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Abstract

The objective of this research was to explore the candidate genes involved in calcium absorption of R. roxburghii plants,
as well as their relationship with the bioactive substance accumulation in the fruit. RNA-seq and qRT-PCR were used to
analyze the transcriptomic profiles of the roots and leaves of plants during calcium absorption. Based on the correlation
between gene expression and calcium absorption rate, ion channels and carrier proteins were selected to further verify their
response to exogenous calcium supplement and functions on the accumulation of ascorbate (AsA), flavonoid, and triterpenoid
in the fruit. Transcriptome and qRT-PCR analysis revealed that a total of 25 candidate genes from seven families have been
found to be closely associated with Ca*t absorption, namely, cyclic nucleotide-gated ion channel (CNGC), zinc transporter
(ZTP), metal tolerance protein (MTP), ER-type Ca** ATPase (ECA), auto-inhibited Ca** ATPase (ACA), glutamate receptor
(GLR), and natural resistance-associated macrophage protein (NRAMP). Among these, RrCNGC1/7/10/12 and RrMTP2
play a vital role in responding to changes in external calcium levels. Moreover, exogenous Ca>* promoted the accumula-
tion of bioactive compounds such as AsA, total flavonoid, and total triterpenoid in fruits. RrCNGC2/3/12, RrZTP1, and
RrGLRI significantly responded to exogenous Ca®* supplement, of which RrCNGC12 positively correlating with the levels
of the above three types of bioactive substances. Seven families of ion channels and carrier proteins were jointly involved
in calcium absorption and homeostasis in R. roxburghii plants, and RrCNGC12 play a critical role in the calcium-mediated
regulation of fruit quality formation.
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1 Introduction

Calcium (Ca**) is an essential nutrient for plant growth and
Highlights a second messenger in plants. The cytosolic concentration
e We conducted experiments using Rosa roxburghii saplings as of Ca2+ ([Ca2+] ) significantly influences crop growth and
materials in three stages: Ca’* starvation, rapid Ca>* uptake, and v s . . . .
Ca* saturation. development (Hirschi 2004). Various environmental stimuli
o We investigated the Ca* uptake patterns and molecular can cause changes of [Ca2+]cy[’ and the increase of free Ca®*
mechanisms in Rosa roxburghii plants. in cellular is an early and crucial event of plant defense sign-
e Some genes associated with Ca®* uptake have an impact on fruit aling (Lecourieux et al. 2006). Studies have shown that Ca+
bioactive substance accumulation. . .
can promote the synthesis of multiple secondary metabo-
54 Huaming An lites by transmitting secondary signals to downstream target
hman@gzu.edu.cn enzymes and thus enhances plant resistance to adverse exter-
nal environments (Zhao et al. 2005; Ahmad et al. 2016; Mar-
tins et al. 2021; Michailidis et al. 2019; Juric et al. 2020).
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resistance of plant by maintaining soluble sugar and protein
content in cells and increasing the content of unsaturated
fatty acid in membrane (Shi et al. 2017). Wang et al. (2022)
discovered that CaM and calmodulin-like (CML) genes con-
tribute to improving drought resistance in maize. Therefore,
the level of Ca®* in the cytoplasm and the combination of
Ca”* sensors and downstream proteins participate in the
growth and development process of plants.

Plant signals and responses are related to variations in
[Caz+]cyt, which is tightly regulated by a network of chan-
nels and carriers responsible for Ca** homeostasis and the
production of Ca?* signals (Tang and Luan 2017). These
carriers and channels include passive fluxes (Ca”* channels)
and active transport (Ca>*-ATPases and Ca*-antiporters)
across the plasma membrane or endomembranes (Sand-
ers et al. 1999, 2002; Demidchik et al. 2018; Zhang et al.
2019). A variety of Ca** channels have been found in plant
cell membranes, primarily divided into three categories:
depolarization-activated Ca>*-permeable channels (DACCs)
and hyperpolarization-activated Ca**-permeable channels
(HACCs), and nonselective cation channels (NSCCs).
Among these, HACCs in root hairs are highly selective for
Ca®* (Véry and Davies 2000), although some studies sug-
gest that plant Ca®* conductances are primarily mediated
by NSCCs (Liu et al. 2018). These ion channels are closely
related to the production of calcium signals and response
to abiotic stress. Gao et al. (2016) reported that R491Q or
R578K point mutations in cyclic nucleotide-gated chan-
nel 18 (CNGC18) resulted in abnormal Ca®* gradients and
defects in pollen tube guidance by impairing the activity of
CNGC18 in Arabidopsis. The upregulation of Ca** influx
channel protein midl-complementing activity 1 (MCAI)
gene and the downregulation of efflux channel protein cation
exchanger 1 (CAX) and autoinhibited Ca’*-ATPase 1 (ACAI)
genes in the cytoplasmic membrane jointly facilitated the
increase of Ca>* in the cytoplasm (Yang et al. 2022). In
conclusion, channels and carriers of calcium ions and other
cations jointly mediate the transport of Ca**.

Rosa roxburghii Tratt. is a perennial shrub of the
Rosaceae family, which is widely distributed in the karst
region of southwest China with calcium-rich soil. The
fruits of this species are valued for their nutritional and
medicinal characteristics, especially their high ascorbic
acid (AsA), triterpenoid, and flavonoid levels, and
therefore believed to have valuable senescence-retarding
and cancer-preventing effects (Ojo et al. 2022). Various
studies have shown that Ca>* plays a vital regulatory role
in the growth and the formation of quality of R. roxburghii
fruits (Luo et al. 2004). Increasing exogenous Ca’*
can induce the expression of GalLDH and GPP genes
involved in the AsA synthesis pathway, as well as DHAR
and MDHAR genes involved in the AsA regeneration
pathway (Li and An 2016). This process promotes the

synthesis and accumulation of AsA in R. roxburghii fruits
(Zhang et al. 2012). Ca** needs to rely on the coordinated
transport of ion channels and carriers to function, but
the absorption and transport mechanism of Ca’* in R.
roxburghii have not been thoroughly studied. In this
study, we analyzed the transcriptome characteristics
during calcium absorption in R. roxburghii cv. ‘guinong
5’ using RNA-Seq technology and screened for candidate
carrier or channel protein related to calcium absorption.
And we also explored their possible relationship with
the accumulation of main bioactive substances (AsA,
flavonoids, and triterpenoids) in fruits. The results of
this experiment have provided valuable candidate genes
to help understand the calcium absorption mechanism
of R. roxburghii and explored its relationship with the
accumulation of bioactive substances.

2 Material and Methods
2.1 Material Selection and Cultivation

The R. roxburghii cv. ‘guinong 5 saplings propagated
from cuttings were planted in R. roxburghii resource nurs-
ery of Guizhou University. Saplings with 3-month age
which showed similar growth and size were selected and
transferred to a 1/8 concentration of Hoagland and Aron
nutrient solution from soil for pre-cultivation. The nutrient
solution was changed every 3 days, and its pH value was
adjusted to 6.5 using 0.1 mol L™' H,SO, or NaOH. The
culture temperature was maintained at 20 C.

2.2 Determination of Different Periods of Ca**
Uptake in R. roxburghii Plants

Yang and Fan (2022) found that the growth of R. rox-
burghii plants was most optimal at the Ca*>* concentra-
tion of 50-100 mg L~'. After conducting pre-experi-
ments (Fig. S1), we selected the Ca’* concentration of
2 mmol L~! for the uptake experiment. The saplings were
starved in deionized water for 24 h after being pre-cultured
for 2 months. Following this, they were transferred to an
culture solution consisting of 2 mmol L~! Ca(CH,COO),.
Two time intervals, either every 1 h or every 10 min, were
used to change the culture solution and determine the
concentration of Ca®* in the culture solution. This was
conducted to determine the rapid Ca** uptake period and
Ca’* saturation period of the saplings. The uptake rate
(ug 27! h™!) was calculated using the equation: reduced
Ca?* concentration (pg mL~") X total volume of nutrient
solution (mL) / (fresh root weight (g) X time (h)).
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2.3 Transcriptome Sequencing Analysis
2.3.1 Sampling and RNA Extraction

At the Ca®* starvation, rapid Ca** uptake, and Ca* satura-
tion stages, white aquatic roots and leaves of R. roxburghii
saplings were collected separately to extract total RNA
for transcriptome sequencing and qRT-PCR. Three bio-
logical replicates were used. The collected samples were
stored at — 80 °C after being treated with liquid nitrogen
for the extraction of total RNA. Each RNA sample was
divided into two aliquots: one for RNA-seq and the other
for qRT-PCR.

2.3.2 Sequencing and Quality Control

mRNA was purified from total RNA using poly-T oligo-
attached magnetic beads. Fragmentation was carried out
using divalent cations under elevated temperature in NEB-
Next First Strand Synthesis Reaction Buffer (5X). First-
strand cDNA was synthesized using random hexamer
primer and M-MuLV Reverse Transcriptase. Second-
strand cDNA synthesis was subsequently performed using
DNA Polymerase I and RNase H. The library fragments
were purified with AMPure XP system (Beckman Coulter,
Beverly, USA). Then 3 pl USER Enzyme (NEB, USA) was
used with size-selected, adaptor-ligated cDNA at 37 °C
for 15 min followed by 5 min at 95 °C before PCR. Then
PCR was performed with Phusion High-Fidelity DNA pol-
ymerase, Universal PCR primers and Index (X) Primer. At
last, PCR products were purified (AMPure XP system) and
library quality was assessed on the Agilent Bioanalyzer
2100 system. The clustering of the index-coded samples
was performed on a cBot Cluster Generation System using
TruSeq PE Cluster Kit v4-cBot-HS (Illumia) according to
the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on an [llumina
platform and paired-end reads were generated.

The raw reads were further processed with a bioin-
formatic pipeline tool, BMKCloud (www.biocloud.net)
online platform. Raw reads of fastq format were firstly
processed through fastp 0.21.0 (Chen et al. 2018). In this
step, clean reads were obtained by removing reads con-
taining adapter, reads containing ploy-N, and low-quality
reads from raw data. At the same time, Q20, Q30, GC-
content, and sequence duplication level of the clean data
were calculated. All the downstream analyses were based
on clean data with high quality. These clean reads were
then mapped to the reference genome sequence. Hisat2
(Kim et al. 2015) tools soft were used to map with ref-
erence genome. Using StringTie (Pertea et al. 2015) to
assemble reads been compared.

@ Springer

2.3.3 Gene Functional Annotation

Gene function was annotated using DIAMOND (Buchfink
et al. 2015) based on the following databases: Nr (NCBI
non-redundant protein sequences) (Deng et al. 2006); Pfam
(Protein family) (Finn et al. 2014); KOG/COG (Clusters
of Orthologous Groups of proteins) (Tatusov et al. 2000;
Koonin et al. 2004); Swiss-Prot (A manually annotated
and reviewed protein sequence database) (Apweiler et al.
2004); KO (KEGG Ortholog database) (Kanehisa et al.
2004); GO (Gene Ontology) (Ashburner et al. 2000).

2.3.4 Screening of Differentially Expressed Genes (DEGs)
and Its GO and KEGG Enrichment Analysis

FPKM (fragments per kilobase of transcript per million
fragments mapped) was used as a measure of transcript
or gene expression level. DESeq2 software was used
to perform differential gene expression analysis (Love
et al. 2014), with DEGs screened based on the criteria
of fold change > 1.2 and FDR < 0.01. FDR was obtained
by correcting the difference significance p-value. DEGs
were annotated to the GO database, and their functional
distribution statistics were counted, analyzed, and plotted
(Young et al. 2010). The DEGs were also compared with
the KEGG database to investigate the metabolic pathways
and signaling pathways in which they are involved
(Kanehisa et al. 2008).

2.4 R.roxburghii Saplings Treated with Different
Levels of Calcium Supply

The 1/8 concentration of Hoagland and Arnon formula
was used as the basic nutrient solution in the experiment,
with slight modifications made to remove all Ca’*-
containing components and to equalize nitrogen differences
with 40 mg L™' NH,NO,, while keeping other element
concentrations unchanged. Calcium concentrations
were controlled through Ca(CH;COO),. According to
the research of Yang and Fan (2022), we designed three
calcium concentration treatments, namely 0 mmol L,
0.5 mmol L™!, and 2 mmol L. The pH of nutrient solution
were adjusted to 6.5 using 0.1 mol L™! NaOH and H,SO,.
The cultivation temperature was 20 °C. R. roxburghii
saplings were starved for 24 h and then transferred to the
three nutrient solutions. Hydroponic roots and leaves of
saplings in different treatments were collected after O day,
1 day, and 7 days of cultivation, respectively. A portion is
dried to constant weight and stored at ordinary temperature,
while another portion is treated with liquid nitrogen and
stored at — 80 °C. The calcium content and the expression
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of candidate genes in these samples were determined. Each
treatment was replicated biologically three times.

2.5 The Spatiotemporal Expressive Specificity
of Candidate Genes

Excellent perennial asexual lines of R. roxburghii cv.
‘guinong 5’ were selected as test materials. Fruits, petals,
and leaves from the upper and middle portions of the crown
at 30 days after anthesis were used as samples for analyzing
of the expression patterns in various organs. Fruit samples
were taken at 30, 60, and 90 days after anthesis, at 10
am, with at least 300 g of fruits collected each time. The
expression of candidate genes was determined using qRT-
PCR in different developmental stages of fruits and in
different tissue samples.

2.6 Spraying Plant Crown In Vivo with Exogenous Ca**

Good asexual lines of perennial R. roxburghii were
sprayed with Ca2* solution on the plant crown at 20 days,
50 days, and 80 days after anthesis. Thirty fruits were
sampled at 30 days (30 May), 60 days (30 June), and
90 days (30 July) after anthesis. A portion is dried to
constant weight and stored at ordinary temperature, while
another portion is treated with liquid nitrogen and stored
at— 80 °C. We set up four concentration treatments by
Ca(CH,;COO0), solution, namely 100 mg L', 300 mg L=},
500 mg L=!, and 700 mg L~!, with clear water as the
control (Luo et al. 2004), and five trees grown in each
treatment. The content of calcium, AsA, total flavonoid,
and total triterpenoid content, as well as the expression
of candidate genes, were determined in the samples from
different treatments. Three biological replicates were
analyzed for each indicator.

2.7 Soaking Fruit In Vitro with Exogenous Ca**

The R. roxburghii fruits of uniform development were
collected in late July. According to the method of Zhang
et al. (2012), each fruit was divided into three portions and
placed in a culture solution with the following formulation:
2 mmol L~! CaSO,+ 15 mmol L! glucose, 2 mmol L!
CaSO,+ 15 mmol L! glucose +5 mmol L' EGTA, and
15 mmol L~! glucose as a control. Samples were taken
after incubation in a light incubator for 0, 3, 6, 12, and 24 h,
during which 54 pmol m~2 s~ of light was provided from
8:00 to 19:00 at 25 °C, with three biological replicates. The
samples were taken to determine the content of calcium,
AsA, total flavonoid, and total triterpenoid, as well as the
expression of candidate genes, and the determination was
repeated three times.

2.8 Measurement of Calcium, AsA, Total Flavonoid,
and Total Triterpenoid

2.8.1 Determination of Calcium Content

The calcium content was determined by the HNO;-HCIO,
digestion method and inductively coupled plasma emission
spectrometry (ICP-AES). The samples were baked at 110 °C
for 0.5 h and then placed in a thermostat at 70 °C until their
weight became constant. The dried samples were ground
and passed through a 100 mesh nylon sieve. The sample was
weighed 0.5 g, incubated overnight in 15 mL of mixed acid
(HNO,/HCl1O,=9:1, v/v), heated on an electric hot plate
until white smoke was emitted, and continued to heat until
about 1 mL of digest remained. After cooling, the digest
was transferred to a clean volumetric flask, fixed to 50 mL,
filtered, and the calcium content was determined by ICPE-
9800 inductively coupled plasma emission spectrometer.
Element content (mg g_l) was calculated as (D—B)x V/
(Wx1000), where D is the detection value of the sample
element concentration (mg L_l), B is the blank detection
value (mg L1, Vis the total volume of the sample after
digestion (mL), and W is the sample weight (g). All tests
were performed in three biological and technical replicates.

2.8.2 Determination of AsA Content

Liquid chromatography was used for the determination of
AsA content (Wang and An 2013). The tissue samples were
ground evenly with 5 mL of 6% metaphosphoric acid solu-
tion in a pre-chilled mortar. The solution was then trans-
ferred to a 10-mL centrifuge tube and centrifuged for 15 min
at 4 °C and 10,000 r/min. The supernatant was removed to
a 10-mL centrifuge tube, and 3—4 mL of extract was added
to the remaining residue, which was then centrifuged for an
additional 10 min under the same conditions. The superna-
tant was removed and combined, and the volume was made
constant to 10 mL. This solution was passed through a 0.45-
pm filter membrane to obtain the AsA extract for determina-
tion. The AsA content was determined by high-performance
liquid chromatography (HPLC) under the following condi-
tions: Wondasil C18 column (4.6 mm X 150 mm, 5 pm);
mobile phase, 0.2% metaphosphoric acid solution; flow rate,
1 mL/min; column temperature, 30 °C; UV detector, 254 nm;
injection volume, 20 pL. The AsA content was calculated
based on the peak value of the HPLC spectrum (Fig. S2)
using the following formula: AsA content (mg/100 g)=(m;
XVyX 107 100)/ (mXv,;), where m is the mass of the sam-
ple weighed in grams; m; is the mass of AsA in the solution
to be measured (g), calculated using the standard curve; v; is
the volume of the extraction solution used for determination
in the sample (mL); and v, is the total volume of the sample
presented (mL).
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2.8.3 Determination of Total Triterpenoid Content

A standard curve was prepared using ursolic acid as the stand-
ard. The tissue sample weighing 0.5 g was added to 8 mL.
of 75% ethanol solution, then centrifuged at 7000 r/min for
10 min, after 50 min of ultrasonic extraction at 50 C. The
supernatant was aspirated and fixed to a volume of 10 mL,
after which it was shaken well. For determination, 0.2 mL
of the extract was taken, and 0.5 mL of 5% vanillin-acetic
acid solution and 0.8 mL of perchloric acid were added. The
resulting mixture was shaken well and heated in a water bath
at 60 °C for 20 min, and then immediately cooled in ice water.
Finally, 3.5 mL of glacial acetic acid was added, shaken well
and the absorbance was measured at a wavelength of 545 nm.
The total triterpenoid content was calculated using the follow-
ing formula: total triterpenoid content (mg/100 g) = (m,; X v,
x 107 % 100)/ (mXxv;), where m is the mass of the sample
weighed in grams; m; is the mass of total triterpenoid in the
solution to be measured (g), calculated using the standard
curve; v, is the volume of the extraction solution used for
determination in the sample (mL); and v, is the total volume
of the sample presented (mL).

2.8.4 Determination of Total Flavonoid Content

The NaNO,-AI(NO3); colorimetric method was employed to
determine the total flavonoid content. The rutin standard was
used to prepare the standard curve. 0.5 g of the sample was
weighed and sonicated for 2 h in 15 mL of 30% methanol.
The mixture was then centrifuged at 8000 r/min for 10 min,
and the supernatant was extracted. The extracted supernatant
was fixed to a volume of 10 mL, after which 2 mL of the
extract was pipetted into a 10-mL centrifuge tube. To this
solution, 0.4 mL of 5% NaNO,, 0.6 mL of 10% Al (NO;)5,
and 4 mL of 4% NaOH were added. The resulting mixture
was shaken well at each step, left at ordinary temperature for
6 min, fixed to a volume of 10 mL with 30% methanol, and
left standing for 15 min. The absorbance value at 510 nm
was measured, and each sample was replicated three times.
The total flavonoid content was calculated using the follow-
ing formula: total flavonoid content (mg/100 g) = (m; X v,
x 1070%x 100)/ (m x v;), where m is the mass of the sample
weighed (g); m; is the mass of total flavonoid in the solu-
tion measured (g) using the standard curve; v, is the volume
of the extraction solution used for the determination in the
sample (mL); and v, is the total volume of the sample pre-
sented (mL).

2.9 RNA Extraction and qRT-PCR
Total RNA was extracted using the Tiangen RNAprep Pure

Polysaccharide Polyphenol Plant Total RNA Extraction
Kit based on the manufacturer’s instructions. The RNA
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was reverse transcribed using the RNA PCR Kit Ver.
2.1 (TaKaRa, Dalian, China). Primers were synthesized
according to Table S1, and qRT-PCR was performed
using TB Green Premix Ex Taq II (Tli RNaseH Plus)
(Code No. RR820A/B). Ct values were calculated based
on three replicate technical experiments performed on
three biological replicates. The UBQ gene was used as
an internal reference gene for normalization. The relative
expression levels of target genes were determined using
the 2724 method.

2,10 Statistical Analysis

Data were processed and plotted using Excel 2016 data pro-
cessing software. Heat maps were plotted using TBtools, and
correlation and significance of differences were analyzed
using SPSS 18.0. Data were presented as mean values + SEs,
and statistical analyses were performed using the Duncan
test (p <0.05).

3 Results

3.1 Determination of Different Periods of Ca**
Uptake in R. roxburghii

In this experiment, a 2 mmol L™' Ca(CH;COO), solution
was used as the absorption solution and the Ca** absorption
characteristic of R. roxburghii at different times was ana-
lyzed (Fig. 1). Calcium content in absorption solution had
the most reduction within the first hour of absorption. The
calcium saturation was reached after 5—6 h. Next, we con-
ducted experiments at 10-min intervals, and the rapid Ca®*
uptake period of R. roxburghii occurred within 0—10 min.
Therefore, we chose 5 min as the rapid Ca** uptake period,
6 h as the Ca®* saturation period, and 0 min as the starva-
tion period.

3.2 Quality Assessment of Transcriptome
Sequencing and Gene Annotation

The main site of Ca** uptake in plants is the root, driven
by transpiration pull. Accordingly, the transcriptome of
R. roxburghii roots and leaves was sequenced at different
calcium uptake periods (0 min, 5 min, and 6 h). After quality
control, a total of 116.13 Gb of clean data were obtained.
Each sample’s clean data reached 5.71 Gb, Q30 was 94.06%
and above, and the GC content ranged from 46.24 to 48.34%
(Table S2). The check of base type distribution showed
stable content of GC and AT (Fig. S3), and the sequencing
error rate was below 0.0005 (Fig. S4). The results of sample
replication test demonstrated good sample reproducibility
(Fig. 2A). Referring to the selected reference genome
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Fig. 1 Calcium absorption
dynamics of R. roxburghii.

oe]

Note: A Hourly calcium absorp-
tion dynamics of R. roxburghii,
B Calcium absorption dynamics
of R. roxburghii every 10 min.
There are significant time differ-
ences between letters

Reduced calcium content/mg-L!
o

Reduced calcium content/mg-L-!

0 1 2 3
Absorption time/h

[—— 100 077 078 085 072 072 070 070 071 0.10 0.10 0.10 0.14 0.1 0.13 031 0.13 0.13 L6h-2 .

077 1.00 099 0,87 0.92 0.92 0.92 0.93 0.92 0.12 0.12 0.12 0.14 013 0.14 0.13 0.17 017 L6h-1 060

078 099 1.00 0.63 0.92 0.93 0.90 091 091 0.12 0.12 0.12 014 013 0.14 0.12 0.15 0.15 L6h-3 040
085 087 088 100 095 095 080 089 089 006 0.5 006 008 006 007 0.2 007 007 Lomin2 |2
072 092 092 0.95 1.00 1.00 0.95 0.95 095 0.06 0.06 0.06 007 006 0.7 006 0.07 0.07 LOmin-1
072 092 093 0.95 1.00 1.00 0.94 0.95 094 0.06 0.06 006 007 006 0.07 0.05 0.07 0.07 LOmin-3
070 092 0.9 0.69 0.95 0.94 1.00 1.00 1.00 0.08 0.08 007 009 008 009 009 0.12 0.12 LSmin-3
070 093 091 0.69 0.95 0.95 1.00 1.00 1.00 0.08 0.07 007 008 008 009 008 0.11 0.11 LSmin-1
071,092 091 089 095 094 1.00 100 1.00 0.08 0.08 0.07 0.09 0.08 0.09 0.09 0.12 0.11 L5min-2
010 0.12 0.12 0,06 0.05 0.06 0.08 0,08 0.08 1.00 1.00 1.00 097 098 097 0.52 0.0 070 RSmin-2
010 0.12 0.12 0,06 0.05 0,06 0.08 0,07 0.08 1.00 1.00 100 096 097 097 051 0.69 069 RSmin-1
010 0.12 0.12 0,08 0.05 0,06 0.07 0.07 0.07 1.00 1.00 1.00 0.9 097 097 0.51 069 0.70 RSmin-3
014 0.18 0.14 0.08 0.07 0.07 0.09 0,08 0.09 097 0.9 096 1.00 099 099 062 074 074 ROmin-2

.11 0.13 0.13 006 0.06 0.06 008 008 0.08 098 07 0.97 099 1.00 0.99 0.5 0.75 0.75 ROmin-1

89%

013 0.14 0.14 0.07 0.07 0.07 0.09 0.09 0.09 0.97 0.97 097 099 099 1.00 057 073 073 Romin-3
031 013 012 0.12 006 005 009 008 009 052 051 051 062 055 0.57 1,00 071 071 R6h-2
Eow 0.17 0.15 007 007 007 0.12 0.11 0.12 070 069 069 074 075 073 071 1.00 1,00 R6h-1

013 0.17 0.15 0,07 0.07 007 0.12 011 O.f1 070 069 070 074 075 073 071 1,00 1.00 R6h-3

4 5 6 0 10 20 30 40 50 60

Absorption time/min

NR Species distribution

Rosa chinensis [32894]

O Fragaria vesca [2096]
Malus domestica [203]
Prunus dulcis [155]
Prunus armeniaca [128]
Prunus yedoensis [114]
Prunus avium [111]
Prunus persica [111]
Malus baccata [83]
Other [1185]

Fig.2 Sample repeatability test (A) and distribution statistics of different species in NR notes (B). Note: A The values in the figure represent the
correlation between samples; coordinate name is tissue (L/R) + treatment time (0 min/5 min/6 h) + duplicate number, L for leaf, R for root

sequences, the number of annotated unigene was 37,241,
and 86.1% of unigene was compared to the NR database
(Table S3). Statistical analysis of the annotation results
from NR database revealed (Fig. 2B) that R. roxburghii
has a closer relationship with Rosa chinensis, followed by
Fragaria vesca.

3.3 ldentification of DEGs and Their GO and KEGG
Enrichment

Using the screening criteria of fold change > 1.2 and
FDR < 0.01, a total of 12,314 DEGs were identified in
the experiment. Of these, 1323 genes in roots and 1546
genes in leaves were upregulated in expression during
the rapid Ca®* uptake period compared to the starvation
period. The comparison between groups demonstrated
more DEGs in roots than in leaves (Fig. S5), suggesting

a more active response in roots during Ca>* uptake. GO
functional enrichment contained three main branches
(Fig. 3A), including biological process, molecular
function, and cellular component. DEGs were mostly
involved in cellular processes and metabolic processes
within the biological process module, membrane and
membrane part within the cellular component module,
and catalytic activity, binding, and transporter activity
within the molecular function module. The KEGG
pathway classification grouped all DEGs into five major
categories, with a total of 134 pathways (Fig. 3B). The
DEGs of MAPK signaling pathway, plant hormone signal
transduction, and plant-pathogen interaction accounted
for a higher percentage, up to 5.61%, 7.61%, and 11.05%,
respectively. This finding demonstrates that Ca* is
involved in signal transduction, multiple metabolic
processes, and defense processes in R. roxburghii.
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3.4 Identification and Expression Validation
of Genes Involved in Calcium Uptake
and Transport in R. roxburghii

Based on previous research literature, we screened the DEGs
of ion channels and carrier that were related to ion trans-
port, combined with the results of GO annotation, COG
function enrichment, and KEGG pathway enrichment. We
further correlated these findings with the changes in the
Ca’* uptake rate of R. roxburghii saplings (Table 1). We
used the screening criteria of correlation coefficient abso-
lute value > 0.7 and FPKM values > 10 to identify candidate
genes involved in calcium uptake and transport. By these
methods, we screened 25 candidate genes in leaves and roots
(Fig. 4). These genes belong to seven gene families, which
include the cyclic nucleotide-gated ion channel (CNGC),
zinc transporter (ZTP), metal tolerance protein (MTP),
ER-type Ca*" ATPase (ECA), Autoinhibited Ca’* ATPase
(ACA), glutamate receptor (GLR), and natural resistance-
associated macrophage protein (NRAMP). The expression
of RrACA1/2/3, RrCNGC1/2/3/4/5/6/7/8, RrECAI, RrGLR1,
and RrMTP1/2 in leaves was positively correlated with the
rate of Ca®* uptake. This indicates that they facilitate the
upward transport of Ca>* and promote its uptake. In the root,
the expression of RrCNGC9/10, RrECA2, and RrGLR2 was
positively correlated with the rate of Ca®* uptake, suggest-
ing that these genes play a positive regulatory role in Ca>*
uptake. Interestingly, we found that the expression of genes
RrCNGC11/12, RrMTP1/3, RrNRAMPI, and RrZTP1/2 in
roots exhibited a negative correlation with the rate of Ca®*
uptake, suggesting that these genes may regulate ion homeo-
stasis during starvation and calcium saturation periods. qRT-
PCR results confirmed the reliability of the transcriptome
sequencing results (Figs. S6 and S7).

3.5 Changes of Calcium Content in R. roxburghii
Under Different Calcium Concentrations
and the Response of Genes Related to Ca®*
Uptake and Transport

To further identify genes that respond to different levels of
calcium, the calcium content of roots and leaves was meas-
ured under different calcium concentrations (0 mmol L,
0.5 mmol L™!, and 2 mmol L‘l), and the expression of 25
candidate genes was assessed in this experiment (Fig. 5).
The results revealed that the calcium content in leaves and
roots increased rapidly after 0.5 mmol L™! and 2 mmol L™!
Ca”* treatments from 0 to 1 day compared with the control
(0 mmol L™! Ca®"). After that, the calcium content in roots
kept increasing, while the calcium content in leaves showed
a slight decreasing trend, indicating that calcium migrated
from leaves to roots in the later stages of calcium uptake.
The qRT-PCR analysis and correlation analysis indicated
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that the expression of RrCNGC7 in the roots was signifi-
cantly and positively correlated with the calcium content,
while the expression of RrCNGC1/10/12 and RrMTP2 in
leaves was significantly and positively correlated with the
calcium content. When the external calcium concentration
changes, these genes played a key role in calcium accumula-
tion within roots or leaves.

3.6 Spatiotemporal Expression Characteristics
of Candidate Genes

In this experiment, the expression patterns of 25 candidate
genes were assessed in various tissues of R. roxburghii,
including fruits at 30 days after anthesis, leaves, and petals,
as well as in fruits at different developmental stages (30, 60,
and 90 days after anthesis). The results demonstrated that
the expression of these genes was tissue-specific and time-
specific (Fig. 6). The expression levels of most genes were
significantly higher in leaves and fruits than in petals, and
they were also higher in the later stages of fruit development
compared to the early stages.

3.7 Relationship Between Calcium Uptake
and Transport Genes and Major Active
Substances in R. roxburghii Fruits

The R. roxburghii has a significant advantage compared to
other plants in active substances of fruit, namely AsA, trit-
erpenoid, and flavonoid. In Fig. 6, it was observed that the
majority of candidate genes exhibited high expression levels
in middle and late stage fruits. Consequently, the question
arises: does Ca®* regulate the synthesis of these substances?
To seek answers, we conducted two treatments on R. rox-
burghii, namely exogenous Ca”" soaking of friuts in vitro
and spraying plant crown in vivo.

Using the common extracellular Ca** chelator, ethylen-
ebis (oxyethylenenitrilo) tetraacetic acid (EGTA) to soak
fruit, we observed that the treatment of Ca>* add to glucose
significantly increased the calcium content of the fruits,
while the inclusion of EGTA led to a decrease in calcium
levels. The trends of AsA, total triterpenoid, and total flavo-
noid were consistent with the trends observed for calcium
content. After the treatment of spraying Ca(CH;COO),
at concentrations ranging from 100 to 700 mg L™, it was
observed that Ca?* promoted the accumulation of the three
active substances in the fruits at 30 and 60 days after anthe-
sis. However, the optimal Ca** concentration for accumula-
tion of these three substances was different at 90 days after
anthesis, suggesting a dosage effect of calcium ions on these
substances (Fig. 7).

Our correlation analyses and gene expression patterns
revealed that the calcium content in fruits was significantly
and positively correlated with the content of AsA, total
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«Fig. 3 DEG enrichment analysis. A Statistical diagram of GO annota-
tion classification of DEG; B enrichment map of DEG KEGG path-
way. Note: A The abscissa is the go classification, the left side of the
ordinate is the percentage of the number of genes, and the right side
is the number of genes; B the ordinate is the name of KEGG channel;
the abscissa is the enrichment factor, representing the significance of
DEG enrichment level in this pathway; the color of the circle repre-
sents Q value. The smaller this value is, the more reliable the enrich-
ment significance of DEG in this pathway is; the size of the circle
indicates the number of genes enriched in the pathway. The larger the
circle, the more DEG

triterpenoid, and total flavonoid after the treatment of Cat
soaking fruits in vitro. And RrCNGC3/12 and RrGLRI
played a crucial role in this process (Fig. 8). The correla-
tion coefficient between calcium content and the content of
total triterpenoid and total flavonoid in the fruits was greater
than 0.8 and showed a highly significant positive correlation
with AsA after the Ca®* spraying (Fig. 9). The expression
of RrCNGC?2 and AsA content showed a highly significant
positive correlation, and RrCNGC12 was significantly cor-
related with the total triterpenoid and total flavonoid con-
tents and clustered into one group at 30 days after anthesis.
The correlation coefficients of calcium content with AsA
and total triterpenoid in fruits at 60 days after anthesis were
high, and the expression of RrZTP1 was significantly and
positively correlated with total flavonoid content. However,
as the fruit develops, the correlation coefficients between
calcium content in the fruits and the three substances gradu-
ally decreased, indicating that Ca>* mainly regulates the for-
mation of these substances in the early and middle stages of
fruit development.

4 Discussion

4.1 The Uptake of Calcium by R. roxburghii Is
a Rapid Process That May Be Involved in Plant
Defense Against Pathogens

Compared to other plants, R. roxburghii has the highest con-
tent of AsA and is rich in flavonoids, triterpenoids, and other
active substances. It grows in karst regions, where the soil
calcium content is considerably high. Ca** uptake, transport,
and function have been a hot topic of research in the field
of plant nutrition. However, the calcium nutrition study of
R. roxburghii is the early stages of physiological research.
In this experiment, we tried to explore the calcium
absorption and transport mechanisms in R. roxburghii.
Transcriptome sequencing is a common tool for molecular
biology research now, with RNA-Seq being preferentially
applied due to its high throughput, broad detection range,
and accurate quantification (Brautigam and Gowik 2010).
To select suitable sequencing materials, we performed Ca**
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uptake tests in R. roxburghii. Our results revealed that the
rapid uptake period occurred within 0—10 min, and the Ca>*
saturation state was reached after 5—6 h. Similarly, the fastest
period of nutrient uptake for iron, phosphorus, potassium,
and calcium was 1 h, after which the uptake rate decreased
gradually until stabilization in Malus hupehensis (Fan and
Yang 2014). Additionally, phosphorus-deficient maize plants
sprayed with 200 mmol/L. KH,PO, showed that phosphorus
was primarily absorbed within the first 6 h (Gorlach et al.
2021), indicating that nutrient uptake is a rapid process.

Calmodulin (CaM) and calmodulin-like (CML) proteins
serve as primary Ca’" sensors and regulate various cellu-
lar functions by modulating the activity of diverse target
proteins (Cheval et al. 2013). Our assay of GO functional
enrichment discovered that DEGs were enriched in functions
like catalytic activity, binding, and transport activity, reveal-
ing that calcium regulates multiple cellular functions in R.
roxburghii cells. Intriguingly, three pathways, namely, plant-
pathogen interaction, MAPK signaling pathway, and plant
hormone signal transduction, showed the highest percentage
of DEGs in the KEGG pathway enrichment. Prior research
has demonstrated that calcium signaling through Ca*" influx
in plant apoplast is a crucial stage for disease resistance pro-
teins to function. A calmodulin-binding transcription factor
links calcium signaling to antiviral RNAi defense in plants
(Wang et al. 2021b). The ZARI protein has Ca**-selective
channel activity and induces immunity and cell death (Bi
et al. 2021). AtNLRs can create Ca’"-permeable cation
channels that modulate cytoplasmic Ca>* levels and directly
mediate cell death signals (Jacob et al. 2021). Intracellular
immune receptors form atypical calcium-permeable cation
channels in the PM and mediate a prolonged calcium influx,
which overcomes the negative effects of pathogen effectors
and enhances plant immune responses (Kim et al. 2022).
Thus, we suggest that the mechanism of calcium uptake and
translocation has a similar network to that of plant disease
resistance.

4.2 Seven Gene Families Directly or Indirectly
Regulate Calcium Transport Processes in R.
roxburghii and Respond to Changes in Calcium
Concentration

The treatment of sparying Ca** solution in vivo in grape
triggers a tremendous number of DEGs associated with
calcium transport, affecting the plant’s calcium uptake (Yu
et al. 2020). The transport and buffering processes of cal-
cium depend on the participation of multiple ion channels
and carrier proteins (Zhang et al. 2019). There were 25 genes
involved in calcium uptake and transport process in this trial,
covering seven gene families, including ECA, ACA, GLR,
CNGC, ZTP, MTP, and NRAMP.
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Table 1 Calcium absorption rate of R. roxburghii at different
time points. Note: Values in the table are absorption rates + stand-
ard errors, and * indicates that calcium absorption rate is significantly

different at the 0.05 level

Time

Ca’* uptake rate (ug g~ h™!)

0 min
5 min
6h

0.00+0.00

1106.67 +58.10*

16.67+4.09

Fig.4 Heat map of calcium
absorption and transport-related
gene expression in leaves

(A) and sand roots (B) of R.
roxburghii. Note: Values in the
graph are correlation coef-
ficients; *indicates that gene
expression is significantly corre-
lated with calcium uptake rate
at the 0.05 level

Fig.5 Changes in calcium con-
tent of R. roxburghii leaves (A)
and roots (B) under different
calcium concentration treat-
ments and changes in candidate
gene expression in leaves (C)
and roots (D). Note: Different
letters in the figure indicate that
the calcium content of different
treatments has significant differ-
ences. The numbers in the heat
map indicate the correlation
coefficient between the expres-
sion levels of candidate genes
and calcium content. *indicates
that there is a significant corre-
lation between gene expression
and calcium content at the level
of 0.05; **indicates that there is
a very significant correlation at
the level of 0.01

Calcium content/mg- g!
T E-N
o) n o [
o
o
Calcium content/mg- g!
(=)}

—_
b
[

—_
~

Omin 5 min

6h

There are two types of Ca’>*-pumping ATPase in plant
cells, the ECAs and ACAs (Bonza and De Michelis 2011).
The ACA is usually located on the plasma membrane, and
it is highly selective, only transporting Ca** and promoting
Ca** into the vacuole or the apoplast (Boursiac et al. 2010;
Huda et al. 2013; Costa et al. 2017). ECA located in the endo-
plasmic reticulum (Dodd et al. 2010). Moeder et al. (2019)
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Fig.6 Temporal and spatial
expression characteristics of
calcium absorption and trans-
port related genes in R. rox-
burghii. Note: A The expression
of candidate genes in leaves,
petals, and 30-day fruits; B the
expression of candidate genes in
fruits of different development
stages

leaf fruit  flower

suggested that two ligand-gated ion channel families, GLRs
and CNGCs, play significant roles in immune responses.
GLRs are located on the plasma membrane as non-selective
Ca”" channels that can mediate long-distance cytoplasmic
Ca”* signaling (Vincill et al. 2013; Suda and Toyota 2022).
CNGCs are distributed across various organelle membranes,
and it is usually activated by cAMP and cGMP to promote
Ca** influx (Gobert et al. 2006; James and Zagotta 2018).
Wang et al. (2021a) discovered that CNGC15 and the nitrate
transceptor NRT1.1 as a molecular switch together to regu-
late calcium influx based on nitrate levels. This suggests that
non-calcium transporter proteins could also influence calcium
transport. Our study found a correlation between the expres-
sion of RrMTPs, RrNRAMPs, and RrZTPs families and the
rate of calcium uptake. ZTPs are located in the endoplas-
mic reticulum membrane (Wang et al. 2010), increasing the
zinc concentration in the cytosol (Baltaci and Yuce 2018).
NRAMP is a type of bivalent metal transporter protein that
transports ions like Fe?*, Mn?>*, and Zn>* from the apoplast
or organelle to the cytosol (Nevo and Nelson 2006; Mani and
Sankaranarayanan 2018), which located in the plasma mem-
brane, endoplasmic reticulum membrane, and golgi mem-
brane (Gao et al. 2018; Li et al. 2022). MTPs located in golgi,
vacuole, and mitochondria can transfer Zn, Mn, and Fe into
the organelle (Farthing et al. 2017; Gu et al. 2021; Migocka
et al. 2018). Some MTPs located at the plasma membrane
also contribute to the efflux of excess metal ions from plants
and maintenance of ions homeostasis, like MTP10 (Ge et al.
2022a, b; Zhang et al. 2020; Migocka et al. 2015). Interest-
ingly, in previous studies, MTPs and NRAMPs were mainly
implicated in the transportation of Mg?" and facilitated the
transport of cations from the subsurface part to the above-
ground part (He et al. 2021), and NRAMPs did not have the
protein structure to transport Ca>* (Ehrnstorfer et al. 2014).
Ge et al. (2022a, b) found Ca?* and Mg?" have antagonistic
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effects, and MTP10 can maintain the homeostasis between
Mg and Ca. We presume that NRAMPs, ZTPs, and MTPs
mutually regulate each other, thereby coordinating ion home-
ostasis in R. roxburghii. However, further testing is required
to support this theory.

The calcium uptake is a complex process, which
requires different ion channels at various stages of uptake.
Both leaves and roots serve as organs for plants to absorb
nutrients. Unlike soil fertilization, nutrients sprayed on
the leaf surface are mainly absorbed by crops through leaf
cuticles and stomata (Niu et al. 2021). In this paper, only
the mode of calcium uptake by the roots is discussed, and
other modes need to be further explored. Based on previ-
ous literature, we predicted the functional pattern of each
gene in a hypothetical R. roxburghii cell (Fig. 10). Ca>*
must cross the casparian strip and enter the cytoplasm
through Ca®* channels such as CNGCs and GLRs in the
plasma membrane after contacting the epidermis of roots
(Alcock et al. 2021). Subsequently, channel proteins such
as MTPs, NRAMPs, ZTPs, and CNGCs play a dual role.
On the one hand, they carry out long-distance signal trans-
duction and promote upward transport of Ca** with the
help of transpiration pull. On the other hand, they actively
regulate ion homeostasis during calcium uptake. Finally,
Ca®* stored in the organelles of the leaf through ECAs and
ACAs. Calcium absorption is affected by abiotic stress
factors (Gong et al. 2020). The process correlates with
calcium concentration in this experiment. We obtained dif-
ferent candidate genes in different concentrations of the
culture solution, reflecting the fact that the uptake pat-
tern changes depending on the calcium concentration. The
reason for changes in transportation modes may be that
calcium also plays roles as a second messenger coupling
a wide range of extracellular stimuli with intracellular
responses (Shao et al. 2008).
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4.3 The Expression of Transporter Proteins Is
Spatiotemporally Specific and Involves
the Synthesis of Bioactive Substances

The expression abundance of genes is not alike in different tis-
sues. For example, GLRs preferentially expressed in root (Price
etal. 2013). However, out of the 25 candidate genes, most show
high expression levels in leaves and fruits (Fig. 6). Calcium
oxalate crystals are found exclusively in the phloem of R. rox-
burghii leaves and stems, as well as in fruits under high-calcium
conditions, but not in roots (Meng and Fan 2022). We hypoth-
esize that the main role of transporter proteins in roots is to

Days after anthesis

transport Ca>* rather than store Ca>*. As the fruit matured, the
calcium content in fruit gradually decreased and differences in
the expression pattern of ion channels appeared (Fig. 6). These
results suggest that calcium absorption is also influenced by
tissue and developmental stage.

Wang et al. (2016) discovered that the addition of Ca’t
increased the levels of gamma-aminobutyric acid, isoflavones,
phenolics, and vitamins. When plants faced to Ca(NO;),
stress, the levels of AsA and glutathione decreased sig-
nificantly, along with the activities of antioxidant enzymes
involved in the AsA-GSH cycle (Yuan et al. 2013). Similarly,
we found that Ca®" increased the accumulation of three active
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Fig. 8 Expression of candidate genes and its correlation analysis with
calcium, AsA, total flavonoid, and total triterpenoid content after
Ca?* soaking fruits in vitro. Note: CK, 15 mmol L™! glucose soaking
treatment; Ca, 2 mmol L~! CaSO,4+ 15 mmol L! glucose; EGTA,
2 mmol L™ CaSO,+ 15 mmol L™! glucose +5 mmol L™! EGTA; 0 h,

A B

correlation coefficient

Total flavonoid RrCNGC10

correlation coefficient

RrCNGC10 -0.07 -0.05 0.09 20
RrMTP2 058 -0.70%  -0.51 1.5
-0.50 -0.68** -0.51 1.0
002 010 035 05
0.16 -0.08 0.28 )
021 034 000 0.0
-0.10 -0.57* -0.14 -0.5
042 027 10
-1.5
-2.0
RrCNGC12 1.0
AsA . 1.00 . .
Total triterpeno 0. ¥ 1.00 . 0.5
Calcium 3l .
Total flavonoid
0.0
-0.5
-1.0

3 h, 6 h, 12 h, and 24 h represent soaking time. The graph is divided
into two parts: the left shows the heat map of gene expression, and
the right shows the correlation analysis of gene expression with cal-
cium, AsA, total flavonoid, and total triterpenoid content

A —ullear=anll

Fig.9 Expression of candidate genes and its correlation analysis
with calcium, AsA, total flavonoid, and total triterpenoid contents in
fruits of A (30 days after anthesis), B (60 days after anthesis), and
C (90 days after anthesis) after Ca®" spraying plant crown in vivo.
Note: CK, the water treatment, and the concentration in the figure is

substances, including AsA, total triterpenoid, and total flavo-
noid in R. roxburghii fruits. Research shows that exogenous
Ca®* can alleviate SAR-induced oxidative damage to the cell
membrane by enhancing antioxidative capacity (Liang et al.
2021). PMM interacts with CML10 to regulate AsA produc-
tion in the presence of Ca** (Cho et al. 2016). Thus, Ca®" is
involved in the synthesis of active substances. Interestingly,
as the fruit continued to develop, the Ca”* content decreased,
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the concentration of Ca(CH;COO), used for spraying. Each graph is
divided into two parts: the left shows the heat map of gene expres-
sion, and the right shows the correlation analysis of gene expression
with calcium, AsA, total flavonoid, and total triterpenoid content

while the AsA content consistently increased. Exogenous AsA
triggers a transient increase in [Ca2+]Cyt in Arabidopsis roots
(Makavitskaya et al. 2018). Ca>" may be regulated by feed-
back from substances such as AsA.

The expression of RrCNGCI2 and RrGLRI showed a
significant and positive correlation with all three substances
after Ca** soaking treatment (Fig. 8), indicating their potential
role in the common pathway for these substances’ synthesis.
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Additionally, the expression of RrCNGC2 and AsA content in
the fruits at 30 days after anthesis showed a highly significant
and positive correlation, while the expression of RrZTP1 was
significantly and positively correlated with the total flavonoid
content in the fruits at 60 days after anthesis (Fig. 9). The dis-
parity in results between the two treatments could be ascribed to
the intricacy of the calcium uptake process. The transport pro-
cess entailed the movement of Ca®* across various tissues in the
Ca** spraying treatment. Previous research has demonstrated
that exogenous Si boosts the tolerance of cucumber seedlings
to cinnamic acid by upregulating the transcript levels of several
enzyme genes involved in the AsA-GSH cycle pathway (Meng
etal. 2021). Similarly, Ca®* can transmit the secondary signals
to downstream target enzymes and activate them to synthe-
size various secondary metabolites (Zhao et al. 2005). Based
on these findings, we propose that RrCNGC2/3/12, RrGLRI,
and RrZTP1 in R. roxburghii fruits influence the accumulation
of AsA, triterpenoid, and flavonoid from the protein level and
transcriptional level by regulating the Ca** level. However, the
specific mechanism needs further investigation.

5 Conclusion

In this research, 12,314 DEGs took park in the course of calcium
uptake in R. roxburghii. We screened 15 and 11 genes involved
in Ca®* uptake in leaves and roots, respectively. Apart from the
Ca>* transport genes such as CNGCs, ECAs, ACAs, and GLRs,
other metal ion transport genes such as NRAMPs, ZTPs, and
MTPs are also involved in the Ca>* uptake process and jointly
regulate the ions homeostasis. The CNGC and MTP gene fami-
lies are particularly instrumental in responding to changes of the

exogenous calcium concentration. We have also observed that
the exogenous calcium promotes AsA, flavonoid, and triterpe-
noid accumulation in fruits, and RrCNGC12 play a critical role
in this process. Overall, our findings preliminarily shed light on
the molecular mechanisms of calcium uptake and the potential
effects of Ca®" on improving fruit quality formation.
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