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Dear Editor,
Persimmon (Diospyros kaki) fruit accumulates exceptionally large 
amounts of proanthocyanidins (PAs). Because PAs are highly reac
tive and potentially toxic to the cell, they are often sequestered 
into compartmentalized structures (Dixon and Sarnala 2020; Lu 
et al. 2022). In persimmon, PAs are stored in vacuoles of special
ized “tannin cells” (TCs), yet the developmental origin and regula
tion of these cells have remained unclear. Here, we propose an 
intercellular partitioning mechanism of PA synthesis and seques
tration as a basis for massive PA accumulation.

PAs, common secondary metabolites in land plants, are flavan-3-ol 
polymers that accumulate in vacuoles and confer astringency while 
providing antioxidant benefits (Dixon et al. 2005; Aron and Kennedy 

2008). Although their biosynthesis pathway is well characterized, in

tracellular trafficking to the vacuole and polymerization remain in

completely resolved (Zhao 2015; Dixon and Sarnala 2020). Oriental 

persimmon shows extreme PA accumulation, with sequestration in 
idioblast TCs dispersed in the parenchyma and often clustered. TCs 

were documented more than a century ago, and their size is known 

to correlate with fruit PA content (Howard 1906; Tokugawa and 

Yuasa 1936; Yonemori and Matsushima 1985, 1987; Ikegami et al. 

2004; Hamada et al. 2009; Fig. 1A and B). A distinctive feature is the 
presence of large open pores (OPs) in cell walls (Yonemori and 

Matsushima 1987). Astringency strongly affects persimmon’s market 

value; pollination-constant and nonastringent (PCNA) mutants (ie 

‘Fuyu’ and ‘Hanagosho’) cease PA accumulation early to produce non

astringent fruit (Fig. 1A) and are widely used in cultivation and modern 
breeding. PCNA is conferred by a recessive allele at the ASTRINGENCY 
(AST) locus (Ikeda et al. 1985; Yamada and Sato 2002; Nishiyama et al. 

2018), but the causal gene remains unknown.
Here, using an enzymatic and hydraulic workflow 

(Supplementary Figure S1), we quantified TCs per fruit and ob
served a steady increase toward the onset of ripening in all culti
vars (Fig. 1C). We also observed a positive association between the 
TC number and the soluble PA content in non-PCNA (‘Kuramitsu’ 
and ‘Yokono’) and in the relatively PA-rich PCNA cultivar 
‘Hanagosho’ (Supplementary Figure S2). These patterns suggest 

that storage capacity expands via continued TC differentiation 
during the PA-accumulation window.

In situ hybridization revealed that anthocyanidin reductase 
(ANR), a key enzyme that supplies the PA extension unit epigallo

catechin in persimmon fruit (Akagi et al. 2009), was expressed in a 

scattered pattern across the mesocarp and was frequently strongest 

in parenchyma cells (PCs) directly adjacent to TCs (Fig. 1d and e; 

Supplementary Figure S3). This pattern indicates functional parti

tioning: PCs synthesize PA components, while TCs specialize in se

questration. This contrasts with systems where biosynthesis and 

storage colocalize, such as the Arabidopsis seed coat, in which PAs 

accumulate in the inner integument and BANYULS (ANR homolog) 

is expressed in those layers (Debeaujon et al. 2003). Similar coloc

alization can be seen in different organs across species (Tsai et al. 

2006; Abeynayake et al. 2011; Westley et al. 2024). In Kalanchoe and 

Acorus, chalcone synthase is restricted to PA-containing idioblasts 

(Karwatzki et al. 1993), unlike the adjacent parenchyma expres

sion seen here. These examples highlight a distinctive sequestra

tion system in persimmon.
Microscopic observation of OPs in persimmon is challenging: 2D 

imaging is sensitive to sectioning geometry (ie sectioning must be 
performed precisely at their location), and ultrathin sectioning is ex
tremely difficult because TCs and PCs differ in physical properties 
after fixation. We therefore used focused ion beam–scanning 
electron microscopy (FIB-SEM) to reconstruct interfaces in 3D 
(Supplementary Videos S1 and S2), complemented by transmission 
electron microscopy (TEM) to resolve ultrastructure. Methods are 
provided in the Supplementary Material (Supplementary Table S1).

We observed plasmodesmata (PD) clustered at interfaces be
tween developing TCs and PCs, with the TC vacuole attached to 
the wall (Fig. 2A and B). Organelles, such as the Golgi apparatus, 
endoplasmic reticulum (ER), mitochondria, and plastids, are en
riched at these interfaces (Supplementary Figure S4). ER abun
dance varied among TCs (Supplementary Figure S5), consistent 
with the absence of ANR in mature TCs (Fig. 1D) and suggesting 
that ER-poor cells are storage-oriented. At later stages, OPs inter
rupting the wall were frequently observed, and vacuoles of 
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Figure 1. TC development during persimmon fruit development of each cultivar. A) Soluble PA content per fruit in different cultivars (N = 5). |B) TC size 
(N = 10). C) Number of TCs per fruit (N = 5). Error bars indicate SE. ‘Kuramitsu’ and ‘Yokono’: non-PCNA; ‘Fuyu’ and ‘Hanagosho’: PCNA. Different letters 
indicate significant differences (P < 0.05, Tukey’s honestly significant difference). For a to c), the x axis represents the sampling date. D) In situ 
hybridization for ANR in the mesocarp tissue (‘Saijo’; 2 weeks after bloom [WAB]; antisense probe; enlargement of the boxed region shown at the right). 
E) Sense-probe negative control for the same fruit tissue as shown in panel D). Scale bars in D and E) represent 50 μm. PC, parenchyma cell; TC, tannin 
cell. In this observation, TCs appeared brown through natural oxidation without any staining reagent.

Figure 2. Intercellular interface architecture of TCs. (A) TEM overview of the interface between a developing TC and a PC (‘Fuyu’; 0 WAB). B) Magnified 
view of A) showing a PD cluster. C) Two adjacent TCs exhibiting an intercellular connection (‘Kuramitsu’; 7 WAB). D) Magnified OP bridging 
PA-accumulating vacuoles. E and F) Protrusions from mature TCs penetrating adjacent PCs. Isolated cells were observed by light microscopy 
(‘Kuramitsu’; 17 WAB). G and H) Vesicle-like structures associated with PD at tannin–parenchyma interfaces (‘Kuramitsu’; 7 WAB). In E and F), bars 
represent 50 µm, and in A to D) and G and H), the blue bar represents 2 µm. I) Visualization of distribution of PD (blue) and OPs (red) across different cell 
interfaces via FIB-SEM (‘Fuyu’; 0 WAB). ‘T’ and ‘P’ represent TCs and PCs, respectively. Scales represent 25 μm. J) Nearest-neighbor distances for OPs 
(and PD + OP combined) across 4 cultivars. The boxes represent the interquartile range, the horizontal line inside each box indicates the median, the 
whiskers show the minimum and maximum values excluding outliers, and the dots represent the values. * and ** denote P < 0.05 and P < 0.01, 
respectively, and ns represents nonsignificant difference (1-tailed Student’s t-tests). K) Schematic model: PD-originated OPs enable transport of 
PA-related compounds; this promotes differentiation of the neighboring parenchyma into TCs via 2 routes (Stages 3-1/4 and 3-2/4). The arrow from PC 
to TC represents the transport of PA-related compounds from a PC into the adjacent TC through OPs that originate from PD (indicated by short 
horizontal lines). The arrow from TC to PC represents the protrusion of PA-containing vacuoles from a TC into the adjacent PC. PC, parenchyma cell; TC/ 
dTC, (developing) tannin cell; Vc, vacuole; PD, plasmodesmata; OP, open pore; SC, secondary cell wall; Vs, vesicle-like structure; M, mitochondria.

2 | Plant Physiology, 2026, Vol. 200, No. 1

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/200/1/kiaf645/8445476 by Kyoto U

niversity user on 10 February 2026



adjacent cells were often continuous through OPs (Fig. 2C to F). 
Vesicle-like structures were frequently associated with PD at 
TC–PC interfaces (Fig. 2G and H). FIB-SEM enabled OP quantifica
tion and showed that OPs were most frequent at TC–TC interfaces 
and least at PC–PC interfaces, whereas total PD + OP counts were 
comparable among interface types (Fig. 2I). Nearest-neighbor dis
tances further supported OP enrichment at TC cell walls, since OP 
spacing was significantly larger in PC–PC interfaces than in inter
faces that included TCs in most cultivars tested (Fig. 2J). All these 
features were observed in both non-PCNA and PCNA 
(Supplementary Figure S6).

We propose two complementary routes for TC expansion ac
tive during PA accumulation (Fig. 2K). In one route, PCs adjacent 
to TCs differentiate into new TCs, consistent with the ANR spatial 
pattern. In the other, TC protrusions penetrate neighboring cells 
and fuse vacuoles through OPs, yielding clustered TCs with vacuo
lar continuity. Meanwhile, some ANR signals are isolated from ex
isting TCs (Fig. 1D), indicating a de novo path that does not require 
direct contact. The presence of OPs and interface features in PCNA 
fruit (Fig. 2J; Supplementary Figure S6) indicates that the anatom
ical “containers” for massive PA storage can form even when bio
synthesis is curtailed, placing the AST genes more plausibly on 
biosynthesis or intracellular transport rather than intercellular 
sequestration.

Several mechanistic questions follow. First, if biosynthesis is 
localized, TCs may emit positional cues that induce biosynthesis 
in adjacent cells; this remains untested. Second, the origin of 
OPs is unclear; some observations suggest physical rupture, 
whereas the frequent association of vesicle-like structures and 
ER at PD points to regulated wall remodeling. Third, isolated 
ANR expression implies an additional initiation path. Addressing 
these points will clarify how the storage cells are specified and 
expanded.

We propose that specialized intercellular sequestration ena
bles persimmon to accumulate PAs massively while minimizing 
cytosolic exposure. This perspective reframes metabolite control 
as a problem of interface biology as well as pathway flux. The 
framework suggests targets for breeding or engineering. We an
ticipate similar strategies may apply to other secondary metabo
lites that require compartmentalization for plant fitness and 
product quality.
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