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The shapes of plant organs reflect the evolution of each
lineage and have been diversified according to lineage-spe-
cific adaptations to environment. Research on the molecular
pathways responsible for organ shapes has traditionally been
focused mainly on leaves or flowers. Thus, little is known
about the pathways controlling fruit shapes, despite their
diversity in some plant species. In this study, we analyzed
oriental persimmon (Diospyros kaki), which exhibits consid-
erable diversity in fruit shapes among cultivars, to elucidate
the underlying molecular mechanism using transcriptomic
data and quantitative evaluation. First, to filter the candi-
date genes associated with persimmon fruit shapes, the
whole gene expression patterns obtained using mRNA-Seq
analysis from 100 individuals, including a segregated popu-
lation and various cultivars, were assessed to detect correl-
ations with principal component scores for fruit shapes
characterized with elliptic Fourier descriptors. Next, a gene
co-expression network analysis with weighted gene co-ex-
pression network analysis (WGCNA) package revealed that
class 1 KNOX family genes and SEEDSTICK function as inte-
grators along with some phytohormone-related genes, to
regulate the fruit shape diversity. On the other hand, the
OVATE family genes also contribute to fruit shape diversity,
of which pathway would be potentially shared with other
plant species. Evolutionary aspects suggest that acquisition
of a high lineage-specific and variable expression of class 1
KNOX gene, knotted-like homeobox of Arabidopsis thaliana 1
(KNATT1), in young fruit is important for establishing the
persimmon-specific mechanism that determines fruit
shape diversity.
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Introduction

Plant shapes have long been a subject of interest. To date,
studies on plant morphogenesis have been mainly focused on
leaves and flowers, presumably because the sizes and shapes of

these plant parts are more complex than those of other organs
such as stems and roots (Tsukaya 2003). Transitions in the
shapes of plant organs have often been used as indices reflect-
ing developmental evolution. The organ shapes of diverse plant
species, from basic land plants to higher plants (angiosperms),
have been extensively studied, including analyses of gene regu-
latory pathways or gene evolution (Nishiyama et al. 2003,
Sakakibara et al. 2008). In plants from an early-diverging lineage,
such as Physcomitrella patens, transcription factors that regu-
late water supply and the movement of flagellated sperm cells
were identified (Koshimizu et al. 2018). Regarding angiosperms,
mainly Arabidopsis thaliana and Solanum spp., some studies
have unveiled molecular pathways affecting leaf shapes from
the viewpoint of evolutionary developmental biology (Ichihashi
et al. 2014, Vlad et al. 2014). Traditionally, distinct genes deter-
mining organ shapes have been identified (Hareven et al. 1996,
Tsukaya 2006), whereas recent studies have focused on the
conservation and diversity of genes and gene networks confer-
ring differences among closely related species (Hay and Tsiantis
2006, Kimura et al. 2008, Gupta and Tsiantis 2018). For example,
many plant species related to A. thaliana express shoot meris-
temless (STM) in the leaf primordia and have morphologically
complex organs (Piazza et al. 2010). In tomato, the blade-on-
petiole (BOP) transcription factor controls the core gene net-
work by altering the concentration of the protein encoded by
the knotted-like HOMEOBOX gene LeT6 (tomato ortholog of
STM) (Ichihashi et al. 2014). Phytohormones, such as cytokinin
and auxin, function cooperatively with these transcriptional
control elements to also affect leaf shapes (Shani et al. 2010,
Bilsborough et al. 2011).

Evolutionary developmental research involves a compara-
tive study on development from an evolutionary viewpoint,
and has been conducted on leaves as well as flowers
(Fernandez-Mazuecos and Glover 2017). By contrast, studies
on fruit evolutionary development have been limited to only
a few plant species such as tomato (van der Knaap et al. 2014,
van der Knaap and @stergaard 2018), although horticultural
crop species, such as grape, tomato, melon, cucumber or per-
simmon, show wide variations in their fruit shapes (Paran and
van der Knaap 2007, Monforte et al. 2014, Shimomura et al.
2016, Maeda et al. 2018). For crop production, the size and
shape of edible parts are commercially important traits.
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Therefore, crop domestication has not only affected fruit
weight, it has also often increased the diversity of fruit shapes
within the same species, including tomato, melon and pepper
(Paran and van der Knaap 2007, Rodriguez et al. 2011, Monforte
et al. 2014). Tomato represents a model plant species for fleshy
fruits, and several genes, such as locule numbers (LC), fasciated
(FAS), SUN and OVATE, are considered to control fruit shapes
(Tanksley 2004). The OVATE gene is thought to be a determin-
ant of fruit shape also in pepper (Tsaballa et al. 2011). In melon,
several QTLs involving fruit morphology have been investi-
gated, although genes responsible for their fruit shape vari-
ations have not been identified (Monforte et al. 2014). To
date, only a few of the genes responsible for fundamental
changes in fruit shapes of tomato have been well characterized,
often during crop domestication. However, the relationships
among the determinant genes or their potential cascades
have not been determined. To assess these relationships, a
mutual gene networking approach involving multiple varieties
exhibiting diverse fruit shapes is necessary.

Oriental persimmon (Diospyros kaki Thunb.) is a major fruit
tree crop mainly cultivated in East Asia. Among the fruit-bear-
ing Diospyros species, only oriental persimmon cultivars, includ-
ing multiple landraces, show quantitatively continuous fruit
shape diversity (Fig. 1a). The differences include several char-
acteristics specific to this species, including the position of the
fruit apex or grooves along the fruit side, which distinguish
oriental persimmon from the fruits of other Diospyros species
and other fruit plant species. However, their shapes have merely
been empirically categorized mainly based on the ratio of
length to diameter (L/D) as well as the characteristics of specific
fruit parts (Fruit Tree Experiment Station of Hiroshima
Prefecture 1979).

Recent developments in computer technology have contrib-
uted to the increased application of digital image processing for
morphological analyses. For example, studies have been con-
ducted in which elliptic Fourier descriptors (EFDs) and a prin-
cipal component analysis (PCA) have been combined (Kuhl
and Giardina 1982, Rohlf and Archie 1984). Quantitative ana-
lyses on shapes based on a combination of EFDs and a PCA
using SHAPE program (lwata and Ukai 2002) were applied not
only for studies simply evaluating fruit shapes (Shimomura et al.
2016) but also for comparative studies on evolutionary devel-
opment (Chitwood et al. 2016). Regarding persimmon, a quan-
titative characterization of developing fruit using SHAPE
resulted in the determination of some principal components
(PCs) for fruit shape among several varieties (Maeda et al. 2018).
This implies that there are common gene networks integrating
fruit shape components in persimmon varieties. These gene
networks may be accessible by assembling transcriptomic
data and the quantitative scores of the shape components. In
this study, we aimed to identify gene networks by analyzing co-
expression patterns, which have often been applied to integrate
large transcriptional data set (Li et al. 2015, Liseron-Monfils and
Ware 2015). In the ‘guide-gene approach’, which represents an
effective strategy for a co-expression analysis (Serin et al. 2016),
key components of a specific pathway are identified (Itkin et al.
2013, Serin et al. 2016). We used genes reportedly involved in A.

thaliana or tomato as the guide gene (or ‘bait gene’) for the
analysis of co-expression networks. The objective of this study
was to identify the gene networks underlying the fruit shape
diversity of persimmon based on transcriptomic data and the
quantitative scores of fruit shapes. Our results suggest a lineage-
speific evolution of gene networks mediating the determin-
ation of fruit shape in persimmon, with common pathways in
other plant species at some points as well as some pathways
specific to persimmon. These insights may help to clarify the
molecular mechanisms underlying persimmon fruit shapes and
the diverse evolution of fruit shape determination in plants.

Results

Characterization of the fruit shape diversity in
persimmon

Fruit shapes of 50 individuals of YTF1 population, which was F;
progeny derived from D. kaki cultivars, “Yamatogosho’ and
‘Taishu’ (Fig. 1b), 48 D. kaki cultivars and one accession each
from two wild Diospyros species, Diospyros lotus and Diospyros
rhombifolia (Supplementary Table S1), were assessed using
SHAPE program, in the two developmental stages, stage 2
and 4, which are important for fruit shape determination,
and in the maturing stage, stage 10 (Maeda et al. 2018,
Supplementary Fig. S1). The contours for the final fruit
shapes in stage 10, which were reconstructed based on the
standardized EFD coefficients, revealed significantly different
PCs (Fig. 1c, d for the YTF1 population and cultivars, respect-
ively). Although fruit shapes were quantified in both longitu-
dinal and transverse sections (Supplementary Fig. S2), in this
study, we focused only on the diversity in the longitudinal sec-
tion, which was determined synchronously across multiple per-
simmon cultivars (Maeda et al. 2018), and is regarded as a major
feature of the diversity of persimmon fruit shapes (Fruit Tree
Experiment Station of Hiroshima Prefecture 1979, Maeda et al.
2018). In the YTF1 population, a visual interpretation of these
reconstructed contours implied that PC1 and PC2 for the lon-
gitudinal section were indicators of the L/D ratio with periph-
eral variations (Supplementary Fig. S3). By contrast, PC3 did not
reflect prominent persimmon fruit shape features. In addition,
PC2 was most consistent with the empirical shape evaluation
based on some categories (Fruit Tree Experiment Station of
Hiroshima Prefecture 1979, Supplementary Fig. S3), and could
be used to appropriately evaluate the elongated shapes, such as
the shape of YTF1-84 fruits in the YTF1 population (see Fig. 1b;
Supplementary Fig. S3). Among the 50 cultivars/accessions, PC1
for the longitudinal direction could explain 96.2% of the whole
fruit shape variance (in the longitudinal direction), which was a
good indicator of not only the L/D ratio but also co-existing
peripheral variations, such as dent on calyx (downward of fruit)
side (Fig. 1d). Across the YTF1 population and the cultivars,
each PC1 to PC3 and PC1 were significant PCs, respectively
(contribution rate > 2.5%, or 1/40 contribution in SHAPE soft-
ware, see Materials and Methods section).

Histological observation in representative individuals
showing distinct fruit shape with fundamental differences
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Fig. 1 Two-dimensional quantitative evaluation of the diversity in persimmon fruit shapes. (a) Diversity in fruit shapes among representative
persimmon (D. kaki) cultivars. Annotated numbers refer to the cultivar numbers listed in Supplementary Table S1. (b) Distribution of the first
two PCs (PC1 and PC2) of the fruit shapes in the YTF1 population, as determined by SHAPE. The proportion of variance explained by each PC is
provided in parentheses along each axis. (c, d) Fruit shape variations in a longitudinal fruit section of the YTF1 population (c) and cultivars (d)
analyzed in this study, visualized by contour images based on the significantly influential components. Each shape was reconstructed from the
EFD coeficients, which were calculated with the score for a PC equal to zero and the mean + 2.
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in PCs, indicated no difference in cell sizes/shapes
(Supplementary Fig. S4), suggesting that differences in cell
numbers or cell proliferation rates/directions are the morpho-
logical factors to determine fruit shape in persimmon. The PC2
in the YTF1 population showed a significantly negative correl-
ation to fruit weight (r = —0.31, P < 0.05), which indicated that
lower PC1, or flatter fruit, tended to be heavier (Supplementary
Fig. S5). Considering together, for the PC1, it was suggested that
cell proliferations in horizontal/transverse directions were dif-
ferentiation in fruit shape in persimmon.

Transcriptome profiles and identification of the
fruit shape-correlated genes

To identify the genes correlated to the quantitative indexes of
the fruit shapes, transcriptomic data was obtained from 50
YTF1 individuals and their parents, and from 50 cultivars/ac-
cessions, for stages 2 and 4. The gene expression data for stages
2 and 4 (RPKM > 1) of the YTF1 population (Fig. 2a) and the
cultivars (Fig. 2b) were clustered according to a PCA. For the
YTF1 population, PC1 and PC2 represented 38.1% and 10.4% of
the variance of gene expression level, respectively (Fig. 2a).
Significant differences in PC1 and PC2 were detected between
the two stages (P=5.4e "> and P=0.0004 for PC1 and PC2,
respectively). For the cultivars, PC1 and PC2 represented
23.2% and 13.0% of the whole expression variances, respectively
(Fig. 2b). The PCA results for the YTF1 population and cultivars
suggested that changes in dynamic gene expression occurred
between developmental stages, while the expression patterns
among individuals exhibiting substantial fruit shape diversity
were not considerably different. These results implied that the
developmental stages were not substantially different across
individuals with various fruit shapes, and specific regulatory
pathways are likely to be responsible for fruit shape
differentiation. Meanwhile, the PCA for the D. kaki cultivars
with two wild relatives (D. lotus and D. rhombifolia) revealed
clear differences in the gene expression data for PC4
(Supplementary Fig. S6). A gene ontology (GO) analysis of the
top 5% of genes with the highest loading factors in the PC4 in the
transcriptomic data indicated that the GO terms related to po-
larity, cation-transporting ATPase activity, and galactose cata-
bolic process were significantly enriched (Supplementary Fig. S6).
Pearson’s single correlation test revealed some candidate
genes with expression patterns in the YTF1 population or in
the cultivars that were significantly correlated with the quanti-
tative values of the main fruit shape index, PC2, in SHAPE
(r>037, P <0.071; Fig. 2c—f; Supplementary Table S3). Genes
in the YTF1 population and in the cultivars were significantly
correlated with fruit shape. Some of the candidates positively
correlated with persimmon fruit shapes were orthologs of the
representative genes involved in leaf shape determination, such
as asymmietric leaves 2 like 1 (ASL1), bel1-like homeodomain 1
(BLHT) and knotted-like homeobox of Arabidopsis thaliana 1
(KNATT1), as well as phytohormone-related genes, such as auxin
response factor 19 (ARF19) and jasmonate zim-domain (JAZ3).
In 50 cultivars, we exploited the genes involved in represen-
tative binary traits, such as warts and groves (see Fig. 1a), with

differentially expressed gene (DEG) analysis using DESeq2 (Love
et al. 2014, see Materials and Methods section). We could
detect 175 and 204 DEGs specifically biased to each trait, re-
spectively (false discovery rate; FDR < 0.1), in stage 2
(Supplementary Table S4). Representative DEGs, potentially
related to the traits, were xylem serine peptidase and xyloglu-
can endotransglucosylase /hydrolase, which were involved in
cell wall formation/loosening and the resultant cell expansion/
proliferation (Cosgrove 2005), although further assessment of
the DEGs would be difficult due to the lack of quantitative
evaluations of these traits, and also due to small numbers of
cultivars with warts or groves (N =3 and 11, respectively).

We also analyzed transcriptomic data from developing fruits
of 11 cultivars/accessions treated with synthetic cytokinin
(CPPU) at full bloom, which also substantially regulated fruit
shape (Supplementary Fig. S7, Table S1; Itai et al. 1995). It is
empirically suggested that CPPU treatment has no effect on
seed size and numbers, and that there is no visible tendency in
fruit shapes relating to the presence or absence of seeds in fruit-
let. With paired EdgeR (Robinson et al. 2010) analysis in com-
parison to the controls, we detected 1,490 and 1,216 DEGs
specifically biased to CPPU-treated samples in stage 2 and 4,
respectively (FDR < 0.1), where some are potentially related
to dynamic cytokinin metabolism or signaling (Supplementary
Fig. S7). These observations suggested that the cytokinin signal-
ing genes during the full flowering stage can substantially con-
tribute to the fruit shapes.

Gene networks associated with fruit shapes in the
YTF1 population

We attempted to construct gene networks reflecting the rela-
tionships between gene expression patterns and fruit shapes
based on the weighted gene co-expression network analysis
(WGCNA) method (Zhang and Horvath 2005), in the YTF1
population (see Materials and Methods section). To assess
the gene expression patterns among individuals during the
early fruit development stage, we used the transcriptomic
data for stage 2 samples (total number of samples = 50;
Supplementary Table S1) to construct co-expression networks.
In addition to the quantitative values of the fruit shape indices,
PC1 to 3, we used OVATE and SUN orthologs, which are
involved in major fruit shape changes in tomato, as the ‘bait’
genes, to assess the correlations with the expression patterns of
eigengenes. A phylogenetic analysis revealed that there are two
and one orthologs of OVATE and SUN in the persimmon
genome, respectively (Supplementary Fig. S8). In the YTF1
population, one of the two OVATE-like genes was not substan-
tially expressed in developing fruit (average RPKM < 1). Thus,
the other OVATE-like and SUN-like orthologs that were signifi-
cantly expressed (RPKM > 1) were used as the ‘bait’ genes.

A total of 22,492 genes (RPKM > 1) were classified into 26
modules (Fig. 3a). Amongst the three PCs in fruit shape index,
the PC2 showed the highest correlation (r = 0.6) to an ‘expres-
sion module’, which is a group of genes clustered into same
expression pattern), M7 (P = 1e”>; Fig. 3c). On the other hand,
the other two PCs in fruit shape index, PC1 and PC3, showed
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Fig. 2 Transcriptome profiles and identification of the fruit shape-correlated genes. (a, b) Characterization of the expression dynamics in the
fruits of the YTF1 population (a) and the analyzed cultivars (b) by a PCA of gene expression during stages 2 and 4. Significant differences in PC1 (P
=5.4e” ®) and PC2 (P = 0.0004) were detected between the two developmental stages. (c, d) Distribution of the Pearson correlation coefficients
between gene expression patterns and fruit shapes in the YTF1 population (gene nos = 21,761) (c) and the cultivars (gene nos = 23,665) (d) in
stage 2. For the fruit shape scores, PC2 for the YTF1 population and PC1 for the cultivars, as determined by SHAPE (Fig.1c, d), were used for the
correlation analysis. Genes significantly correlated with fruit shapes (P < 0.01) are highlighted in blue (listed in Supplementary Table S3). (e, f)
Representative genes significantly correlated with fruit shapes in the YTF1 population (e) and the cultivars (f). Putatively phytohormone- or
metabolite-related as well as transcription factor or cell cycle/proliferation genes are presented in green, orange, pink or blue bars, respectively.

relatively weak correlations (r < 0.43) to the expression mod-
ules (Fig. 3c). Thus, we here focused on the M7 module. This
module also showed significant correlation to OVATE family
protein (OFP)-like 1 (r=0.51; P=3e % Fig. 3c), although OFP-
like 1 belonged to the M17 module. The M7 module included
49 genes (Fig. 3b, d; Supplementary Table S5). This module
included three transcription factors, KNAT1, anthocyaninless2
(ANL2) and NAC-regulated seed morphology1 (NARS1/NAC2),

and one phytohormone-related gene, Cytokinin oxidase/de-
hydrogenase (CKX5), which is related to cytokinin signaling
(Rupp et al. 1999, Eviatar-Ribak et al. 2013) (Fig. 3e). This was
consistent with the fact that ARR17 and ARR11 gene expression
patterns were changed by treatment with synthetic cytokinin
during the flowering stages, described earlier. Cell wall-related
genes such as xylem serine peptidase 1 (XSP1) and xyloglucan
endotransglucosylase/hydrolase 10  (XTH10), which are

202 Iudy 01 uo 3sanb Aq +/86€5S/¥917¢/1 1./09/9101Ee/dod/wod dno-olwapese//:sdpy wWwody papeojumoq


https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz139#supplementary-data
https://academic.oup.com/pcp/article-lookup/doi/10.1093/pcp/pcz139#supplementary-data

Plant Cell Physiol. 60(11): 24642477 (2019) doi:10.1093/pcp/pcz139

reportedly involved in the construction of the secondary cell
wall were also included in this module. Among the transcrip-
tion factors listed above, the expression level of KNATT was
substantially correlated with the fruit shape, and in individuals
with high expression levels, the fruit shape tended to be elon-
gated (Fig. 3f). The fact that KNATT is a key gene regulating cell
proliferation and the resultant leaf shape in A. thaliana sup-
ports our hypothesis that KNATT might be important for deter-
mining persimmon fruit shapes. Furthermore, our histological
analyses, described earlier (Supplementary Figs. S4, S5), suggest-
ing that differentiation in cell proliferation is a key in fruit shape
diversity, would be consistent with this hypothesis.

Putative orthologs of SUN, which is a determinant of tomato
fruit shape (van der Knaap et al. 2004), were correlated to the
M23 and M22 modules. The M23 module included 2,688 genes,
and was divided into seven modules (Supplementary Fig. S9).
This module included SUN-like enriched transcription factors as
well as the SUN-like IQD11 gene. Although this module was not
significantly related to fruit shape, IQD may have some influ-
ence on persimmon fruit shapes.

Gene networks associated with fruit shape
diversity among cultivars

A WGCNA involving all 50 cultivars in stages 2 and 4, including
the CPPU-treated samples (total number of samples = 124;
Supplementary Table S1), classified 29,236 genes into 35 mod-
ules (Fig. 4a, b). In this study, we assessed the correlation be-
tween eigengenes and fruit shape indices (PC1 during the early
fruit development stages), the CPPU treatment as a binary
phenotype, and the expression of KNAT1 and CKX5, which
were considered as key genes in the YTF1 population
(Fig. 3d-g), and CYCD3, which were highly correlated genes
in correlation test (Fig. 2f), as ‘bait’ genes (Fig. 4c).

Nine modules (M17, M19, M20, M22, M24, M25, M26, M27
and M34) showed significantly positive correlation to the fruit
shape index, PC1 (P < 0.05) (Fig. 4c). Although the M26 module
was the most highly correlated with the PC1 amongst the nine
modules (r = 0.52, P = 2e~% Supplementary Fig. $10), this module
showed no correlation to the expression pattern in CPPU treat-
ment. The M26 module contained downstream genes involved
in fruit shape control such as CYCD3 and thus this module was
considered to have the highest correlation value with PC1. On
the other hand, only M19 and M20 modules showed significant
correlations to all five traits/expressions (r> 029, P <0.01)
(Fig. 4c). Here, we focused on the M19 module including a
‘bait’ gene, KNATT (r=0.70, P=2e '®), which was described as
a candidate core gene for determining fruit shapes in the YTF1
population (Fig. 3d; Supplementary Table S5). This module was
also significantly correlated with the CPPU treatment (r = 0.32;
P=9e ). The M19 module included four class 1 KNOX genes,
five other transcription factors (subsequently described in
greater detail), several plant hormone-related genes, especially
those in cytokinin, auxin and gibberellin metabolizing pathways,
and cell wall-related genes, such as XSP1 and XTH32 (Fig. 4d, e).
Four GO terms, ‘oxidation-reduction process’ (GO:0055114), ‘ad-
enine phosphoribosyltransferase activity’ (GO:0003999), ‘adenine

salvage’ (GO:0006168) and ‘gibberellin 20-oxidase activity’
(GO:0045544), were significantly enriched in the M19 module
(FDR < 0.1). These terms clearly represent cytokinin and gibber-
ellin signaling/metabolic activities. With the exception of the four
class | KNOX genes, the transcription factors in the M19 module
were the orthologs of one of the five YABBY classes (Bowman
and Smyth 1999, Yamada et al. 2004, Lee et al. 2005), namely,
inner no outer (INO), which regulates ovule development
(Villanueva et al. 1999); NAC2, which regulates seed morphogen-
esis (Kunieda et al. 2008); OFP9, which is one of the OFP genes
associated with the KNOX and BELL class homeodomain genes
regulating ovule and/or fruit development (Wang et al. 2016).
OFP proteins interact with microtubules, which are proposed to
lead to changes in cell division patterns, resulting in the different
growth forms (Wu et al. 2018). Homeobox 21 (HB21), which
controls the ABA signal-regulated branching pattern
(Gonzalez-Grandio et al. 2017); and a MADS box seedstick/ago-
mous-like 11 (STK/AGL11), which is responsible for seed and
ovule development (Favaro et al. 2003, Pinyopich et al. 2003,
Singh et al. 2013). Importantly, STK/AGL11 was the central
gene that linked most of the transcription factors to the plant
hormone-, cell wall- and metabolism-related genes (Fig. 4d;
Supplemental Table S6). Although the other transcription factors
were paralleled in the network, their representative functions in
model plants were potentially linked (e.g. regarding ovule or carpel
development), which was consistent with the fact that this
module is substantially correlated with persimmon fruit shapes.

Evolution and changes in expression patterns of
the class 1 KNOX family genes

The number of class 1 KNOX family genes tended to be higher in
the order Ericales (e.g. 12 in kiwifruit, eight in blueberry and
nine in persimmon) than in other species (e.g. two in grape, four
in A. thaliana and three in tomato) (Fig. 5a). In addition, the
KNATT1 clade of the phylogenetic tree comprised one gene from
each of A. thaliana, grape, tomato, blueberry and persimmon as
well as two genes from kiwifruit (Fig. 5a, b). During the evolu-
tion of KNATT genes, there was no relaxation of purifying se-
lection (dN/dS < 0.2), indicating a lack of changes to protein
functions (Fig. 5b). Furthermore, we did not detect significant
site-branch-specific positive selection (dN/dS >> 1) with
PAML (Yang 1997) in any evolutionary branch (posterior prob-
ability < 0.81; Bayes empirical Bayes test). In persimmon, the
KNAT1 ortholog was expressed in young developing fruits
(average RPKM = 8.0), with considerable diversity among cul-
tivars (RPKM = 0.4-30.3). Published transcriptomic data indi-
cated that in A. thaliana, KNAT1 is not substantially expressed
in young ovaries (RPKM = 1.94) (Klepikova et al. 2016). In
tomato and kiwifruit, the expression levels of KNATT orthologs
in young fruits, corresponding to young persimmon fruits, as
examined in this study, were very low (RPKM < 1).

Discussion

Molecular pathways regulating fruit shape diversity have been
mainly characterized in tomato, where OVATE and SUN are the
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Fig. 3 Gene networks associated with fruit shapes in the YTF1 population. (a) Clustering of the gene expression patterns in stage 2, as
determined with the WGCNA package, resulting in 26 modules, M1-M26. (b) The number of genes in the 26 co-expression modules.
(c) Heat map visualization of the correlations of the eigengenes of 26 modules with fruit shape indexes (PC1 to PC3) and the expression of
two ‘bait’ genes, OVATE-like and SUN-like. The M7 module is the most highly correlated with PC2. (d, e) Visualization of the M7 module network.
The genes were clustered based on their putative functions and are presented in different nodes. Transcription factors are indicated by pink stars
(see Supplementary Table S5). (f, g) Correlation between KNATT (f) or CKX5 (g) expression patterns and the fruit shape index, PC2. Both genes
were significantly correlated (r = 0.42 and 0.69, respectively) with fruit shapes.
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Fig. 4 Gene networks associated with fruit shapes in cultivars. (a) Clustering of the gene expression patterns in stage 2, as determined with the
WGCNA package, resulting in 35 modules, M1-M35. (b) The number of genes in the 35 co-expression modules. (c) Heat map visualization of the
correlations of the module eigengenes with fruit shape index (PC1), CPPU treatment and the expression of three ‘bait’ genes, KNAT1, CKX5 and
CYCD3. The M19 module was significantly correlated with all of the objective traits/genes, and was the most highly correlated with KNAT1
expression patterns. (d, e) Visualization of the M19 module network. The genes were clustered based on their putative functions and are
presented in different nodes. Transcription factors are indicated by pink stars (see Supplementary Table S7).

main players for the production of elongated fruits (Tanksley lineage-specific domestication, implying that the genetic deter-
2004). On the other hand, LC and FAS can play major roles in  minants of the diversity among cultivars might be specific to
the determination of carpel/locule umbers and production of  tomato. Consistent with this prediction, our results in persim-
flat fruits (Rodriguez et al. 2011). These pathways developed via ~ mon revealed gene pathways likely to be responsible for fruit
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respectively. The KNATT gene clade is highlighted in green. (b) Lineage-specific evolution of the persimmon KNATT gene. Evolutionary rates,
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asterid species (tomato, blueberry, kiwifruit, and persimmon), implying there have been no changes to their protein functions. By contrast,
persimmon specifically evolved a relatively high KNAT1 expression level (average RPKM = 8.0) in young fruit compared with the other fruit crops

(RPKM < 1).

shape diversity that differed from those in tomato (Fig. 6).
Substantial diversity in fruit shape among persimmon cultivars
are not dependent on the carpel/locule numbers, but on cell
proliferations in early developmental stages (Maeda et al. 2018).
Thus, the mechanism driving fruit shape diversity would be
distinct from the tomato LC or FAS genes. Also for the other
two genes, OVATE and SUN, which would affect cell prolifer-
ation, our results suggested no direct involvement of their ex-
pression pattern in fruit shape determination among the
persimmon cultivars, although a few OFP family gene, to
which tomato OVATE is nested, might have certain significance,
as discussed later. In persimmon, one of the class | KNOX genes,
KNATT1, and cytokinin signals appear to play important roles in
a segregated population. An analysis of gene networks in mul-
tiple cultivars implied that KNAT1 and the related transcription
factors significantly correlated with fruit shapes were integrated
by the variable expression of a core gene, STK, which is specific
to persimmon fruit shape determination. In A. thaliana, the
expression balance between STK and the BELT homeobox

gene is responsible for the correct determination of integument
identity (Brambilla et al. 2007) and ovule development
(Bencivenga et al. 2012). In addition, in tomato, SIAGL11
(STK) is substantially expressed in young fruits, and its over-
expression induces the production of small fruits (Huang et al.
2017); however, there are no reports indicating that the natural
variation in the expression of tomato STK influences fruit shape
diversity. These observations suggest that variations in STK ex-
pression in persimmon cultivars can affect fruit shape.
Furthermore, our gene network analysis results revealed that
the variations in the expression of plant hormone-catalyzing or
-signaling genes, especially for cytokinin or gibberellins
(Supplementary Fig. S11), are likely mediated by STK via the
regulatory activities of specific transcription factors, including a
series of class 1 KNOX genes or NAC2.

The contribution of KNAT1 to the determination of fruit
shape may also be specific to persimmon. Although the expres-
sion of KNATT in the A. thaliana shoot apical meristem report-
edly helps regulate leaf shape (Hay and Tsiantis 2010), there has
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Fig. 6 Model for the lineage-specific evolution of fruit shape determination based on a comparison between tomato and persimmon. In
persimmon, the lineage-specific acquisition of KNATT expression, and its variation in young fruit, may be important for the considerable fruit
shape diversity. Furthermore, STK/AGL11 may function as a central gene that mediates the expression of transcription factors, including KNATT,
to regulate many phytohormone-related and cell proliferation-related genes, which represents a novel mechanism. However, OFP, which helps
regulate fruit shapes in tomato (Tanksley 2004), was also included in the same network that determines persimmon fruit shapes. This OFP-
dependent pathway that regulates fruit shapes may be common in the two lineages.

been no report describing its variations in expression of fruits
and determination of fruit shape. The persimmon-specific
KNAT1-mediated mechanism underlying the regulation of
fruit shape may be explained from an evolutionary perspective
by two points. The evolutionary tree of representative angio-
sperm KNAT1 genes suggested that KNATT is mostly mono-
phyletic, with no significant signs of protein functional changes
(Fig. 5b). In addition, the KNAT1 expression level in young fruit
was substantially higher in persimmon than in other species
(Fig. 6). These observations suggest that the relatively high
KNAT1 expression levels in persimmon fruit and the varying
expression levels among cultivars/accessions might represent
the persimmon-specific mechanism that determines fruit
shape diversity. Although the average KNATT expression level
in the YTF1 population was similar to that in the parental cul-
tivars, a few segregants with considerably higher KNAT1 expres-
sion levels produced fruit shapes that were consistently
different than those observed for the accessions/cultivars as-
sessed in this study (Fig. 3f), implying persimmon fruit shape is
continuously evolving. This lineage-specific high expression of
KNATT in young fruit was also observed in wild relatives, such as
the D. rhombifolia or D. lotus included in this study (data not
shown), but there has been no reported diversity in fruit shapes.
Thus, the considerable diversity in fruit shapes specific to orien-
tal persimmon is likely due to the variations in KNAT1 expres-
sion, which may affect the genes expressed in an oriental
persimmon-specific manner, as indicated in our transcriptome
analysis (Supplementary Fig. S6).

In contrast to the putatively lineage-specific pathways, OFP
expression and its associated effects on fruit shapes may be
common in tomato and persimmon (Fig. 6). In persimmon,
variations in the expression of OFP as well as other transcription
factors in the same expression module may regulate fruit shape,
whereas distinct mutations in OVATE have significant conse-
quences in fruit shapes in tomato (Liu et al. 2002). Although this
signifies that the causal mutations that drive the diversity of
fruit shapes are distinct in these two species, the gene

commonality suggests that the OFP gene potentially mediates
the general development of fruit shapes. This possibility is sup-
ported by the fact that OVATE-like proteins regulate fruit
shapes in pepper and melon (Tsaballa et al. 2011, Monforte
et al. 2014). Collectively, our results shed light on lineage-spe-
cific rate-limiting genetic factors regulating fruit shape deter-
mination, whereas the components of the relevant pathways
may be somewhat common among different plant species.

Materials and Methods

Plant materials and treatments

Oriental persimmon (D. kaki) cultivars, ‘Yamatogosho’ and ‘Taishu’, and 50 of
their F; progeny (YTF1 population), which exhibited considerable fruit shape
differences, were included in this study (Fig. 1b). Trees were maintained in the
experimental orchard of the Grape and Persimmon Research Station, NARO
Institute of Fruit Tree and Tea Science, Japan. To assess fruit shape develop-
mental patterns, 1-3 fruits were sampled from each individual tree on June 13,
July 5 and October 3, 2017, which corresponded to stages 2, 4 and 10 (mature)
of the fruit shape development period (Maeda et al. 2018; Supplementary Fig. S1).
The stages 2 to 4 are supposed to be important for the determination of
fruit shape in persimmon cultivars (Maeda et al. 2018). Forty-eight D. kaki
cultivars, and one accession each from two wild Diospyros species, D. lotus
and D. rhombifolia, which were maintained in the orchard of Kyoto
University, Kyoto, Japan, were also analyzed in this study (Supplementary
Table S1). Three fruits were harvested on June 1, June 27 and September 20,
2016, corresponding to stages 2, 4 and 10. A synthetic cytokinin, CPPU, report-
edly influences persimmon fruit shape (Itai et al. 1995). Thus, 10 cultivars of D.
kaki, D. lotus and D. rhombifolia at full bloom were treated with 100 ppm CPPU
(Fulmet; Kyowa Hakko Bio, Tokyo, Japan) prepared in a solution of 0.05%
Tween-20 as a surfactant.

To assess the fruit development from histological analysis, frozen sections
were prepared with the fruits of four individuals from the YTF 1 population,
using Cryostat (Leica CM 1869, Leica, Osaka, Japan), according to the Kawamoto
method (Kawamoto 2003). Twenty-micrometer sections were stained with
toluidine blue.

Quantification of fruit shape

Fruit shapes were evaluated quantitatively based on EFDs and a PCA using
SHAPE program (lwata and Ukai 2002) as previously described (Maeda et al.
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2018). The PCA was completed using the EFDs resulting from the first 20
harmonics of Fourier coefficients. Thus, 80 (4 x 20) standardized EFDs were
calculated per fruit. The 80 coefficients were classified into two groups related
to symmetrical and asymmetrical variations (Iwata et al. 1998, Yoshioka et al.
2004); the contour reconstructed only by the former coefficients is symmetrical
with respect to the central fruit axis, whereas the latter coefficients represent
the asymmetrical aspects of fruit shape. Because the asymmetrical elements of
fruits are affected by non-heritable factors, we used 40 coefficients related to
symmetrical elements in the following analysis. The sampled fruits were
weighed, frozen in liquid nitrogen and stored at —80°C for a subsequent
RNA extraction.

Transcriptome library construction and Illumina
sequencing

Total RNA was extracted from 222 fruit samples (50 YTF1 individuals and their
parents, 50 cultivars/accessions and 11 CPPU-treated samples for stages 2 and
4) according to the hot borate method (Wan and Wilkins 1994), after which
mMRNA was extracted using the Dynabeads"™ mRNA Purification Kit (Ambion,
Austin, TX, USA). lllumina sequencing libraries were prepared from 2 ug total
RNA as previously described (Akagi et al. 2014, Akagi et al. 2016) and then
purified with AMPureXP (Beckman Coulter Life Science) to remove fragments
shorter than 300 bp. All 222 libraries were multiplexed and analyzed with the
lllumina HiSeq 4000 system at the QB3 Genomic Sequencing Laboratory of UC
Berkeley (http://qb3.berkeley.edu/gsl/) to generate 50-bp single-end reads. All
lllumina sequencing experiments were conducted at the Vincent J. Coates
Genomics Sequencing Laboratory at UC Berkeley, and the resulting raw sequen-
cing reads were processed with custom Python scripts developed in the Comai
laboratory and available online (http://comailab.genomecenter.ucdavis.edu/
index.php/Barcoded_data_preparation_tools) as previously described (Akagi
et al. 2014). In brief, reads were split based on the index information and
trimmed for quality (average Phred sequence quality > 20) and to eliminate
adapter sequences. Next, a read length cutoff of 35 bp was applied. All samples
used to generate lllumina sequences are listed in Supplementary Table S1. The
sequence data generated in this study have been deposited in the DDBJ data-
base (PRJDB8003).

Transcriptomic data mining, correlation analysis
and extraction of DEGs

The mRNA-seq lllumina reads were aligned to the reference CDS of D. lotus
(Akagi et al. 2019; http://persimmon.kazusa.or.jp/index.html) using the default
parameters of the Burrows—Wheeler Aligner program (version 0.7.12) (Li and
Durbin 2009; https://github.com/lh3/bwa). The read counts per coding se-
quence were generated from the aligned SAM files using a custom R script
(Akagi et al. 2014). The expression level of each gene was calculated as the reads
per kilobase of exon per million sequenced reads (RPKM). Genes with an aver-
age RPKM < 1 for the analyzed samples were excluded from the subsequent co-
expression network analysis.

For characterizing the expression dynamics in datasets, a PCA was com-
pleted with prcomp in R (version 3.5.1) (R Core Team 2018). To assess single
correlations between a gene expression pattern and quantitative values for fruit
shapes, a Pearson’s product moment correlation analysis was completed among
individuals, using cor.test with the ‘Pearson’ argument in R, with gene expression
levels during each stage as explanatory variables and PC values for mature fruit
shapes as objective variables. Pearson’s correlation test was also used to assess
expression similarities among individuals based on gene expression patterns.

The genes correlated to the warts and groves (Fig. 1a), which were eval-
uated as binary traits, were assessed using DESeq2 package (Love et al. 2014) to
determine DEGs across the cultivars, with the threshold value of FDR set to 0.1.

A GO enrichment analysis was completed using the default parameters of
the goseq package (Young et al. 2010) in R. The annotations of genes fulfilling
the RPKM cutoff were used as a reference for the GO analysis. A threshold for
the significance of enriched GO terms was set as a FDR < 0.1. The contigs were
annotated with Blast2GO (version 4.0.2), using a Blastx search of the NCBI non-
redundant protein database, with an E-value cutoff of 1e™>. Up to 20 hits were
retained for each gene to assign GO terms, effective concentration (EC) num-
bers and possible descriptions.

Co-expression network construction

The WGCNA method (Zhang and Horvath 2005) was used to generate modules
of highly correlated genes based on the RNA-seq expression data. Gene mod-
ules were identified by implementing the WGCNA package in R (Langfelder and
Horvath 2008). The soft-thresholding power and treecut parameters used for
the WGCNA analysis were 7 and 0.25, respectively. In the co-expression net-
work, genes were represented by nodes, and the correlation values (weight)
between two genes were calculated by increasing Pearson’s correlation coeffi-
cient. Gene expression profiles for the modules were summarized as module
eigengenes by calculating the first PC of the expression profile of genes assigned
to the module. To identify the modules influencing fruit shape diversity, cor-
relations between the module eigengene and PC values for mature fruit shapes
or ‘bait’ gene expression patterns in the YTF1 population or in cultivars were
assessed using WGCNA package.

Connections between genes in a module were first visualized using VisANT
program (Hu et al. 2008). A TOM cutoff for the co-expression in the visualiza-
tion was determined based on the strength of the correlation with the node
degree distribution, and was set as 0.05.

Genome-wide survey of the core candidates in
gene networks

To examine the evolutionary relationships among core candidates in the
gene network putatively involved in determining persimmon fruit shapes,
peptide sequences orthologous to those encoded by OFP and the class 1
KNOX genes in the Persimmon Genome Database (http://persimmon.
kazusa.or.jp/index.html) were analyzed using Basic Local Alignment
Search Tool algorithm (BLASTP; e-value <T1e™ ' with default parameters),
with the OVATE domain (Liu et al. 2002, Wang et al. 2007) and class 1 KNOX
gene (Hay and Tsiantis 2010) sequences from A. thaliana as the queries. The
OFP orthologs in A. thaliana, tomato (Solanum lycopersicum) and hornwort
(P. patens) were obtained from Phytozome (version 9.0) (http://www.phy-
tozome.net/) according to Huang et al. (2013) (Supplementary Table S7).
For the class 1 KNOX genes, orthologs in grapevine (Vitis vinifera) and
tomato were obtained from Phytozome (https://phytozome.jgi.doe.gov/
pz/portal.html), with the A. thaliana class | KNOX genes (Hay and Tsiantis
2010) as queries. Regarding species of the order Ericales, in which persimmon
is nested, orthologs in kiwifruit (Actinidia chinensis), blueberry (Vaccinium
corymbosum) and diploid Caucasian persimmon (D. lotus) were obtained
from the Kiwifruit Genome Database (http://bioinfo.bti.cornell.edu/cgi-
bin/kiwi/home.cgi), the Genome Database for Vaccinium (https://www.vac-
cinium.org/) and the Persimmon Genome Database described above,
respectively.

To estimate the evolutionary topology, protein sequences were aligned
according to the default parameters of MAFFT program (version 7) (Katoh
and Standley 2013), and then manually pruned with Seaview (Gouy et al.
2010). The maximum likelihood (ML) and neighbor-joining (NJ) methods
were applied using MEGA (version 10), with 1,000 bootstrap replicates, to
determine phylogenetic relationships (Kumar et al. 2018). In the ML
method, the Whelan and Goldman (WAG) model with invariant sites and
gamma-distributed rates (three categories) was considered, with nearest-
neighbor interchange (NNI) as the tree-searching heuristic. All sites includ-
ing missing and gap data were used to construct a phylogenetic tree. In the
NJ approach, the Poisson matrix with gamma-distributed rates (number of
discrete gamma categories: 3) was used, with a pairwise deletion for missing
data.

To determine evolutionary rates (dN/dS), the nucleotide sequences of the
analyzed genes were subjected to an in-frame alignment using MAFFT and
Pal2Nal programs (Suyama et al. 2006). The ancestral sequences were estimated
using MEGA (version 6) (Tamura et al. 2013), and then pairwise dN/dS values
were determined from the in-frame alignments with DnaSP (version 5) (Librado
and Rozas 2009). We also detected codon-based site-specific and branch-spe-
cific positive selection using PAML (Yang 1997), with the same in-frame nu-
cleotide alignment. The significance of the positive selection on the foreground
branches was evaluated according to the likelihood ratio test, with a null hy-
pothesis of dN/dS = 1. Site-specific positive selection was assessed using a Bayes
empirical Bayes analysis.
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