggest that carotenoid
accumulation in tomato fruit employs the same biosynthetic
pathway as in leaves, albeit with modification (Barry 2012).
However, the role of ABA in green fruits during development
is still unclear.

Recently, physiological and molecular studies have revealed
that fruit ripening is a programmed, biochemical process
involving multiple signal integration (Osorio et al. 2013), and
ethylene and ABA play important roles in tomato fruit ripen-
ing (Klee et al. 2011; Zhang et al. 2009). Tomato and persim-
mon ripening shares several regulatory pathways in common.
The accumulations of starch and nutrients were affected by
chlorophyll synthesis and photosynthetic activity in green fruit
tissues (Nadakuduti et al. 2014). Persimmon fruit is not only
rich in nutrients and well-flavored, but also rich in anti-oxida-
tion, anti-bacterial, and disease resistance properties due to its
high amount of soluble tannin. Therefore, persimmon fruits are
increasing in consumer preference. In recent years, it has been
discovered that the development of persimmon fruits is also
regulated by ABA. To date, the contributions of DkUGTs to
persimmon fruits have not been well-understood, particularly
in young fruit development.

In this study, due to the difficulty to use perennial fruit
trees for genetic transformation, and because tomato has the
same mature phenomenon as persimmons, tomato plants
were used to express persimmon DkUGT3. It was found
that the over-expression of DkUGT3 in tomato decreases
ABA level/signaling which can down-regulate the expres-
sion of ABA-inducible TFs and their target genes involved in
chlorophyll synthesis, and thereby influences leaf and young
fruit development.

Material and Methods
Persimmon Fruit Sample Collection

To investigate fruit development, ten fruits were sampled
from three independent persimmon trees at different devel-
opment stages. Fruit peel, pulp, and seeds were separated
and frozen in liquid nitrogen. The samples were stored at
— 80 °C until subsequent analysis.

Enzyme Activity of Recombinant DkUGT3 Protein

Expression, purification, and identification of the recombi-
nant DKUGT3 proteins were performed as described previ-
ously (See Sun et al. 2017; Liang et al. 2020 for details)
using the primers listed in Table S2.

Generation of DkUGT3-Overexpressed Transgenic
Tomato Plants

For the construction of DkUGT3-overexpression vector, the
358:: full-length DkUGT3 sequence:: Nos-terminator fusion
gene was cloned into pCAMBIA1305.1 vector (Takara Bio
Inc, Shiga, Japan). The constructor was then introduced into
tomato (Solanum lycopersicum L. cv. Ailsa Craig) via Agro-
bacterium tumefaciens LBA4404-mediated transformation.
The T2 homozygous offspring of the transgenic plants were
used for analysis, and WT plant was used as control. Primers
used are listed in Table S3.

Construction of the Viral Vector and Agroinoculation

pTRV1 and pTRV2 virus-induced gene-silencing vec-
tors (Liu et al. 2002) were used in this study. A 321 bp
cDNA fragment of DkUGT3 was amplified using primers
5-TCTAGACGGGTTTCCCCACCGACTAT-3' (sense)
and 5'-GAGCTC CCCTCACTACCTCCGTGTTCTCC-3'
(antisense), and then it was cloned into EcoRI/SacI-digested
pTRV2. Agrobacterium tumefaciens strain GV3101 contain-
ing pTRV1, pTRV2, and the pTRV2-derivative pTRV2-
DkUGT3 was used for RNAi. 30 leaves from young plants
30 days after planting were divided into two groups for inoc-
ulation, and vascular bundle of dorsal leaves were injected
with the DkUGT3-RNAi TRV vector (treatment group)
and control TRV vectors (no DkUGT3 gene), respectively.
The entire leaves were evaluated and sampled 5 days after
treatment.
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Plant Materials

Tomato plants (Ailsa Craig), including WT and three
DkUGT3-OE lines, were grown in a greenhouse (25 +5 °C,
70% humidity, 14 h/10 h light/dark regime). Fruits were
sampled at different days after full bloom (DAFB): imma-
ture green (IM), 25 DAFB; mature green (MG), 30 DAFB;
breaker (B), 36 DAFB; orange (Or), 38 DAFB; red (R), 41
DAFB.

Drought Stress and ABA Treatment

Tomato seedlings were grown in 1.5 L pots in the green-
house with normal watering conditions. Healthy 10-day-
old and 7-day-old seedlings were used for the drought and
ABA treatment assays, and 20 seedlings of WT and each
DkUGT3-OE lines were divided into two groups, respec-
tively. For drought treatment, group I was grown under
normal soil moisture as control and group II was subjected
to drought stress by halting irrigation for 13 days. For
ABA treatment, group I was treated by ABA and group
II without ABA treatment as control. The ABA, ABA-
GE and chlorophyll contents in leaves were investigated
at 10 days (for drought) and 6 days (for ABA treatment)
after treatment, respectively.

Effect of Exogenous ABA Treatment on Expression
of TF Genes

To evaluate the effect of exogenous ABA treatment, 20
fruits were harvested at mature green stage, divided into
two groups (n=10 per group), and immediately soaked
in a 100 pM ABA water solution (group I) or distilled
water (group II, control) at — 0.5 MPa vacuum for 10 min.
The fruits were then placed in a tissue culture room at
25 °C and 95% relative humidity. After 24 h, all fruit were
cut into pieces, frozen with liquid nitrogen, and stored at
— 80 °C before RNA extraction. The leaves of 6-week-old
plants were sampled, divided into two groups (n=10 per
group), and soaked in O pM or 100 pM ABA solution for
10 h, respectively. After residual liquid on the surface was
wiped away, leaves were immediately frozen with liquid
nitrogen, and stored at — 80 °C before use. All results were
expressed as mean + standard deviation of three biological
replicates.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA extraction and cDNA synthesis were performed
as previously described. qRT-PCR was conducted through
SYBR Premix ExTaq (Perfect Real-Time; TaKaRa Bio)
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on a Rotor-Gene 3000 system (Corbett Research, Sydney,
NSW, Australia) to quantitate gene expression levels. Sam-
ples were denatured at 95 °C for 30 s, followed by 40
cycles at 95 °C for 15 s, 60 °C for 20 s, and 72 °C for 15 s.
There are three biological replicates and SAND, EXP and
CAC were used as reference genes to normalize the data.
The relative expression level for each gene was calculated
by Rotor-Gene Q software using the 2724¢T method. Prim-
ers of qRT-PCR are listed in Supplementary Table S5.

Measurement of ABA and ABA-GE

The extraction and purification of ABA and ABA-GE from3 g
fruit samples were performed as previously described (Liang
et al. 2021). ABA and ABA-GE contents were determined
using HPLC (Agilent Technologies 1200) equipped with a
4.8 X 150 mm C18 column (Agilent Technologies). Elution
was performed using both solvent A (0.8% v/v glacial ace-
tic acid) and solvent B (100% methanol) with a flow rate of
0.8 ml min~"!. (+)-abscisic acid and ABA-Glu were bought
from Sigma company (USA), and Olomouc company (Czech
Republic), respectively, and were used as the standards.

RNA-Seq

Transcriptome was analyzed using the leaves of 28-day-old
plants and the fruits at 25, 37 and 41 DAFB during devel-
opment from three OE lines and WT. Total RNA extraction,
mRNA purification and library construction were performed
for each sample. Sequencing on an [llumina HiSeq 2000 sys-
tem generated an average of 90.5 million paired-end reads
(2% 101 nucleotides) per library. A corrected P value of 0.05
and log?2 (fold change) of 1 were set as the threshold of statisti-
cally significant difference. The details of data analysis are in
the Supplementary Information.

Scanning Electron Microscopy

A skin sample of approximately 25 mm?® was rapidly taken
from fruits and fixed into 1 ml 2.5% glutaraldehyde buffer
under vacuum. To remove the residual fixative on the surface,
a phosphate buffer (1.5 ml) with pH of 7.2 was used to wash
the system three times (10 min each time). Next, the fixed
tissue was dehydrated by a series of aqueous ethyl alcohol
with ascending concentrations, and ethanol was washed and
replaced by isoamyl acetate in the cells twice (15 min each
time). Finally, the solvent in the sample was removed by liquid
carbon dioxide through a critical point drying method. The dry
fruit skin was mounted on a specimen stub and sputter-coated
with gold before examination through the Hitachi Regulus
8100 scanning electron microscope (SEM).
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Statistical Analysis

The one-way analysis using SPSS software and Duncan’s test
of significance were performed for the statistical analysis of
data; *r test P<0.05; **z test P<0.01.

Results

Uridine Diphosphate Glucosyltransferases (UGTs)
in Persimmon

To date, a publicly available genome sequence of Diospyros
plant is absent, therefore the transcriptome of Japanese per-
simmon (D. kaki) fruit was investigated at 35 and 170 days
after full bloom (DAFB). Based on the homology sequence
of known Arabidopsis AtUGTs and tomato SIUGTs, 46
putative DkUGT proteins were identified from persimmon
transcriptomes (Table S1). Among them were 16 full-length
cDNA sequences encoding DkKUGT which were designated
as DKUGT 1 to DKUGT 16 (Table 1).

An evolutionary tree was constructed from persimmon
DkUGTs, Arabidopsis AtUGTs and tomato SIUGTSs, and
the DKUGT proteins were clustered into several clades
(Fig. 1A). Multiple alignments of the predicted protein
sequences showed that most functional residues were well
conserved within one gene family (Fig. S1). The amino
acid sequence of DkUGT3 was similar to Arabidopsis
AtUGT71B6, B7, and B8, all of which have been verified
as ABA UGTs, suggesting that DkUGT3 may be related to
ABA.

DkUGT3 Catalyzes ABA Glucosylation in Vitro,
Forming ABA-GE

To verify the response of these 16 DkUGTSs to ABA and abi-
otic stresses, young fruits were treated with ABA and NaCl,
and leaves were dehydrated (Fig. S2). The results showed
that expressions of five DkUGTs were altered after ABA
treatment and among them, DkUGT3 was down-regulated
in both ABA treated fruits and dehydrated leaves (Fig. S2).
It was then verified that among ABA-inducible DkUGTs,
only DkUGT?3 was found to catalyze the glucosylation reac-
tion of ABA using reverse-phase high-performance liquid
chromatography (HPLC) in vitro. ABA-GE, a product of
ABA glucosylation, was identified with a retention time of
19.15 min when DKUGT?3 was added into the reaction mix-
ture containing both UDPG and ABA (Fig. 1B, C). How-
ever, ABA-GE could not be detected in the reaction mixture
containing denatured DkUGT3. In addition, the enzyme
assay in the presence of DkUGT3 saturated with a gradient
concentration of substrate ABA was performed in vitro. For
DkUGTS3, the reaction V,,, was 0.64 uM/min and K, was
1.19 mM (Fig. 1D). In addition, a recombinant DkUGT?3
fused with GFP was constructed and expressed in tobacco
leaves. The DkUGT3-GFP fusion protein was localized in
the cytoplasm of tobacco epidermic cells and observed by
fluorescence microscopy (Fig. 1E). These results confirmed
that DkKUGT3, a novel member of UGT family, can catalyze
ABA glucosylation to form ABA-GE, thereby reducing free
ABA.

Table 1 Summary information

. Gene name Gene ID ORF Length FPKM FPKM
of persimmon DkUGTs (35 DAF) (170 DAF)

DkUGT1 TRINITY_DN60553_c3_g1 1620 45.35 0.59
DkUGT2 TRINITY_DN55692_c2_gl 1521 46.9 30.87
DkUGT3 TRINITY_DN47497_c1_gl 1521 35.85 40.5
DkUGT4 TRINITY_DN41433_c0_g1 1419 18.14 0.56
DkUGTS TRINITY_DN51636_c0_g2 1395 102.35 16.13
DkUGT6 TRINITY_DN49582_c1_gl 1389 4.8 33.89
DkUGT7 TRINITY_DN51974_c0_g3 1380 18.34 33.09
DkUGTS TRINITY_DN53144_c0_g1 1896 7.73 5.16
DkUGT9 TRINITY_DN55438_c0_gl 1485 4.52 28.15
DkUGT10 TRINITY_DN48789_c0_gl 1380 7.32 4.8
DkUGT11 TRINITY_DNS50701_c0_g1 1359 7.69 39
DkUGTI12 TRINITY_DN53253_c0_g1 1353 7.28 9.08
DkUGT13 TRINITY_DN59979_c0_g1 1158 45.08 8.74
DkUGT14 TRINITY_DN49424 c2_g2 1131 7.29 7.95
DkUGT15 TRINITY_DN60168_c0_g1 1128 6.6 15.59
DkUGT16 TRINITY_DN41962_c0_g1 1077 19.39 13.58
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Fig.1 DkUGT3 catalyzes enzymatic reaction of ABA with UDPG.
A Phylogenetic tree consisting of persimmon DkUGTSs, Arabidopsis
AtUGTs, and tomato SIUGTS, constructed using the neighbor-join-
ing method and MEGAG6 software with 1000 bootstrap replicates.
DKUGTs are marked with a black circle except DkUGT3 which
is marked with a red circle. The accession numbers of persimmon
are shown in Table 1. B Prokaryotic expression and purification of
DKkUGTS3 protein through SDS-PAGE. M, Protein molecular markers;

DkUGT3 is Highly Expressed in Young Fruits
and Leaves During Development

‘Mopan’ persimmon fruits were 185 days from fruit-set
to full-ripe. The expression quantity and patterns of 16

@ Springer

1, Without induction; 2, With induction; 3, Purification of DKUGT?3.
C Chromatogram shows a product (ABA-GE) of enzyme assays con-
taining ABA with UDPG in the presence of DKUGT3 protein. The
bottom of the figure shows the control reaction. D Determination of
the kinetic parameters from a Lineweaver—Burk plot for the results of
kinetic assays of DkUGT?3 using ABA as a substrate. S, ABA concen-
tration; V, the reaction rate. E Subcellular localization of DKUGT3

DkUGTs were investigated through quantitative reverse-tran-
scription polymerase chain reaction (QRT-PCR) (Fig. 2A,
B). Among them, the transcript level of DkUGT3 decreased
during the early stage of fruit development, then it increased
rapidly to the maximum value at 80 DAFB and then declined
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Fig.2 Expression levels of DkUGTs in persimmon during develop-
ment. A and B Expression levels and patterns of 16 DkUGTs in per-
simmon fruits during development and ripening. C Expression levels
of DkUGTS3 in stem, leaf, flower, and different fruit tissues in persim-

after that. From 95 DAFB, it increased again with a second
peaking at 125 DAFB (pre-breaker stage) and then declined,
suggesting that DkUGT3 might affect young fruit develop-
ment and fruit ripening onset. The expression levels of
DkUGTS3 in leaves were significantly higher than those in
stems and flowers (Fig. 2C). These results suggest that the
expression level of DkUGT3 may affect the development of
young fruits and leaves at their early stages.

Overexpression of DkUGT3 Causes Pale Green Color
Plants of Transgenic Tomato

To examine the functions of DkUGT3 gene, transgenic
tomato was engineered to express DkUGT3, and three inde-
pendent OE lines were obtained. The transgenic plants were
smaller with more internodes (Fig. 3A, Fig. S3B), their flow-
ering time was delayed, and the seed numbers were reduced
compared to wild type (WT) plants (Fig. S3C, D, F). In
addition, the transgenic DkUGT3-OE lines showed pale
green color phenotype, compared to WT plants (Fig. 3A).
The transmission electron microscopy (TEM) analysis of
the leaves revealed that the chloroplast number in DkUGT3-
OE leaves was lower than that in WT plants (Fig. 3B-D).
The chlorophyll contents were significantly reduced in the
28-day-old transgenic leaves which may impact photosyn-
thesis (Fig. 3E). To determine whether the pale green color
phenotype of transgenic tomato was related to decreased
ABA level due to ABA glucosylation, both WT and trans-
genic plants were grown under normal conditions to com-
pare various parameters. It was confirmed that DkUGT3 was
highly expressed in transgenic tomato fruits throughout their
development, while it was not present in WT plants (Fig.
S3A). The free ABA content and chlorophyll accumula-
tion in transgenic tomato were reduced while the ABA-GE
level was increased compared to WT plants (Fig. 3E, F,
G), suggesting that DkUGT3-mediated ABA glucosylation

Days after flowering (d)

Turning period fruit

mon. gRT-PCR was conducted by three biological replicates and data
were normalized against DkSAND and DKACT. *t test P<0.05; **¢
test P<0.01

might be associated with decreased chlorophyll level in the
transgenic tomato. There was no difference in the expres-
sions of SINCED] and SICYP707A1 between WT and trans-
genic tomato (Fig. S4) which is consistent with a previous
report that DkBG1-OE did not influence the expressions
of SINCEDI and SICYP707A1 (Liang et al., 2020). These
results indicate that DkUGT3 does not influence the de novo
synthesis and degradation of ABA during tomato plant
development. Therefore, the decreased ABA levels found
in transgenic tomatoes were due to the overexpression of
DkUGTS3.

To verify whether the pale green color phenotype of
DkUGT3-OE plants was caused by the reduction of free
ABA, the DkUGT3-OE plants were further evaluated under
both drought stress and ABA treatment (Fig. S5-S7). Under
ABA and drought treatments, the ABA, chlorophyll and
sugar content increased with the treatment time, and the
yellowish leaves gradually turned to green but not as green
as WT, suggesting that the pale green color phenotype in the
transgenic lines were partly recovered by the application of
exogenous ABA and drought stress (Fig. S5-S7). The results
indicate that the decreased ABA level in transgenic lines is
related to pale green color phenotype.

DkUGT3 Affects Regulation of Seed Germination
and Stress Responses by Modulating ABA level
in Tomato

A reduced degree of seed dormancy was observed in
DkUGT3-OE seeds, while under ABA treatment, the ger-
mination of seeds and growth of primary roots were rapid
(Fig. 4A-C). Consistently, DkUGT3-OE plants displayed a
decreased ABA sensitivity, for example, DkUGT3-OE plants
were more prone to wilt, their detached leaves exhibited
increased water loss compared to those of the WT plants
(Fig. 4F). Drought sensitivity was also compared, and
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Fig.3 Overexpression of DkUGT3 leads to pale green color plants
and reduced ABA in transgenic tomato. A Phenotype of plants. Left
panel, 28-day-old plants; Right panel, 90-day-old plants. B, C Meso-
phyll cell and ultrastructure of chloroplast. Upper panel, WT leaves.
Below panel, OE-1 leaves. ST, starch granule; TH, thylakoid. D Chlo-
roplast numbers in a mesophyll cell. E-G Chlorophyll, ABA, and
ABA-GE contents in 28-day-old leaves. Error bars on each column

DkUGT3-OE fruits wilted faster after harvest compared to
WT fruits (Fig. 4D, E). Collectively, these results demon-
strate that DkUGT3 overexpression may affect the regula-
tion of seed germination and stress responses by modulating
ABA level in tomato, which in turn enhances the stomatal
aperture size and transpiration.

To assess whether tomato ABA signaling was altered
by DkUGT3-OE, an RNA sequencing (RNA-seq) analy-
sis of 28-day-old OE leaves was performed. A total of 540
(OEl), 491 (OE14) and 728 (OE36) differentially expressed
genes (DEGs) were detected (Fig. S8). The data showed
that the expressions of most ABA signaling genes (PYLs,
PP2Cs, SnRK2.5, and AREB2) in the OE leaves were
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sugar metabolism and transport in WT and transgenic tomato leaves.
Data are from RNA-seq analysis of young leaves. The significant dif-
ferential expression was set as log2-fold change > 1 and < 1 with false
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down-regulated (Fig. 31), which affected the expression of
ABA-inducible downstream genes. Several ABA-inducible
transcription factors (TFs) (Fig. 5) and their target genes
involved in chlorophyll synthesis, chloroplast development,
sugar metabolism and transport, and photosynthesis were
down-regulated in transgenic leaves (Fig. 3H, J, K; Fig. S9).

The expression profiles of some TFs in tomato were
validated using qRT-PCR which showed consistent results
with the transcriptome data, and the expressions of these
TF genes were ABA-inducible in fruits and leaves (Fig. 5).
Among them, GLK1 (GOLDEN2-LIKE), APRR2 (ARABI-
DOPSIS PSEUDO RESPONSE REGULATOR 2-LIKE)
and TKN2 are master TFs in chloroplast development
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Fig.5 Response of transcription factors (TFs) to exogenous ABA.
Effect of ABA treatment on the expression of TFs which are related
to chlorophyll accumulation and chloroplast development in (A)

(Powell et al. 2012; Pan et al. 2013; Nguyen et al. 2014; Liu
et al. 2015a, b). BBX20, a B-box (BBX) zinc-finger TF, is
a positive regulator of carotenoid accumulation in tomato

leaves and (B) fruits. qRT-PCR was conducted by three biologi-
cal replicates and data were normalized against SISAND, SIEXP and
SICAC. *t test P <0.05; **¢ test P <0.01

(Xiong et al. 2019a, b). MBP11, a MADS-box gene, plays
an important role in regulating plant architecture and repro-
ductive development in tomato (Guo et al. 2017). NAP1/
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NAP2 (NAC-like TF) has a complex role in establishing
ABA homeostasis during leaf senescence (Ma et al. 2018).
SIWRKY81 can induce photoinhibition and reduce the net
photosynthetic rate under drought stress in tomato leaves
(Ahammed et al. 2021). The transcript levels of SIGLK1,
TKN2 and APRR2 were significantly decreased in trans-
genic leaves which could explain, at least partially, why the
expressions of chlorophyll synthetic genes were repressed
in DkUGT3-OE plants (Figs. 3H, 5A).

The expression profiles of these TF genes between leaves
and fruits were different. For example, the expression of
GLK1 and NAP1 is mainly in the leaves while the expres-
sion of GLK2 and NAP2 is chiefly in the fruits. In addition,
ABA-inducible TF numbers in fruits are more than those in
the leaves (Fig. 5B). These data suggest that TFs for tissue-
specific control of certain types exhibit differential expres-
sion patterns in downstream networks.

Tomato Fruits Expressing DkUGT3 Showed Yellowish
Green Color

Compared to green WT fruits, the pericarp color of
DkUGT3-OE fruit was yellow-green in young fruits

e
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+RNAI
f E 0.15
OE1 >
+RNA 2 0.1
9 . z
OE14 g
+RNAi 5

e
h B
OE36 5
+RNAi ©

10d 20d

Fig.6 Phenotype analyses of WT and transgenic tomato fruits with
overexpressed DkUGT3. A Phenotype of young fruits. (a) WT fruits;
(b—d) DkUGT3-OE fruits; (e) DkUGT3-RNAi-treated WT fruits at
5 DAT; (f-h) DkUGT3-RNAi-treated OE fruits at 5 DAT. B Flesh
cell in the WT (upper) and OE pericarp (below). C Ultrastructure of
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(Fig. 6Abcd). The transmission electron microscopy (TEM)
analysis of young fruits revealed that the chloroplast num-
ber decreased in DkUGT3-OE fruits compared to WT fruits
(Fig. 6B, C, D). The chlorophyll contents in the whole fruit
at 10 and 20 DAF, and in the pericarp at 25 and 30 DAF
of the DkUGT3-OE lines were lower than those of WT
fruits (Fig. 6E, F). The ABA accumulations were signifi-
cantly down-regulated, while the levels of ABA-GE were
up-regulated in the transgenic lines compared to WT fruits
(Fig. 6G, H).

VIGS-induced DkUGT3-RNAI was used to suppress the
expressions of DkUGT3 in DkUGT3-OE fruits (Fig. 6 Af-h).
Ten fruits attached to plants grown in a greenhouse were
injected with DkUGT3-RNAi TRV vector. The fruits were
evaluated 5 days after RNAi-treatment (DAT). Changes in
fruit color after DkUGT3-RNAi-treatment were examined
at 20 and 25 DAF of WT and OE fruits, respectively. When
WT and OE fruits were treated by DkUGT3-RNAI, the OE
fruit color started to change to green at 5 DAT (Fig. 6Af-h),
while WT fruits had no changes in color (Fig. 6Ae). The
transcript levels of DkUGT3 gene decreased after RNAi
inoculation, concomitant with the increase of GLK?2 expres-
sion (Fig. S10), indicating that DkUGT3 expression affects

D

12
4 Pericarp
]
2 91
E
2 61
G *k
g_ 3 X
3 0 X iy
=
O

WT OE 14

G 124
Pericarp s W
D 104 OE 14
0.09 s R
o 8 -
g -3
0.06 :_f:" 6 =
o
c 4
003{ ;. M. .| 8
2
0.00 0 0-
25d 30d 20d 20d
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numbers in pericarp at 20 DAF. E, F Total chlorophyll content of the
entire fruit and pericarp. G, H ABA and ABA-GE contents in fruits.
The standard deviations (SD) are from three biological replicates for
D-H. *t test P <0.05; **¢ test P <0.01
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those of untreated OE fruits (Fig. S10C, D). Thus, DkUGT3
may play an important role in the ABA-mediated regulation
of young fruit development.
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Furthermore, RNA-seq analysis showed that the expres-
sions of the target genes of TFs participating in chlorophyll
synthesis, chloroplast development and photosynthesis in
DkUGT3-OE fruits, were lower than those of the WT fruits
(Fig. 7A-F). The expression levels of some TFs in tomato
were validated using qRT-PCR which showed consistent
results with the transcriptome data (Fig. 7, right A-R). In
addition, the RNA-seq analysis showed significant down-
regulation of DEGs in OE fruits which were responsible
for chlorophyll metabolism, sugar biosynthesis and signal
transduction, and photosynthesis (Fig. S8—10). Most of these
genes encode chlorophyll-binding proteins, structural photo-
system proteins and chlorophyll biosynthetic enzymes. This
may at least partly explain the 50% reduction of total chloro-
phyll level observed in DkUGT3-OE immature green fruits
(Fig. 3E). The analysis of chlorophyll biosynthetic POR and
CABs genes showed reduced mRNA levels in DkUGT3-OE
lines (Fig. 7). These results suggest that the transcription
of genes involved in chlorophyll metabolism and photosyn-
thesis in tomato fruits are affected by the DkUGT3-medi-
ated ABA and ABA signaling in transgenic tomato. Thus,
DkUGTS3 negatively impacts fruit development in transgenic
tomato plants.

DkUGT3-Induced Alterations in Fruit Compositions
can Adversely Impact Fruit Quality

The effect of DkUGT3-OE on fruit ripening and quality were
observed during fruit ripening stage, and several ripening-
related physiological parameters were measured in fruits.
The ripening time from fruit-set stage to breaker stage in
the WT fruits was 36 days, which was 2-3 days earlier than
that of transgenic fruits (Fig. S3, S11, S12). The OE fruits
were orange instead of red at the harvest stage (Fig. 8A);
in agreement with fruit phenotype, ripe DkUGT3-OE fruits
showed a half reduction of total carotenoids, lycopene and
beta-carotene contents compared to those of WT fruits
(Fig. 8B). In addition, the ABA content, starch, sucrose and
fructose were down-regulated while the ABA-GE content
were up-regulated in transgenic tomato fruits (Fig. 8C-G).
These results show that DkUGT3-OE affects fruit ripening
and quality in transgenic tomato.

RNA-seq analysis showed that the overexpression of
DkUGT3 affected multiple metabolic pathways, includ-
ing carotenoid biosynthesis, flavonoid biosynthesis, fatty
acid biosynthesis, cell wall, lipids, terpenes, and flavonoids
(Datasets). The gene expressions related to fruit ripening
TFs, carotenoids metabolism, ethylene synthesis and signal-
ing were down-regulated at 37 DAFB (Fig. 8H-K). These
results indicate that DkUGT3-OE leads to decreased ABA
accumulation and ABA signaling, which impacts the expres-
sions of ripening-related TFs and target genes, thereby influ-
encing the ripening and quality of tomato fruits.
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DkUGT3-RNAi-Treated Persimmon Leaves Enhanced
Chlorophyll and ABA Contents

VIGS-induced DkUGT3-RNAi was used to suppress
DkUGT3 in young persimmon leaves. 20 leaves from young
plants were injected with the DkUGT3-RNAi TRV vector
and control TRV vectors, respectively. In the DkUGT3-
RNAi-treated leaves, the color of leaves after 5 days changed
to green (Fig. 9A). The transcript levels of DkUGT3 gene
were decreased after RNAi inoculation, concomitant with
the increased expression of GLK! (Fig. 9B, C), indicating
that DkUGT3-mediated ABA affects the development of
young leaves via GLK1. The ABA accumulation and chloro-
phyll contents were higher in DkUGT3-RNAi-treated young
leaves than those of the control leaves at 5 DAT (Fig. 9D, E).
Thus, DkUGT3 plays an important role in the ABA-mediated
regulation of the development of young leaves.

Discussion

Lower Level of ABA Content Mediated by DkUGT3
Leads to Pale Green Color Plants and Fruits

ABA UGT can affect the development and stress response
of plants through ABA glycosylation. However, the role of
ABA UGT in fruit and leaf development has not been fully
understood. In this study, persimmon DkUGT?3, which medi-
ated constitutively decreased ABA in transgenic tomato, was
analyzed.

Tomato plants expressing DkUGT3 showed obvious
defects in chlorophyll synthesis with reduced chloroplast
numbers, indicating that ABA and the concomitantly trig-
gered ABA responses are likely to mediate chlorophyll
metabolism and photosynthesis with a low efficiency
(Fig. 3A-E). To verify this point, drought stress and ABA
treatment on transgenic plants showed increased both ABA
levels and chlorophyll contents along with the leaves color
turn green under both tests (Figs. S5, S6). Thus, increased
ABA during drought stress and ABA treatment can recover
the green color of leaves, although it could not fully recover
them as WT plants, suggesting that decreased chlorophyll
content in the pale green color leaves of transgenic plants
may be caused by the decreased ABA level mediated by
DkUGTS3 -OE (Fig. S5-S7).

In addition, it was found that ABA signaling is influenced
in the transgenic tomato plant (Fig. 4). ABA acts mainly
through ABA signaling which is composed of PYL-PP2C-
SnRK2. RNA-seq analysis showed that the expressions of
ABA signaling genes in both young fruits and leaves were
down-regulated, meaning that ABA signaling cascades were
reduced in DkUGT3-OE lines (Figs. 31, 7A). AREBs are
the primary factors to activate downstream ABA-dependent
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genes through binding to ABREs (ABA-responsive ele-
ments) in the promoter region of the target genes (Yanez
et al. 2009; Fujita et al. 2013). As we expected, the expres-
sions of SIAREBI and SIAREB2 were down-regulated in
leaves and fruits, respectively. Several ABA-inducible TF
genes were significantly down-regulated in transgenic fruits
and leaves (Figs. 3, 5, and 7). These TF genes simultane-
ously regulate the expression of genes related to chlorophyll
accumulation, chloroplast development, and photosynthesis
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to ripening-related TFs (H), carotenoids (I), ethylene synthesis (J),
and ethylene signaling (K). Data are based on the RNA-seq analysis
of pericarp. The significant differential expression is set as log2-fold
change>1 and <1 with false detection rate <0.005. The heat map is
made using MEV4.9.0 software.

(Figs. 3 and 7). For example, SIGLK1 and SIGLK2, which
belong to the GARP subfamily of the MYB TF superfam-
ily in plants, are master TFs for chloroplast development
(Powell et al. 2012; Nguyen et al. 2014). APRR2 can
promote pigment accumulation and chloroplast develop-
ment in tomato fruits (Pan et al. 2013; Liu et al. 2015a, b).
TKN2/4, which belongs to the Class I KNOTTEDI1-LIKE
HOMEOBOX (KNOX) TF family, can positively modulate
SIGLK?2 and SIAPRR2-LIKE to promote fruit chloroplast
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Fig.9 Phenotype of DkUGT3-RNAi-treated leaves in young per-
simmon plants. 30 leaves from young plants were divided into two
groups (control and treatment groups) for virus-induced gene-silenc-
ing experiments. DkUGT3-RNAi TRV and TRV vectors (control)
were injected into the vascular bundle of dorsal leaves, respectively.
The entire leaves were evaluated and sampled 5 days after inocula-
tion. A Phenotype of leaves treated by DkUGT3-RNAi-vectors (red

development (Nadakuduti et al. 2014). Protochlorophyllide
oxidoreductase (POR) catalyzes the conversion from chlo-
rophyllide a to chlorophyll a and chlorophyllide b (Meng
2018). Chlorophyll a/b binding genes (CABs) encode the
chlorophyll biosynthetic enzymes in the chlorophyll bio-
synthetic pathway. It is known that the photosynthetic
efficiency of green tissue is regulated by the expression of
photosynthesis-related genes (Llorente et al. 2020), which
interact with downstream factors to determine the physi-
ological outcome. Photosynthesis converts light to chemical
energy through two light-driven reactions, photosystem I
(PSI) and photosystem II (PSII), which are connected by
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the electron transport chain and are arranged on the thyla-
koid membrane in a highly ordered manner, followed by the
Calvin-Benson cycle. Light harvesting complex II (LHC II)
from PS II is excited by light to produce electrons, which
are then transported through cytochrome bgf complex, PSI
complex, ferredoxin (Fd), and ferredoxin-NADP™ reduc-
tase (FNR). FNR reduces NADP* to NADPH, which can
assimilate CO, through the Calvin—Benson cycle (Fromme
et al. 2001). In this process, ATP and NADPH generated
during the light reactions are used to fix and change atmos-
pheric CO, to carbohydrates, such as sucrose and starch, in
the chloroplast and cytosol (Cocaliadis et al. 2014). Under
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the catalysis of phosphoenolpyruvate carboxylase (PEPC),
HCO;™ is used to produce oxaloacetate (OAA). In this
study, the expressions of most genes mentioned above were
down-regulated in transgenic leaves and young fruits. Fur-
thermore, VIGS-induced DkUGT3-RNAi was used to sup-
press the expression of DkUGT3 in transgenic young fruits,
and, as a result, the green color in OE fruits was recovered,
suggesting that the pale green color phenotype of trans-
genic tomatoes was caused by DkUGT3-OE (Fig. 6 Af-h).
These results suggest that the overexpression of DkUGT3 in
tomato can decrease ABA level and weaken ABA signaling
which down-regulates ABA-inducible TFs and target genes
involved in chlorophyll synthesis, chloroplast development,
and photosynthesis, and thereby induces pale green color
plants and fruits in transgenic tomato. It is noted that GLK1
and GLK?2 expressions were down-regulated by exogenous
ABA (Fig. 5), indicating that endogenous- and exogenous
ABA regulations of GLK1 and GLK?2 are different.

The above results show the effect of DkUGT3 heterolo-
gous expression in tomato. DkUGT3 was then silenced in
the leaves of persimmon seedlings through VIGS technol-
ogy (Fig. 9). As expected, in DkUGT3-RNAi-treated leaves,
GLK1 expression level, ABA accumulation and chlorophyll
content were increased with the decreased DkUGT3 level,
leading to greener leaves because of the more accumulated
chlorophyll (Fig. 9). The results indicate that the effect of
DkUGT3 on persimmon development is consistent with its
effect on tomato through heterologous expression, suggest-
ing that the functions of well-known ABA UGTs identi-
fied in model organisms are probably well conserved in D.
kaki, and the transcriptional regulation of DkUGT3 possibly
causes pale green color phenotype in green tissues. Taken
together, these data demonstrate that decreased ABA level/
signaling caused by DkUGT3-OE is responsible for this pale
green color phenotype.

In conclusion, persimmon DkUGT?3 can catalyze ABA
glycosylation to reduce free ABA. DkUGT3 is highly
expressed in leaves, young fruits and pre-breaker fruits in
both persimmon and transgenic tomato. DkUGT3 expressed
in tomato can dramatically induce the pale green color
phenotype of plants and fruits due to the decreased ABA
level/signaling which affects ABA-inducible TFs, such as
GLK1 and GLK?2, and target genes involved in chlorophyll
production and photosynthesis. DkUGT3-induced altera-
tions in fruit composition adversely impact fruit quality.
DkUGT3-RNAi-treatment can change yellow-green fruits
of transgenic tomato to a dark green color and can enhance
chlorophyll and ABA contents of young persimmon leaves.
Taken together, these results demonstrate that DkUGT3
plays crucial roles in ABA-mediated plant and fruit devel-
opment and quality, and they provide new evidence of the
regulatory function of ABA.
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