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Functional identification of
purine permeases reveals their
roles in caffeine transport in tea
plants (Camellia sinensis)
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*Key Laboratory of Tea Biology and Resources Utilization, Ministry of Agriculture, National Center

for Tea Improvement, Tea Research Institute Chinese Academy of Agricultural Sciences (TRICAAS),
Hangzhou, China, ?Tea Research Institute, Fujian Academy of Agricultural Sciences, Fuzhou, China

Caffeine is a characteristic secondary metabolite in tea plants. It confers tea
beverage with unique flavor and excitation effect on human body. The pathway
of caffeine biosynthesis has been generally established, but the mechanism of
caffeine transport remains unclear. Here, eight members of purine permeases
(PUPs) were identified in tea plants. They had diverse expression patterns in
different tissues, suggesting their broad roles in caffeine metabolism. In this
study, F1 strains of "Longjing43" @ X "Baihaozao" @ and different tea cultivars
were used as materials to explore the correlation between caffeine content and
gene expression. The heterologous expression systems of yeast and
Arabidopsis were applied to explore the function of CsPUPs. Correlation
analysis showed that the expressions of CsPUP1, CsPUP3.1, and CsPUP10.1
were significantly negatively correlated with caffeine content in tea leaves of
eight strains and six cultivars. Furthermore, subcellular localization revealed
that the three CsPUPs were not only located in plasma membrane but also
widely distributed as circular organelles in cells. Functional complementation
assays in yeast showed that the three CsPUPs could partly or completely rescue
the defective function of fcy2 mutant in caffeine transport. Among them,
transgenic yeast of CsPUP10.1 exhibited the strongest transport capacity for
caffeine. Consistent phenotypes and functions were further identified in the
CsPUP10.1-over-expression Arabidopsis lines. Taken together, it suggested
that CsPUPs were involved in caffeine transport in tea plants. Potential roles
of CsPUPs in the intracellular transport of caffeine among different subcellular
organelles were proposed. This study provides a theoretical basis for further
research on the PUP genes and new insights for caffeine metabolism in
tea plants.
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1 Introduction

Caffeine, namely, 1,3,7-trimethylxanthine, is an important
functional metabolite in plants and has effects of excitement and
diuresis on human body (Shilo et al., 2002; Celik et al., 20105
Gramza-Michalowska, 2014). It is a common component in tea
(Camellia sinensis), coffee (Coffea arabica and Coffea canephora),
and cocoa (Theobroma cacao), which were widely consumed as
the three major soft drink in the world. However, the
distribution of caffeine in tea plants is greatly distinct from
coffee and cocoa. Caffeine in tea plants mainly occurred and
accumulated in leaves, rather than in seeds and fruits. Moreover,
its content in young tea leaves is 2%-3% of dry weight and even
higher than that in coffee (Suzuki et al., 1992; Ashihara and
Suzuki, 2004). The subcellular distribution of its biosynthesis is
suggested to be localized in the chloroplasts, where de novo and
salvage synthesis pathway occur and most key biosynthetic
enzymes exist (Ashihara et al, 2013). Whereas, caffeine in
coffee appears to be synthesized in the cytoplasm (Ogawa
et al., 2001; Kumar et al., 2007). The vacuole was supposed to
be the caffeine storage site, which was similar to other water-
soluble secondary metabolites in plants (Wink, 2010). For now,
the pathway of caffeine biosynthesis has been generally
established (Ashihara et al., 2013; Jin et al., 2016). However,
studies on its transport process have not been reported yet.

The mechanisms of alkaloids transport in some plants have
been revealed (Shitan et al., 2014). Alkaloid transporters play an
essential role in maintaining the dynamic equilibrium of
alkaloids in different types of organelles, cells, and tissues.
Purine permeases (PUPs) were recently reported to be
involved in the transportation of purine, pyridine, tropane,
and benzylisoquinoline alkaloids, as well as their derivatives
and analogs (Jelesko et al., 2012; Dastmalchi et al., 2019).

PUPs are found specifically in vascular plants and assigned
to an ancient drug and metabolite transporter super family
(Jelesko, 2012). For the past decade, PUPs were primarily
found to uptake purine nucleobase and their derivatives. The
function was first demonstrated in Arabidopsis (Gillissen et al.,
2000). In total, 21 PUP members were found in Arabidopsis.
They were predicted to contain typically 9-10 transmembrane
spanning domains (Qi and Xiong, 2013). AtPUP1 and AtPUP2
showed high sequence identity and similar substrate specificity.
They were proved to be energy-dependent and H'-coupled
transporters of adenine and cytokinin. Their different tissue-
specific expression patterns indicated distinctive transport
mechanisms in Arabidopsis. An expanding role of AtPUP1
and AtPUP2 in caffeine transport in yeast was also proved.
However, none of transport activity was detected in AtPUP3
yeast transformants (Gillissen et al., 2000; Biirkle et al., 2003).
Further study on AtPUP1 revealed that it also showed high
transport activity for pyridoxine (vitamin B6) (Szydlowski et al.,
2013). AtPUP14 was localized on the plasma membrane and
could import bioactive cytokinins to the cytosol (Ziircher et al.,
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2016). Twelve PUP members were found in rice (Oryza sativa).
OsPUP7 was mainly expressed in the vascular bundle, pistil, and
stamens. It was identified as caffeine transporter in yeast and
played an important role in the cytokinin transportation in rice
(Qi and Xiong, 2013). Further studies showed that OsPUP7 was
localized on endoplasmic reticulum (ER) and positively
regulated the grain size. The overexpression (OE) of OsPUP4,
the closest homolog gene to OsPUP?7, resulted in highly similar
phenotypes. However, different from OsPUP7, OsPUP4 was
localized on the plasma membrane. It was inferred that
OsPUP4 and OsPUP7 function synergistically as cytokinin
transporters in its long-distance movement and local
allocation (Xiao et al,, 2018). OsPUP1 was also localized on
ER and could import cytokinins from the vascular tissues by cell-
to-cell transport (Xiao et al., 2020). NtNUP1 (nicotine uptake
permease), which belongs to PUPs family in tobacco, was
demonstrated to transport various compounds in yeast system.
Compared with pyridine alkaloids, tropane alkaloids, kinetin,
and adenine, NtPUP1 showed preferential transport activities to
nicotine. It revealed that NtPUPI functioned as nicotine
transporters in root tips from its synthesis sites (apoplastic
space) into the cytoplasm (Hildreth et al, 2011; Kato et al,
2015). There are nine PUP members in opium poppy (Papaver
somniferum), and six of them were identified as
benzylisoquinoline alkaloid transporters. Each member showed
a unique substrate preferential profile (Dastmalchi et al., 2019).
Fifteen PUPs were found in Coffea canephora. CcPUP1 and
CcPUP5 were demonstrated to facilitate the transport of
adenine, but not caffeine in yeast uptake experiments
(Kakegawa et al., 2019).

However, studies on PUP members or caffeine transporters
in tea plants have not been reported. In this study, we aimed to
(i) systematically investigate the genome-wide PUP genes in tea
plants, including their bioinformatics analysis and expression
patterns, (ii) explore the relationship between caffeine contents
and CsPUP gene expression, and (iii) identify the function of
CsPUPs in heterologous expression system, including yeast and
Arabidopsis. This study could fill the research gap of caffeine
transporters and provide a new insight into the regulation of
secondary metabolism in tea plants.

2 Materials and methods
2.1 Plant materials

One-year-old cutting seedlings of “Zhongchal08” were used
for the analysis of gene expression characteristics in different
tissues, which was planted in the tea garden of the Tea Research
Institute Chinese Academy of Agricultural Sciences (TRICAAS)
in Hangzhou, China. Young leaves (YL) and mature leaves (ML)
of different tea strains and cultivars were used for correlation
analysis between caffeine content and gene expression. They
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grew for 4-5 years in the tea garden of TRICAAS in Shengzhou,
China. Details of tea plant materials were as follows: F1 strains of
“Longjing43” 3x “Baihaozao” @, numbered as 502, 915, 1417,
1916, 1501, 1511, 1608, and 1912, were collected on 24 July 2019.
Tea cultivars, including “Longjing43” (L]), “Zhongcha108” (ZC),
“Zhongming7” (ZM), “Zhongbai4” (ZB), “Zhonghuangl” (ZH),
and “Enshi4” (ESN), were collected on 17 April 2020.

2.2 Bioinformatics analysis of CsPUPs

CsPUP members were screened by text search “purine
permease” on the “Shuchazao” (Camellis sinensis var. sinensis)
genome database (http://tpia.teaplant.org/index.html ). Then,
the sequences of CsPUPs were submitted for BLASTX analysis
with Arabidopsis in NCBI website (https://blast.ncbinlm.nih.
gov/Blast.cgi ). Transmembrane regions of CsPUPs proteins
were predicted by the online software TMHMM server v.2.0
(http://www.cbs.dtu.dk/services/s TMHMM-2.0/ ). Amino acid
sequence alignment of CsPUPs was performed by DNAMAN.
The phylogenetic tree was constructed by MEGA 6.0 using the
neighbor-joining method. The genomic information of CsPUPs
was screened by local blast software (ncbi-blast-2.9.0+); then, the
genomic locations of CsPUPs were determined by MapChart.

2.3 Determination of caffeine content

The measurement of caffeine content by HPLC was
described by Zhang et al. (2020). Collected materials were
dried and grinded into powders. Then, 0.2 g of samples were
extracted with 5 ml of 70% (v/v) methanol at 70°C water bath for
10 min and centrifuged at 3,500xg for 10 min. The extraction
was repeated to reach a final volume of 10ml supernatant. Then,
they were filtered through 0.45-um Millipore filters and
subjected for high performance liquid chromatography
(HPLC) analysis. Reverse-phase column (Phenomenex Cl2,
4.6 x 250 mm, 5 um) was used for the component assay. The
mobile phases were as follows: 1% formic acid (solvent A), 100%
acetonitrile (solvent B), and ultrapure water (solvent D). The
linear elution gradient was 0-42 min (4%-18.7% B) and 42-43
min (18.7%-4% B). The samples were measured at 280 nm and

eluted at 1 ml min".

2.4 Gene expression analysis

First, total RNA extraction and cDNA synthesis were
performed using the RNAprep Pure Plant Kit and FastQuant
RT Kit (Tiangen, Beijing, China), respectively. Then,
quantitative real-time (qQRT)-PCR analysis was performed on a
Roche LightCycler 480 II Real-Time PCR system using the
PrimeScript RT reagent qPCR Kit (Takara, Dalian, China). All

Frontiers in Plant Science

03

10.3389/fpls.2022.1033316

primers were designed by online software Primer-BLAST and
displayed in Additional File 1. glyceraldehyde-3-phosphate
dehydrogenase (CsGAPDH) was used as housekeeping gene.
The relative gene expression level was calculated using the
2748C method (Livak and Schmittgen, 2001).

2.5 Subcellular localization analysis
of CsPUPs

The method of subcellular localization in tobacco epidermis
was similar to that by Wang et al. (2022). The coding sequences
(CDS) of CsPUPI, CsPUP3.1 and CsPUP10.1 without stop
codon were amplified and cloned into the pBWA(V)HS-GFP
vector, respectively. The specific primers were listed in
Additional File 1. The plasmid of recombinant vector was
transformed into Agrobacterium GV3101. The OsMCA1 was
used as a plasma membrane (PM) marker for co-localization of
target protein. 35S-GFP with empty vector (EV) was used as a
positive control. Then, the transformant cells were injected into
the lower epidermis of tobacco leaves and cultured for 48h under
low light. Finally, the GFP signals were detected and recorded by
confocal lase microscope (Nikon C2-ER).

2.6 Functional identification of CsPUPs
in yeast

The homologous protein of PUP in yeast was encoded by
FCY2 gene. It was first proved to transport purine-cytosine
(Ferreira et al,, 1997). The knock-out mutant fcy2 was used as
heterologous expression system for identifying transporters of
nucleic acid bases and their derivatives in plants, such as
cytokinin and caffeine. (Gillissen et al., 2000). It was also
regarded as deficiency in caffeine transport and used for
functional identification of PUPs in Arabidopsis and rice
(Biirkle et al., 2003; Qi and Xiong, 2013). Therefore, to verify
the function of CsPUPs, the gene CDS was cloned into the yeast-
expression vector pYES2 by double enzymes digestion. Then, the
plasmids with CsPUP1, CsPUP3.1, CsPUP10.1 and EV (control)
were transformed into the yeast fcy2 mutant (BY4741, Mata,
his3D1, leu2D0, met15D0, ura3D0, YER056c::kanMX4). The
normal WT yeast BY4741 was used as a positive control. The
detailed method used the Quick and Easy Yeast Transformation
Mix (Takara, Dalian, China). According to the information of
pYES2 vector, the minimal medium lacking uracil was used as a
basic medium. The medium containing 2% galactose and 1%
raffinose as the carbon source was used as an inducing medium.
The yeast cells were first activated in the basic medium plate for
2-3 days at 30°C. Then, single colony was pre-incubated
overnight in the basic medium broth at 30°C with shaking at
200 rpm. The value of ODgyo was measured and normalized to
0.5 by saline solution. Then, the suspension cells were diluted
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tenfold successively. Finally, 50 ul of a hundredfold dilution
(107%) was used for the yeast growth assay under 0.3% caffeine
treatment (Qi and Xiong, 2013; Kakegawa et al., 2019).

For caffeine uptake assays in yeast, the method was slightly
modified according to Morita et al. (2009) and Shoji et al. (2009).
The ODg value of pre-incubated yeast cells was normalized to
0.4 according to the pYES2 manual (www.invitrogen.com ).
Then, yeast cells were centrifuged at 4,000 rpm for 10 min and
washed by sterile water for three times. Then, cells were
incubated in 40 ml of inducing medium broth for 24 h and
continuously cultured under 0.3% caffeine treatment for another
24 h. Next, yeast cells were harvested, and their fresh weight was
recorded. Two milliliters of 70% (v/v) methanol was added for
disrupting the reaction and caffeine extraction. The cells were
then disrupted by ultrasonication under 400-500 W for 5 min.
The determination of the caffeine content was performed
according to the method abovementioned (see Section 2.3).

2.7 Functional identification of
CsPUP10.1 in Arabidopsis

The recombinant plasmid pBWA(V)HS-GFP-35S-
CsPUP10.1 was transformed into Arabidopsis (WT, Col-0) by
inflorescence infection method. Then, the homozygous
transgenic plants were screened by hygromycin (25 pg/ml) on
1/2 Murashige and Skoog (MS) medium for three generations
(Zhang et al., 2021). For the phenotypic comparison between
transformants and control, Arabidopsis seeds were first sowed
on normal 1/2 MS medium plate and grew for 7 days. Then,
seedlings with consistent growth conditions were selected for
caffeine treatment. They were transplanted to 1/2 MS medium
containing 0.01%, 0.03%, and 0.05% caffeine and cultivated
vertically for 14 days. For caffeine uptake assays in
Arabidopsis, seeds were sowed on 1/2 MS medium containing
0.02% caffeine and grew for 21 days. Then, the aerial parts of
plants were chosen for caffeine measurement. The method used
was the same as the abovementioned (see Section 2.3).

TABLE 1 Identification of PUPs in tea plants.

10.3389/fpls.2022.1033316

2.8 Statistical analysis

The abovementioned samples or treatments were performed
for three biological replicates. Significance analysis was
conducted by a one-way analysis of variance using the
Statistical Package for the Social Sciences Statistics 17.0.
Different lowercase letters represent significant differences at a
P-value < 0.05. A bivariate correlation analysis between gene
expression and caffeine content was conducted using Pearson’s
parametric correlation test. The figures were generated using the
plotting software Origin 9.

3 Results

3.1 Identification and molecular
characterization of CsPUPs in tea plants

On the basis of the tea genome database of “Shuchazao”,
eight CsPUP members were identified. The length of CDS was
723-1352 bp. Then, BLASTX analysis with Arabidopsis was
conducted. The eight CsPUPs showed high sequence similarity
(54%-73%) with five AtPUPs and were named as CsPUPI,
CsPUP3.1, CsPUP3.2, CsPUP3.3, CsPUP4, CsPUPS5,
CsPUP10.1, and CsPUP10.2, respectively (Table 1). All of the
CsPUP members have consensus conserved domains (purine
nucleobase transmembrane, CL0184). The similarity of their
amino acid sequences was 43.09%. Transmembrane structure
analysis by TMHMM software showed that most of the CsPUPs
contained 10 transmembrane domains (TMDs), except for
CsPUP1 and CsPUP10.2. Further multiple alignment analysis
showed that the sequence of TMDs was more conserved,
especially for the TM4-TM?7 (Figure 1).

To elucidate the phylogenetic relationships among PUPs in
Camellia sinensis, Arabidopsis thaliana, Oryza sativa, Nicotiana
tabacum, Coffea canephora, and Papaver somniferum, a
phylogenetic tree was constructed by aligning eight CsPUPs,
20 AtPUPs, 13 OsPUPs, two NtPUPs, 15 CcPUPs, and nine

Name Gene ID CDS length Homology Similarity
CsPUP1 TEA003596 837 AtPUP1 59.46%
CsPUP3.1 TEA029223 1074 AtPUP3 63.07%
CsPUP3.2 TEA003576 1065 AtPUP3 59.45%
CsPUP3.3 TEA013066 1053 AtPUP3 56.67%
CsPUP4 TEA015426 1299 AtPUP4 64.49%
CsPUP5 TEA031626 1134 AtPUP5 73.16%
CsPUP10.1 TEA023430 1161 AtPUP10 53.93%
CsPUP10.2 TEA002721 813 AtPUP10 70.13%
http://tpia.teaplant.org/download.html
Frontiers in Plant Science 04 frontiersin.org
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FIGURE 1
Amino acids sequences alignments of CsPUPs.

PsBUPs using MEGA6.0 (Figure 2). Phylogenetic analysis
revealed that these 67 PUPs in the six species could be
clustered into four subgroups. CsPUPs were distinctly
distributed into three clades: CsPUP1, CsPUP3.1, CsPUP3.2,
and CsPUP3.3 as clade I; CsPUP4 and CsPUP5 as clade II; and
CsPUP10.1 and CsPUP10.2 as clade III.

Through the physical position identification, eight CsPUPs
were unevenly distributed on six chromosomes (Figure 3).
CsPUP1 and CsPUP3.2 were located on the chrl. CsPUP4 and
CsPUP10.2 were located on the chr5. CsPUP3.1, CsPUP3.3,
CsPUP5, and CsPUP10.1 were located on the chrl0, chr6, chrS8,
and chrl3, respectively.

3.2 Expression patterns of CsPUPs in
different tissues

qRT-PCR was applied for the expression analysis of CsPUPs
in different tissues, including young leaf (one bud with one leaf),
mature leaf (the fifth leaf), stem, and root (Figure 4). CsPUP1
was mainly expressed in the mature leaf. CsPUP3.1, CsPUP3.3,
CsPUP10.1, and CsPUP10.2 were expressed in the all tissues
tested. CsPUP3.1 and CsPUP3.3 showed similar pattern and
were primarily expressed in the aerial parts of tea plants.
CsPUP10.1 and CsPUP10.2 were highly expressed in the
mature leaf. Interestingly, CsPUP3.2 and CsPUP4 were mainly
expressed in the stem, lower or no detectable expression in
leaves. CsPUP5 was failed to be amplified in this study. The
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results revealed that these CsPUPs have tissue-specific or
preferential expression patterns. In general, CsPUP1 showed
the highest expression level in the aerial parts, followed by
CsPUP3.1, CsPUP3.3, and CsPUP10.1 (Additional File 2). In
addition, CsPUP3.1 and CsPUP3.3 were clustered into clade I in
phylogenetic tree (Figure 2) and showed similar expression
model in different tissues (Figure 4). Considering that caffeine
is mainly distributed in leaves, CsPUP1, CsPUP3.1, and
CsPUP10.1 were selected for further investigation in this study.

3.3 Caffeine contents in different tea
strains and cultivars

Previous study proved that caffeine accumulation in tea leaves
with different maturities varied greatly (Mohanpuria et al., 2009a).
Gene expression levels of CsPUPs also showed obvious differences
in YL and ML. Therefore, YL and ML were used for determining
the correlation between gene expression and caffeine content. To
investigate the caffeine accumulation in closely related and
unrelated materials, eight strains of F1 population of plant
hybrids from tea cultivars of “Longjing43” 3x “Baihaozao” @,
and six different cultivars were used in this study. The levels of
caffeine ranged from 11.81 to 31.80 mg/g in the strains and from
0.92 to 43.18 mg/g in the cultivars, respectively (Figure 5). Similar
caffeine accumulation patterns were found in different tea strains
and cultivars. Caffeine content in YL was significantly higher than
that in ML, which was consistent with the previous reports
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(Mohanpuria et al., 2009a). In addition, compared with the eight
strains, greater variations of caffeine accumulation between YL
and ML were observed in the six cultivars, especially for ZB
(22.56 folds).

3.4 CsPUP gene expression and
correlation with caffeine contents

The expression levels of CsPUP1, CsPUP3.1, and
CsPUP10.1 in the abovementioned materials were analyzed by
qRT-PCR (Figure 6). Consistent expression patterns were
identified among the three genes. Overall, CsPUPs were
expressed higher in ML than that in YL, regardless of the tea
strains or cultivars. Among of them, CsPUP1 showed greater
variations, 4- 25-fold changes were found in ML and YL.

To further explore the relationship between CsPUPs and
caffeine content, correlation analysis was performed. The results
revealed that the three gene transcription levels were
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Caffeine content in different tea strains (A) and cultivars (B).
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significantly negatively correlated with caffeine concentration
(Table 2). CsPUP10.1 showed the highest correlation coefficient
with caffeine in different cultivars (-0.834**). Whereas in the
eight strains, CsPUP1 was found to have the closest correlation
with caffeine (—0.710%*). These results suggested that these
CsPUPs might play important roles in caffeine metabolism.

3.5 Subcellular localization of CsPUPs

The function of these transporters strongly depends on their
distributions in cells. To confirm subcellular localization of
CsPUPIL, CsPUP3.1, and CsPUP10.1, full length of each gene
was translationally fused with GFP. As shown in Figure 7,
CsPUP1, CsPUP3.1, and CsPUP10.1 showed similar
distribution patterns in the epidermic cells. The green
fluorescence signals could coincide with the red fluorescence
probe of PM marker protein, indicating that these CsPUPs are
PM-associated protein. In addition, strong signals emerged as
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solid or hollow green dots were also detected. The dots irregularly
distributed throughout the cell (white arrows in Figure 7). They
are presumed to be secreted vesicles, peroxisomes, or lysosomes,
which may contribute to performing the transport function
of CsPUPs.

3.6 Functional identification of CsPUPs
in yeast

The yeast mutant fcy2 was defective in caffeine transport
(Gillissen et al., 2000) and usually used for the functional
identification of alkaloid transporters. For species without any
caffeine produced, such as Arabidopsis and rice, the OE of PUPs
in the yeast mutant fcy2 was reported to facilitate the transport of
caffeine. It provided initial and indirectly experimental evidence
for gene function in cytokinins or other derivatives transport
(Biirkle et al., 2003; Qi and Xiong, 2013; Kakegawa et al., 2019).
For tea plants with abundant caffeine accumulation, the fcy2
mutant was ideal system for the functional identification of
CsPUPs. To determine whether CsPUPs have similar function,
CsPUPI1, CsPUP3.1, and CsPUP10.1 were individually cloned
into the pYES2 vector. Then, the recombinant plasmids were
transformed into the yeast mutant fcy2. On the medium without

TABLE 2 Correlation analysis of caffeine content and CsPUPs
expression.

Correlation Eight strains Six cultivars
CsPUP1 -0.710** -0.615*
CsPUP3.1 -0.593* -0.776**
CsPUP10.1 -0.524* -0.834*

“*” and “**” represent the significance level at p < 0.05 and p < 0.01, respectively.
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caffeine treatment, there was no significant difference in yeast
growth between EV and transgenic yeast. Whereas on the
medium with 0.3% caffeine treatment, the fcy2 yeast
transformed with CsPUPs grew better than EV (Figure 8A). It
suggested that CsPUP1, CsPUP3.1, and CsPUP10.1 mediated
caffeine uptake into yeast cells.

To further assess their caffeine transport capacities, yeasts were
incubated on inducing medium for 24 h and then treated with
0.3% caffeine for another 24 h. The contents of caffeine in these
yeast cells were then determined by HPLC. As shown in Figure 8B,
the caffeine accumulation in different yeast cells was ranked as
follows: (BY4741 + EV) > CsPUP10.1 > CsPUP1 > CsPUP3.1 >
(fcy2 + EV). The uptake of caffeine was significantly higher in the
transgenic cells than that in the negative control (fcy2 + EV).
Compared with fcy2, the caffeine transport capacity of CsPUPI,
CsPUP3.1, and CsPUP10.1 transgenic cells increased for 2.7, 1.7,
and 4.2 folds, respectively. In addition, caffeine content in normal
wild-type (WT) yeast BY4741 was 4.6 folds higher than that in fcy2
mutant, which confirmed the defective function of fcy2 mutant. No
significant difference was observed in caffeine uptake between
BY4741 and CsPUP10.1. These results indicated that CsPUPI,
CsPUP3.1, and CsPUP10.1 could partly or completely rescue the
caffeine transport deficiency of fcy2 mutant and function as caffeine
influx transporters. Moreover, yeast transformed with CsPUP10.1
exhibited the strongest capacity of caffeine transport and was used
for further investigation in this study.

3.7 Functional identification of
CsPUP10.1 in Arabidopsis

To further clarify the function of CsPUP10.1 in caffeine
transport and accumulation in plant, the gene was transformed
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into Arabidopsis for generating OE lines. Then, two transgenic
lines (OE1 and OE2) and WT (control) were selected for
exogenous caffeine treatment. On 1/2 MS medium without
caffeine, no significant phenotypic difference was observed
among the OE1, OE2, and WT (Additional File 3). Whereas
on 1/2 MS plates containing caffeine, OE1 and OE2 grew better
than WT, especially for the concentration of 0.03% and 0.05%.
Transgenic plants showed longer taproots and more lateral
roots. In addition, the toxic effect on Arabidopsis was observed
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FIGURE 8
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in the presence of caffeine. All of the Arabidopsis lines were
obviously inhibited under caffeine treatments, and the rosette
leaves even showed visible symptoms of chlorosis in the plates
containing 0.03% and 0.05% caffeine (Figure 9A).

To investigate the amounts of caffeine accumulated in the
aerial parts of Arabidopsis, we cultivated plants on 1/2 MS
medium with 0.02% caffeine for 21 days. Compared with WT,
CsPUP10.1 transformants (OE1 and OE2) accumulated more
caffeine (Figure 9B). The caffeine transport capacities in
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Functional identification of CsPUP1, CsPUP3.1 and CsPUP10.1 in yeast. (A) Phenotypic differences of yeast growth; (B) Caffeine accumulation in

different yeast cells under 0.3% caffeine treatment.
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transgenic lines were improved for 79% and 45% in OEl
and OE2, respectively. These findings were consistent
with the heterologous expression system in yeast and
strongly demonstrated the function of CsPUP10.1 in
caffeine transportation.

4 Discussion

PUPs are specifically found in vascular plants. Previous
studies of PUPs in plants were mainly focused on their
transport functions in adenine and cytokinin (Jelesko 2012)
Because of their structural similarities to caffeine, a yeast
mutant fcy2 in caffeine transport deficiency was generally used
as model cells for complementary assay. Generally, there is
competitive inhibition between these purine-ring substrates.
Therefore, more PUP members were proved to be cytokinin
transporters in plants (Kang et al., 2017). AtPUPI and AtPUP2
showed transport activity for adenine, cytokinin, and caffeine in
fey2 yeast (Gillissen et al., 2000; Biirkle et al., 2003). OsPUP7 was
proved to transport caffeine in fcy2 yeast, which provides
convincing evidence for its important role in cytokinin
transport (Qi and Xiong, 2013). CcPUP1 and CcPUP5 were
demonstrated to facilitate the transport of adenine, but not
caffeine (Kakegawa et al,, 2019). Recently, an expanding role of
PUPs in the transportation of both purine-alkaloids and non-
purine-alkaloids was also identified (Jelesko, 2012).

Here, eight CsPUP members were identified in tea plants
and named by their homology with Arabidopsis (Table 1). The
amino acid sequences of CsPUPs were highly conserved. Ten
TMDs were detected in most members, which may have an
important effect on protein function (Figure 1). Consistent
results were also found in Arabidopsis, maize, and rice,
implying similar transport function of CsPUPs in tea plants
(Qi and Xiong, 2013). The CsPUP members could be divided
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into classes I, II, and III by phylogenetic analysis. PUPs with
higher sequence similarity in different species were clustered into
one group. Whereas, gene members from the same species
showed further genetic distance on the evolutionary tree
(Figure 2). The eight CsPUPs were randomly distributed on
six chromosomes in the tea genome (Figure 3). These results
indicated that both sub-functionalization and neo-
functionalization occurred during the evolution of gene and
species (Jelesko, 2012). The function of CsPUPs transporters in
tea plants were also expected to diversified considerably.
Analysis of gene expression in different tissues revealed that
CsPUPs were mainly expressed in the aerial parts of tea plants.
The expression levels of CsPUP1, CsPUP3.1, CsPUP3.3,
CsPUP10.1, and CsPUP10.2 were higher in leaves, whereas
CsPUP3.2 and CsPUP4 showed the highest expression level in
stems (Figure 4). PUPs in other plants were also reported to have
different expression characteristics. AtPUP1 was highly
expressed in leaves, stems, and flowers (Gillissen et al., 2000).
AtPUP2 was mainly expressed in the vascular tissue of leaves.
The expression of AtPUP3 was restricted in pollen (Biirkle et al.,
2003). AtPUP14 was widely expressed in all tissues and organs
(Zurcher et al, 2016). The differences of gene expression
patterns implied variations of protein function in another way.
Previous studies revealed that gene expression patterns were
closely correlated with the distribution of their substrates in
plants. NtNUP1 showed the greatest expression level in root tips,
which is the main organ nicotine biosynthesis. Further study
proved that NtNUPI mediated the uptake of nicotine in root
cells and thus affected its accumulation in tobacco (Hildreth
et al,, 2011). There are abundant codeine and morphine in the
latex of opium poppy. PsBUB1 was also highly expressed in the
latex and functioned as benzylisoquinoline alkaloid transporters
(Dastmalchi et al., 2019). Distinct from the alkaloid distributions
in tobacco and opium poppy, caffeine in tea plants was found
primarily in leaves, followed by stems and roots (Facchini, 2001).
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Therefore, CsPUP1, CsPUP3.1, and CsPUP10.1, which showed
higher expression level in leaves, were selected for further
investigation. The results of correlation analysis revealed that
CsPUP1, CsPUP3.1, and CsPUP10.1 were significantly
negatively correlated with caffeine content (Table 2). It
suggested their potential roles in caffeine metabolism.

The complementation assay in the yeast and subcellular
localization analysis demonstrated that CsPUP1, CsPUP3.1, and
CsPUP10.1 functioned as caffeine influx transporters in plasma
membrane (Figures 7, 8B). This functional mode of CsPUPs was
coincident with their homologous genes in other plants. AtPUP1
was localized on plasma membrane. It was the first member to be
reported to promote the caffeine uptake in the yeast expression
system (Gillissen et al., 2000; Szydlowski et al., 2013). NtNUP1
was primarily localized on plasma membrane and showed
nicotine-specific uptake activity (Hildreth et al, 2011). In
opium poppy, six of the nine PsBUPs facilitated the
transportation of alkaloids and increased their yields when
expressed in host yeast. PsBUP1 was found to be a laticifer-
specific plasma membrane transporter (Dastmalchi et al., 2019).
OsPUP7 was proved to transport caffeine into cells through
complementary experiment in the yeast fcy2 mutant (Qi and
Xiong, 2013).

For most of the species without any alkaloids produced,
exogenous alkaloid has inhibitory and toxic effects on their
growth and development. Whereas for the plants producing
such metabolites, they develop characteristic self-tolerance
mechanisms and usually are insensitive to alkaloids (Shitan,
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2016). This phenomenon was demonstrated in Arabidopsis,
tobacco, pea, and yeast (Bard et al, 1980; Mohanpuria and
Yadav, 2009b; Curlango-Rivera et al., 2010; Alkhatib et al,
2016). Consistent phenotype was also observed in our study.
Interestingly, compared with the blank group, repressed growth
of transformants could be partly rescued by CsPUPs
(Figures 8A, 9A). This phenomenon was distinct from studies
on non-caffeine plants. Transgenic yeasts expressed AtPUPI and
OsPUP7 showed worse growth conditions than control under
exogeneous caffeine treatment (Biirkle et al., 2003; Qi and Xiong,
2013). Transgenic fcy2 yeast with CcPUP1 and CcPUP5 also
showed more pronounced inhibited phenotype than control
(Kakegawa et al,, 2019). Whereas, yeast transformants with
CsPUPI1, CsPUP3.1, and CsPUP10.1 exhibited better growth
conditions than control in media containing caffeine
(Figure 8A). Similar phenotype was also confirmed in
CsPUP10.1-over-expressed Arabidopsis lines (Figure 9A). It
suggested that CsPUPs functioned distinctively in caffeine
transport in tea plants.

Recently, functional identification of theanine transporters
in tea plants was reported. The complementation assays of
amino acid permeases showed that they could transport
theanine into yeast cells as nitrogen source. Thus, transgenic
yeast exhibited alleviated toxicity and better growth condition
than control under theanine treatment (Dong et al., 2020).
Moreover, transformant yeast with AtPUP1 imported
exogenous adenine into cells as nitrogen source and grew
better than control. Further studies revealed that AtPUP1
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functioned as a cytokinin transporter and was involved in its
retrieval from the xylem sap (Biirkle et al, 2003). Moderate
exogenous caffeine was proved to positively regulate plant
growth in sunflower and tobacco (Khursheed et al, 2009;
Alkhatib et al., 2016). In addition, the absorption and
degradation of exogenous caffeine were also revealed in wheat,
barley, poplar, and lettuce (Pierattini et al., 2016; Yahyazadeh
et al, 2017; Chuang et al., 2019; Broughton et al., 2020;
Vannucchi et al., 2020). Caffeine in tea leaves could be slowly
catabolized along with the growth and development of plants
(Mohanpuria et al., 2009a; Ashihara et al., 1997; Zhu et al,
2019). Some microorganisms were also reported to degrade
caffeine and its derivates as nitrogen source (Mazzafera, 2002;
Mazzafera, 2004; Dash and Gummadi, 2006). These studies
indicated that part of exogenous caffeine could be decomposed
and recycled as nitrogen source in different organisms to
maintain their survival and growth.

Furthermore, in addition to that in the plasma membrane,
abundant and stronger GFP signals of CsPUPs were also
observed in the form of hollow or solid dots and distributed
widely in cells (Figure 7). According to the shape and allocation,
it was speculated that they were whether vesicles, peroxisomes,
or lysosomes (Uemura et al., 2004; Winters et al., 2020). The
characteristic localization patterns of these CsPUPs implied that
they might shuttle between the organelles and function distinctly
in tea plants from other species.

Intracellular and extracellular vesicles play an essential role
in the transportation and compartmentation of secondary
metabolites (Shoji et al., 2014; Zhao et al., 2020). The
transport vesicles could bound to membrane and carry
substrates from the organelle (generally ER) where their
biosynthesis takes place to another organelle (generally
vacuoles) (Bonifacino and Glick, 2004). Vacuoles can be
divided into two types: lytic vacuoles (LVs) and protein
storage vacuoles (PSVs). Hydrolases in LVs degrade unwanted
cellular substances. Whereas, PSVs accumulate abundant
substances for storage (Tan et al., 2019). The final distribution
patterns of metabolites vary with cell types, tissues, developing
stages, and plant species (Shitan and Yazaki, 2007; Shitan and
Yazaki, 2020; Gani et al., 2021). This transport mechanism was
widely demonstrated in flavonoid accumulation in plants (Zhao
and Dixon, 2009; Zhao, 2015; Pucker and Selmar, 2022). Hyper-
accumulated anthocyanin in purple tea leaves was also proved to
be closely related with active vesicular trafficking (Wei
et al., 2019).

Peroxisome is a circular organelle and widely distributes in
nearly all eukaryotes. The shape of peroxisome could be changed
from sphere to ellipse along with plant growth and
environmental conditions (Beevers, 1979). This process is
closely associated with diverse metabolic pathways in plants,
including catabolism of polyamines, biosynthetic pathway of
hormones, and alleviation of the toxicity of reactive oxygen
species and other harmful products (Oikawa et al., 2019).
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Lysosome is another round organelle and displays as
vesicular structure in eukaryotes. The lysosome system is one
of the powerful hydrolytic mechanisms involved in the
degradation of cellular components (Lloyd, 1996). Numerous
metabolite transporters were discovered in the lysosome
membrane. The degradation products of nutriments, such as
amino acids, could be transported by these transmembrane
proteins for recycle and reutilization (Tong et al., 2010).

To date, the exact subcellular organelle of caffeine
synthesized, stored, and degraded remains unclear. The site of
caffeine biosynthesis seemed to vary with species. Caffeine
biosynthesis in tea plants was closely associated with
chloroplasts (Ashihara et al., 2013). Whereas, caffeine in coffee
appears to be synthesized in the cytoplasm (Ogawa et al., 2001;
Kumar et al,, 2007). Vacuole was a putative location for caffeine
storage in plants (Wink, 2010).

Therefore, it can be inferred that CsPUPs functioned as
caffeine transporters in two ways in heterologous expression
systems. For one thing, CsPUPs on plasma membrane imported
the external caffeine into cells, which caused more caffeine
accumulation in the transgenic yeast and Arabidopsis than
control. For another thing, deposited caffeine in cells could be
comparted and transported by CsPUPs. Then, part of caffeine
could be degraded and converted into a form of nitrogen source
for further utilization in vacuole (Figure 10). Thus, transformants
with CsPUPs showed better growth conditions and enhanced
tolerance to caffeine. For tea plants with endogenous caffeine
produced, cafteine was widely distributed in leaf cells. CsPUPs
showed extended subcellular localization and distinct phenotypic
differences in heterologous expression systems. These results
implied characteristic mechanism of caffeine transport in tea
plants. Compartmentalized caffeine in tea plant cells could be
delivered by CsPUPs from the site of synthesis or storage to the
other organelles for decomposition and further utilization. In
conclusion, these differences better explain the distinctive
mechanisms of CsPUPs in caffeine transport in tea plants.

In summary, in total, eight PUP members from the whole
genome of tea plant were identified. Then, bioinformatics and
expression patterns of these genes were analyzed to determine
their potential roles in caffeine metabolism. Among of them,
CsPUPI1, CsPUP3.1, and CsPUP10.1 showed higher expression
level in ML and were significantly negatively correlated with
caffeine content. Complementation assays in yeast revealed that
CsPUPI1, CsPUP3.1, and CsPUP10.1 functioned as caffeine
transporters. Further heterologous expression analysis in
Arabidopsis re-confirmed the function of CsPUP10.1.
Combined with the results of subcellular localization and
expression mode, it suggested that CsPUPs play an important
role in the intracellular transport of caffeine in tea plants.
Deposited caffeine in tea leaves might be transported by
CsPUPs among different subcellular organelles for facilitating its
metabolism. This study provides a new insight into the molecular
mechanisms of caffeine regulatory network in tea plants.

frontiersin.org


https://doi.org/10.3389/fpls.2022.1033316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding author.

Author contributions

Conceived and designed the experiment: KW, HC, and LW.
Performed the experiments: YZ, LG, and YL. Analyzed the data:
YZ, KW, LG, and LW. Contributed reagents, materials, and
analysis tools: HC, LW, and CC. Contributed to the writing of
the manuscript: YZ, KW, and LW. All authors contributed to the
article and approved the submitted version.

Funding

This work was supported by China Agriculture Research
System of MOF and MARA (CARS-19) and Zhejiang Science
and Technology Major Program on Agricultural New Variety
Breeding Tea Plant (2021C02067-7-1).

Acknowledgments

We thank Hua Zhao (College of Horticulture and Forestry
Sciences of Huazhong Agricultural University) for contributing
the fcy2 mutant.

References

Alkhatib, R., Alkhatib, N., Al-Quraan, N., Al-Eitan, L., Abdo, N., and Muhaidat,
R. (2016). Impact of exogenous caffeine on morphological, biochemical, and
ultrastructural characteristics of Nicotiana tabacum. Biol. Plantarum. 60 (4),
706-714. doi: 10.1007/s10535-016-0600-z

Ashihara, H., Gillies, F. M., and Crozier, A. (1997). Metabolism of caffeine and
related purine alkaloids in leaves of tea (Camellia sinensis L.). Plant Cell Physiology
38 (4), 413-419.

Ashihara, H., and Suzuki, T. (2004). Distribution and biosynthesis of caffeine in
plants. Front. Bioscience. 9, 1864-1876. doi: 10.2741/1367

Ashihara, H., Yokota, T., and Crozier, A. (2013). Biosynthesis and catabolism of
purine alkaloids. Adv. Botanical Res. 68, 111-138. doi: 10.1016/B978-0-12-408061-
4.00004-3

Bard, M., Neuhauser, J., and Leeds, N. (1980). Caffeine resistance of
Saccharomyces cerevisiae. ]. Bacteriology. 141, 999-1002. doi: 10.1128/
jb.141.2.999-1002.1980

Beevers, H. (1979). Microbodies in higher plants. Annu. Rev. Plant Physiol. 30,
159-193. doi: 10.1146/annurev.pp.30.060179.001111

Bonifacino, J. ,. S., and Glick, B. ,. S. (2004). The mechanisms of vesicle budding
and fusion. Cell 116, 153-166. doi: 10.1016/S0092-8674(03)01079-1

Broughton, S., Castello, M., Liu, L., Killen, J., Hepworth, A., and O’Leary, R.
(2020). The effect of caffeine and trifluralin on chromosome doubling in wheat
anther culture. Plants. 9, 105. doi: 10.3390/plants9010105

Biirkle, L., Cedzich, A., Dopke, C.,, Stransky, H., Okumoto, S., Gillissen, B., et al.
(2003). Transport of cytokinins mediated by purine transporters of the PUP family

Frontiers in Plant Science

13

10.3389/fpls.2022.1033316

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial
relationships that could be construed as a potential
conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at:
fpls.2022.1033316/full#supplementary-material

https://www.frontiersin.org/articles/10.3389/

ADDITIONAL FILE 2
The overall expression levels of CsPUPs in different tissues.

ADDITIONAL FILE 3
Growth conditions of Arabidopsis on normal 1/2 MS medium.

expressed in phloem, hydathodes, and pollen of arabidopsis. Plant J. 34, 13-26. doi:
10.1046/j.1365-313X.2003.01700.x

Celik, T., Iyisoy, A., and Amasyali, B. (2010). The effects of coffee intake on
coronary heart disease: Ongoing controversy. Int. J. Cardiol. 144 (1), 118. doi:
10.1016/j.ijcard.2008.12.112

Chuang, Y. H,, Liu, C. H,, Sallach, J. ,. B., Hammerschmidt, R., Zhang, W, Boyd,
S. A, et al. (2019). Mechanistic study on uptake and transport of pharmaceuticals
in lettuce from water. Environ. Int. 131, 104976. doi: 10.1016/j.envint.2019.104976

Curlango-Rivera, G., Duclos, V. ,. D., Ebolo, J. .. J., and Hawes, C. ,. M. (2010).
Transient exposure of root tips to primary and secondary metabolites: Impact on
root growth and production of border cells. Plant Soil. 332, 267-275. doi: 10.1007/
511104-010-0291-8

Dash, S. ,. S., and Gummadi, S. ,. N. (2006). Catabolic pathways and
biotechnological applications of microbial caffeine degradation. Biotechnol.
Letters. 28 (24), 1993-2002. doi: 10.1007/s10529-006-9196-2

Dastmalchi, M., Chang, L., Chen, R., Yu, L., Chen, X,, Hagel, J. ,. M,, et al. (2019).
Purine permease-type benzylisoquinoline alkaloid transporters in opium poppy.
Plant Physiol. 181 (3), 916-933. doi: 10.1104/pp.19.00565

Dong, C.,.X,,Li, F, Yang, T.,. Y., Feng, L., Zhang, S. ,. P., Li, F.,. D., et al. (2020).
Theanine transporters identified in tea plants (Camellia sinensis 1.). Plant J. 101,
57-70. doi: 10.1111/tpj.14517

Facchini, P. ,. J. (2001). Alkaloid biosynthesis in plants: biochemistry, cell
biology, molecular regulation, and metabolic engineering applications. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 52, 29-66. doi: 10.1146/annurev.arplant.52.1.29

frontiersin.org


 https://www.frontiersin.org/articles/10.3389/fpls.2022.1033316/full#supplementary-material
 https://www.frontiersin.org/articles/10.3389/fpls.2022.1033316/full#supplementary-material
https://doi.org/10.1007/s10535-016-0600-z
https://doi.org/10.2741/1367
https://doi.org/10.1016/B978-0-12-408061-4.00004-3
https://doi.org/10.1016/B978-0-12-408061-4.00004-3
https://doi.org/10.1128/jb.141.2.999-1002.1980
https://doi.org/10.1128/jb.141.2.999-1002.1980
https://doi.org/10.1146/annurev.pp.30.060179.001111
https://doi.org/10.1016/S0092-8674(03)01079-1
https://doi.org/10.3390/plants9010105
https://doi.org/10.1046/j.1365-313X.2003.01700.x
https://doi.org/10.1016/j.ijcard.2008.12.112
https://doi.org/10.1016/j.envint.2019.104976
https://doi.org/10.1007/s11104-010-0291-8
https://doi.org/10.1007/s11104-010-0291-8
https://doi.org/10.1007/s10529-006-9196-2
https://doi.org/10.1104/pp.19.00565
https://doi.org/10.1111/tpj.14517
https://doi.org/10.1146/annurev.arplant.52.1.29
https://doi.org/10.3389/fpls.2022.1033316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Ferreira, T., Bréthes, D., Pinson, B., Napias, C., and Chevallier, J. (1997).
Functional analysis of mutated purine-cytosine permease from Saccharomyces
cerevisiae. J. Biol. Chem. 272 (150), 9697-9702. doi: 10.1074/jbc.272.15.9697

Gani, U., Vishwakarma, R. ,. A., and Misra, P. (2021). Membrane transporters:
the key drivers of transport of secondary metabolites in plants. Plant Cell Rep. 40,
1-18. doi: 10.1007/500299-020-02599-9

Gillissen, B., Biirkle, L., Andre, B., Kuhn, C., Rentsch, D., Brandl, B., et al. (2000).
A new family of high-affinity transporters for adenine, cytosine, and purine
derivatives in arabidopsis. Plant Cell. 12, 291-300. doi: 10.1105/tpc.12.2.291

Gramza-Michalowska, A. (2014). Caffeine in tea camellia sinensis- content,
absorption, benefits and risks of consumption. J. Nutrition Healthe~ Aging. 18 (2),
143-149. doi: 10.1007/s12603-013-0404-1

Hildreth, S. ,. B., Gehman, E. ,. A,, Yang, H,, Lu, R. ,. H,, Ritesh, K. ,. C,, Harich,
K. .. C, et al. (2011). Tobacco nicotine uptake permease (NUP1) affects alkaloid
metabolism. Proc. Natl. Acad. Sci. 108 (44), 18179-18184. doi: 10.1073/
pnas.1108620108

Jelesko, ,. J. .. G. (2012). An expanding role for purine uptake permease-like
transporters in plant secondary metabolism. Front. Plant Science. 3 (78), 1-5. doi:
10.3389/fpls.2012.00078

Jin, J.,. Q,, Yao, M. ,. Z., Ma, C. ,. L, Ma, ,. J. ,. Q., and Chen, L. (2016). Natural
allelic variations of TCS1 play a crucial role in caffeine biosynthesis of tea plant and
its related species. Plant Physiol. Biochem. 100, 18-26. doi: 10.1016/
j.plaphy.2015.12.020

Kakegawa, H., Shitan, N., Kusano, H., Ogita, S., Yazaki, K., and Sugiyama, A.
(2019). Uptake of adenine by purine permeases of Coffea canephora. Bioscience
Biotechnology Biochem. 83 (7), 1300-1305. doi: 10.1080/09168451.2019.1606698

Kang, J., Lee, Y., Sakakibara, H., and Marinoia, E. (2017). Cytokinin
transporters: go and stop in signaling. Trends Plant Science. 22 (6), 455-461. doi:
10.1016/j.tplants.2017.03.003

Kato, K., Shitan, N., Shoji, T., and Hashimoto, T. (2015). Tobacco NUP1
transports both tobacco alkaloids and vitamin B6. Phytochemistry. 113, 33-40.
doi: 10.1016/j.phytochem.2014.05.011

Khursheed, T., Ansari, M., and Shahab, D. (2009). Studies on the effect of
caffeine on growth and yield parameters in Helianthus annuus 1. variety. Modern.
Biol. Med. 2, 56-60. doi: 10.4172/0974-8369.1000014

Kumar, V., Satyanarayana, K. V., Ramakrishna, A., Chandrashekar, A., and
Ravishankar, G. A. (2007). Evidence for localization of n-methyltransferase (MMT)
of caffeine biosynthetic pathway in vacuolar surface of Coffea canephora
endosperm elucidated through localization of GUS reporter gene driven by
NMT promoter. Curr. Science. 93, 383-389. Available at: https://www.
currentscience.ac.in/Volumes/93/03/0383.pdf

Livak, K. J,, and ] and Schmittgen, T. D. (2001). Analysis of relative gene
expression data using real-time quantitative PCR and the 22““" method. Methods.
25 (4), 402-408. doi: 10.1006/meth.2001.1262

Lloyd, J. (1996). Metabolite efflux and influx across the lysosome membrane.
Subcellular Biochem. 27, 361-386. doi: 10.1007/978-1-4615-5833-0_11

Mazzafera, P. (2002). Degradation of caffeine by microorganisms and potential
use of decaffeinated coffee husk and pulp in animal feeding. Scientia Agricola. 59
(4), 815-821. doi: 10.1590/S0103-90162002000400030

Mazzafera, P. (2004). Catabolism of caffeine in plants and microorganisms.
Front. Bioscience. 9, 1348-1359. doi: 10.2741/1339

Mohanpuria, P., Kumar, V., Joshi, R., Gulati, A., Ahuja, P. . S., and Yadav, S. ,. K.
(2009a). Caffeine biosynthesis and degradation in tea [Camellia sinensis(L.)O.
kuntze] is under developmental and seasonal regulation. Mol. Biotechnol. 43, 104—
111. doi: 10.1007/s12033-009-9188-2

Mohanpuria, P., and Yadav, S. ,. K. (2009b). Retardation in seedling growth and
induction of early senescence in plants upon caffeine exposure is related to its
negative effect on rubisco. Photosynthetica. 47 (2), 293-297. doi: 10.1007/s11099-
009-0045-0

Morita, M., Shitan, N., Sawada, K., Montagu, M. ,. V., Inze’, ,. D,, Rischer, H,,
et al. (2009). Vacuolar transport of nicotine is mediated by a multidrug and toxic
compound extrusion (MATE) transporter in Nicotiana tabacum. Proc. Natl. Acad.
Sci. 106 (7), 2447-2452. doi: 10.1073/pnas.0812512106

Ogawa, M., Herai, Y., Koizumi, N., Kusano, T., and Sano, H. (2001). 7-

methylxanthine methyltransferase of coffee plants. gene isolation and enzymatic
properties. J. Biol. Chem. 276, 8213-8218. doi: 10.1074/jbc.M009480200

Oikawa, K., Hayashi, M., Hayashi, Y., and Nishimura, M. (2019). Re-evaluation of
physical interaction between plant peroxisomes and other organelles using live-cell
imaging techniques. J. Integr. Plant Biol. 61 (7), 836-852. doi: 10.1111/jipb.12805

Pierattini, E., Francini, A., Raffaelli, A., and Sebastiani, L. (2016). Degradation of
exogenous caffeine by Populus alba and its effects on endogenous caffeine
metabolism. Environ. Sci. pollut. Res. 23, 7298-7307. doi: 10.1007/s11356-015-
5935-z

Frontiers in Plant Science

10.3389/fpls.2022.1033316

Pucker, B., and Selmar, D. (2022). Biochemistry and molecular basis of
intracellular flavonoid transport in plants. Plants. 11, 963. doi: 10.3390/
plants11070963

Qi, Z., and Xiong, L. (2013). Characterization of a purine permease family gene
OsPUP7 involved in growth and development control in rice. J. Integr. Plant Biol.
55 (11), 1119-1135. doi: 10.1111/jipb.12101

Shilo, L., Sabbah, H., Hadari, R., Kovatz, S., and Shenkman, L. (2002). The effects
of coffee consumption on sleep and melatonin secretion. Sleep Med. 3 (3), 271-273.
doi: 10.1016/S1389-9457(02)00015-1

Shitan, N. (2016). Secondary metabolites in plants: transport and self-tolerance
mechanisms. Bioscience Biotechnology Biochem. 80 (7), 1283-1293. doi: 10.1080/
09168451.2016.1151344

Shitan, N., Kato, K., and Shoji, T. (2014). Alkaloid transporters in plants. Plant
Biotechnol. 31, 453-463. doi: 10.5511/plantbiotechnology.14.1002a

Shitan, N., and Yazaki, K. (2007). Accumulation and membrane transport of
plant alkaloids. Curr. Pharm. Biotechnol. 8, 244-252. doi: 10.2174/
138920107781387429

Shitan, N., and Yazaki, K. (2020). Dynamism of vacuoles toward survival
strategy in plants. Biochim. Biophys. Acta-Biomembranes. 1862, 183127. doi:
10.1016/j.bbamem.2019.183127

Shoji, T., Inai, K., Yazaki, Y., Sato, Y., Takase, H., Shitan, N., et al. (2009).
Multidrug and toxic compound extrusion-type transporters implicated in vacuolar
sequestration of nicotine in tobacco roots. Plant Physiol. 149, 708-718. doi:
10.1104/pp.108.132811

Shoji, J. ,. Y., Kikuma, T., and Kitamoto, K. (2014). Vesicle trafficking, organelle
functions, and unconventional secretion in fungal physiology and pathogenicity.
Curr. Opin. Microbiol. 20, 1-9. doi: 10.1016/j.mib.2014.03.002

Suzuki, T., Ashihara, H., and Waller, G. ,. R. (1992). Purine and purine alkaloid
metabolism in camellia and Coffea plants. Phytochemistry 31 (8), 2575-2584. doi:
10.1016/0031-9422(92)83590-U

Szydlowski, N., Biirkle, L., Pourcel, L., Moulin, M., Stolz, J., and Fitzpatrick, T. ,.
B. (2013). Recycling of pyridoxine (vitamin B6) by PUP1 in arabidopsis. Plant J. 75
(1), 40-52. doi: 10.1111/tpj.12195

Tan, X, Li, K, Wang, Z., Zhu, K., Tan, X., and Cao, J. (2019). A review of plant
vacuoles: formation, located proteins, and functions. Plants. 8, 327. doi: 10.3390/
plants8090327

Tong, J., Yan, X,, and Yu, L. (2010). The late stage of autophagy: cellular events
and molecular regulation. Protein Cell. 1 (10), 907-915. doi: 10.1007/s13238-010-
0121-z

Uemura, T, Ueda, T., Ohniwa, R. ,. L, Nakano, A., Takeyasu, K., and Sato, M. ,. H.
(2004). Systematic analysis of SNARE molecules in arabidopsis: dissection of the post-
golgi network in plant cells. Cell Structure Funct. 29, 49-65. doi: 10.1247/csf.29.49

Vannucchi, F., Traversari, S., Raffaelli, A., Francini, A., and Sebastiani, L. (2020).
Populus alba tolerates and efficiently removes caffeine and zinc excesses using an
organ allocation strategy. Plant Growth Regulation. 92, 597-606. doi: 10.1007/
510725-020-00664-7

Wang, Y. ,. X,, Wei, K,, Ruan, L, Bai, P. ,. X,, Wu, L. ,. Y., Wang, L. ,. Y., et al.
(2022). Systematic investigation and expression profiles of the nitrate transporter 1/
peptide transporter family (NPF) in tea plant (Camellia sinensis). Int. ]. Mol. Sci. 23
(12), 6663. doi: 10.3390/ijms23126663

Wei, K, Wang, L. ,. Y,, Zhang, Y. ,. Z,, Ruan, L., Li, H.,. L, Wu, L. ,. Y, et al.
(2019). A coupled role for CsMYB75 and CsGSTFI in anthocyanin
hyperaccumulation in purple tea. Plant J. 97 (5), 825-840. doi: 10.1111/tpj.14161

Wink, M. (2010). Introduction: biochemistry, physiology and ecological
functions of secondary metabolites. Annu. Plant Rev. 40, 1-19. doi: 10.1002/
9781444320503.chl

Winters, C. ,. M., Hong-Brown, L. ,. Q,, and Chiang H, L. (2020). Intracellular
vesicle clusters are organelles that synthesize extracellular vesicle-associated cargo
proteins in yeast. J. Biol. Chem. 295 (9), 2650-2663. doi: 10.1074/jbc.RA119.008612

Xiao, Y., Liu, D., Zhang, G., Gao, S., Liu, L., Xu, F,, et al. (2018). Big grain3,
encoding a purine permease, regulates grain size via modulating cytokinin
transport in rice. J. Integr. Plant Biol. 61, 581-597. doi: 10.1111/jipb.12727

Xiao, Y., Zhang, J., Yu, G,, Lu, X,, Mei, W., and Deng, H. (2020). Endoplasmic
reticulum-localized PURINE PERMEASE] regulates plant height and grain weight
by modulating cytokinin distribution in rice. Front. Plant Science. 11, 61856. doi:
10.3389/fpls.2020.618560

Yahyazadeh, M., Nowak, M., Kima, H., and Selmar, D. (2017). Horizontal natural
product transfer: A potential source of alkaloidal contaminants in
phytopharmaceuticals. Phytomedicine. 34, 21-25. doi: 10.1016/j.phymed.2017.07.007

Zhang, F.,, He, W., Yuan, Q. ,. Y., Wei, K, Ruan, L., Wang, L. ,. Y., et al. (2021).
Transcriptome analysis identifies CSNRT genes involved in nitrogen uptake in tea
plants, with a major role of CsNRT2.4. Plant Physiol. Biochem. 167, 970-979. doi:
10.1016/j.plaphy.2021.09.024

frontiersin.org


https://doi.org/10.1074/jbc.272.15.9697
https://doi.org/10.1007/s00299-020-02599-9
https://doi.org/10.1105/tpc.12.2.291
https://doi.org/10.1007/s12603-013-0404-1
https://doi.org/10.1073/pnas.1108620108
https://doi.org/10.1073/pnas.1108620108
https://doi.org/10.3389/fpls.2012.00078
https://doi.org/10.1016/j.plaphy.2015.12.020
https://doi.org/10.1016/j.plaphy.2015.12.020
https://doi.org/10.1080/09168451.2019.1606698
https://doi.org/10.1016/j.tplants.2017.03.003
https://doi.org/10.1016/j.phytochem.2014.05.011
https://doi.org/10.4172/0974-8369.1000014
https://www.currentscience.ac.in/Volumes/93/03/0383.pdf
https://www.currentscience.ac.in/Volumes/93/03/0383.pdf
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/978-1-4615-5833-0_11
https://doi.org/10.1590/S0103-90162002000400030
https://doi.org/10.2741/1339
https://doi.org/10.1007/s12033-009-9188-2
https://doi.org/10.1007/s11099-009-0045-0
https://doi.org/10.1007/s11099-009-0045-0
https://doi.org/10.1073/pnas.0812512106
https://doi.org/10.1074/jbc.M009480200
https://doi.org/10.1111/jipb.12805
https://doi.org/10.1007/s11356-015-5935-z
https://doi.org/10.1007/s11356-015-5935-z
https://doi.org/10.3390/plants11070963
https://doi.org/10.3390/plants11070963
https://doi.org/10.1111/jipb.12101
https://doi.org/10.1016/S1389-9457(02)00015-1
https://doi.org/10.1080/09168451.2016.1151344
https://doi.org/10.1080/09168451.2016.1151344
https://doi.org/10.5511/plantbiotechnology.14.1002a
https://doi.org/10.2174/138920107781387429
https://doi.org/10.2174/138920107781387429
https://doi.org/10.1016/j.bbamem.2019.183127
https://doi.org/10.1104/pp.108.132811
https://doi.org/10.1016/j.mib.2014.03.002
https://doi.org/10.1016/0031-9422(92)83590-U
https://doi.org/10.1111/tpj.12195
https://doi.org/10.3390/plants8090327
https://doi.org/10.3390/plants8090327
https://doi.org/10.1007/s13238-010-0121-z
https://doi.org/10.1007/s13238-010-0121-z
https://doi.org/10.1247/csf.29.49
https://doi.org/10.1007/s10725-020-00664-7
https://doi.org/10.1007/s10725-020-00664-7
https://doi.org/10.3390/ijms23126663
https://doi.org/10.1111/tpj.14161
https://doi.org/10.1002/9781444320503.ch1
https://doi.org/10.1002/9781444320503.ch1
https://doi.org/10.1074/jbc.RA119.008612
https://doi.org/10.1111/jipb.12727
https://doi.org/10.3389/fpls.2020.618560
https://doi.org/10.1016/j.phymed.2017.07.007
https://doi.org/10.1016/j.plaphy.2021.09.024
https://doi.org/10.3389/fpls.2022.1033316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Zhang et al.

Zhang, Y. ,. Z., Wang, L. ,. Y., Wei, K, Ruan, L., Wu, L. ,. Y., He, M. ,. D, et al.
(2020). Differential regulatory mechanisms of secondary metabolites revealed at
different leaf positions in two related tea cultivars. Scientia Horticulturae. 272,
109579. doi: 10.1016/j.scienta.2020.109579

Zhao, J. (2015). Flavonoid transport mechanisms: how to go, and with whom.
Trends Plant Science. 20 (9), 576-585. doi: 10.1016/j.tplants.2015.06.007

Zhao, J., and Dixon, R. (2009). The ‘ins’ and ‘outs’ of flavonoid transport. Trends
Plant Science. 15 (2), 72-80. doi: 10.1016/j.tplants.2009.11.006

Zhao, J., Li, P. ,. H, Xia, T., and Wan, X. ,. C. (2020). Exploring plant metabolic
genomics: chemical diversity, metabolic complexity in the biosynthesis and

Frontiers in Plant Science

15

10.3389/fpls.2022.1033316

transport of specialized metabolites with the tea plant as a model. Crit. Rev.
Biotechnol 40 (5), 667-688. doi: 10.1080/07388551.2020.1752617

Zhu, B.,. Y., Chen, L. . B,, Lu, M. ,. Q,, Zhang, J., Han, J., Deng, W.,. W,, et al.
(2019). Caffeine content and related gene expression: novel insight into caffeine
metabolism in Camellia plants containing low, normal and high caffeine
concentrations. J. Agric. Food Chem. 67 (12), 3400-3411. doi: 10.1021/
acs.jafc.9b00240

Zircher, E., Liu, J., Donato, M., Geisler,, and Miiller, B. (2016). Plant
development regulated by cytokinin sinks. Science. 353 (6303):1027-30. doi:
10.1126/science.aaf7254

frontiersin.org


https://doi.org/10.1016/j.scienta.2020.109579
https://doi.org/10.1016/j.tplants.2015.06.007
https://doi.org/10.1016/j.tplants.2009.11.006
https://doi.org/10.1080/07388551.2020.1752617
https://doi.org/10.1021/acs.jafc.9b00240
https://doi.org/10.1021/acs.jafc.9b00240
https://doi.org/10.1126/science.aaf7254
https://doi.org/10.3389/fpls.2022.1033316
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Functional identification of purine permeases reveals their roles in caffeine transport in tea plants (Camellia sinensis)
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Bioinformatics analysis of CsPUPs
	2.3 Determination of caffeine content
	2.4 Gene expression analysis
	2.5 Subcellular localization analysis of CsPUPs
	2.6 Functional identification of CsPUPs in yeast
	2.7 Functional identification of CsPUP10.1 in Arabidopsis
	2.8 Statistical analysis

	3 Results
	3.1 Identification and molecular characterization of CsPUPs in tea plants
	3.2 Expression patterns of CsPUPs in different tissues
	3.3 Caffeine contents in different tea strains and cultivars
	3.4 CsPUP gene expression and correlation with caffeine contents
	3.5 Subcellular localization of CsPUPs
	3.6 Functional identification of CsPUPs in yeast
	3.7 Functional identification of CsPUP10.1 in Arabidopsis

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


