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Epigenetic regulation can add a flexible layer to genetic variation, potentially enabling long-term but reversible cis-regulatory
changes to an allele while maintaining its DNA sequence. Here, we present a case in which alternative epigenetic states lead to
reversible sex determination in the hexaploid persimmon Diospyros kaki. Previously, we elucidated the molecular mechanism of sex
determination in diploid persimmon and demonstrated the action of a Y-encoded sex determinant pseudogene called OGI, which
produces small RNAs targeting the autosomal gene MeGl, resulting in separate male and female individuals (dioecy). We contrast
these findings with the discovery, in hexaploid persimmon, of an additional layer of regulation in the form of DNA methylation of the
MeGI promoter associated with the production of both male and female flowers in genetically male trees. Consistent with this
model, developing male buds exhibited higher methylation levels across the MeGI promoter than developing female flowers from
either monoecious or female trees. Additionally, a DNA methylation inhibitor induced developing male buds to form feminized
flowers. Concurrently, in Y-chromosome-carrying trees, the expression of OGI is silenced by the presence of a SINE (short
interspersed nuclear element)-like insertion in the OG/ promoter. Our findings provide an example of an adaptive scenario

involving epigenetic plasticity.

INTRODUCTION

Epigenetic variation potentially enables long-term but reversible
cis-regulatory changes to take place in an allele while main-
taining its DNA sequence. Like mutations based on DNA changes,
epialleles occur in wild plant populations and may evolve neutrally
or adaptively, carrying the added advantage of simple reversibility
(Chen, 2007; Kaeppler et al., 2000; Manning et al., 2006). There are
very few cases where metastable or programmed variable epige-
netic states inferred to be adaptive have been documented. Yet,
epialleles offer a natural switch system that can prove particularly
well suited in specific situations. Epigenetic switching might also be
particularly advantageous for trees, whose persistent meristems
can traverse large temporal and spatial distances.

Diploid persimmon tree (Diospyros lotus) is dioecious, i.e., each
tree bears exclusively male or female flowers. Dioecy is found in ~6%
of plant species and is thought to have evolved independently
multiple times (Ming et al., 2007). Most dioecious species carry sex
chromosomes, as is the case for persimmon, in which males are
heterogametic (XY) and females carry two copies of the X chromo-
some (Akagi et al., 2014b). In diploid persimmon, we previously
established that sex determination is governed by a pair of genes
called OGI (Japanese for male tree) and MeGl (Japanese for female
tree) (Akagi et al., 2014a). OG/ is a Y-encoded pseudogene that
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produces a noncoding hairpin-forming RNA, ultimately producing
small RNA (smRNA) molecules that target the homologous MeG/
gene (Akagi et al., 2014a). MeGl is an autosomal gene that encodes
a homeodomain transcription factor regulating flower development
and anther fertility in a dosage-dependent fashion (Akagi et al., 2014a).
MeGl is a homolog of the barley (Hordeum vulgare) Vrs1 gene, pre-
viously identified because it controls lateral flower development and
inflorescence development in barley flowers (Komatsuda et al., 2007).
In male persimmon trees, OG/ smRNAs trigger transitive ex-
pression of MeGl smRNAs (smMeGl), which in turn actto repress
MeGI expression in developing male flowers. While the diploid
persimmon D. lotus is dioecious, the closely related species
Diospyros kaki contains mostly autohexaploid trees, with varieties
that are either fully female or monoecious, i.e., each tree bears both
male and female flowers. With the exception of a few female cul-
tivars that occasionally bear male flowers (Akagi et al., 2014b;
Yonemori et al., 1993), all monoecious trees tested so far carry at
least one copy of the Y chromosome (presence of the Y-specific
OGI gene), while the female-only trees do not (Akagi et al., 2014b).
In this study, we investigated the mechanisms of flower sex
determination in monoecious D. kaki and compared the results to
our findings about sex determination in D. lotus. We found that the
MeGI gene undergoes alternative epigenetic states in monoecious
D. kaki, adding a layer of epigenetic regulation to the genetic system
and leading to the formation of male and female flower branches on
genetically male but developmentally monoecious individuals.

RESULTS

To begin evaluating the mechanism of flower sex regulation in
monoeocious hexaploid D. kaki, we compared the developmental
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patterns of male and female flowers of dioecious D. lotus and
monoecious D. kaki and found that, aside from differing in overall
flower size, they were almost identical (Supplemental Figure 1).
This provided a tractable system to investigate the molecular
mechanisms that allow male and female flowers to be present on
Y-carrying trees of hexaploid persimmon.

The Sex Determination Pathway Is Mostly Conserved in
Hexaploid Persimmon

In diploid D. lotus, we previously determined that the OG/
pseudogene produces smRNAs that target the MeGl autosome
andthatthese smRNAs resultin transitive expression of smRNAs
from MeGl, repressing its own expression (Akagi et al., 2014a).
This results in a reduction in MeG/ expression levels in devel-
oping male flowers compared with developing female flowers.
To investigate if similar events occur in hexaploid D. kaki, we
compared three types of flowers: (1) female flowers from female
trees (individuals lacking OG/ and Y-specific sequence entirely
and bearing exclusively female flowers), (2) female flowers from
monoecious trees, and (3) male flowers from monoecious trees.

We observed that the production of smMeGI and associated
repression of MeG/ were conserved and specific to male flowers
in monoecious D. kaki (Figures 1A and 1B). The developmental
pattern observed was consistent with that observed in D. lotus
male flowers, except that smMeGI expression began slightly
earlier in D. lotus compared with D. kaki. The pattern of smRNA
accumulation on the MeGlI transcript was conserved as well
(Supplemental Figure 2). As previously observed in diploid
D. lotus, MeGl was targeted by 21-and 22-nucleotide smRNA but
not by 24-nucleotide smRNA (Figure 1C; Supplemental Table 1).
Finally, we investigated sequence variation within the MeGI
alleles in Taishu, a hexaploid D. kaki cultivar used in this study.
Between the six copies of this gene, so far, we only found three
single nucleotide polypmorphic sites in the genic region, none of
which were located on the regions of the gene targeted by the
smRNA peaks (T. Akagi and T. Kawai, unpublished data). These
results suggest that all six copies of MeGl are equally targeted by
the smRNA population.

We nextinvestigated the expression of the sex-linked pseudogene
OGI. In male diploid D. lotus, two peaks of OG/ expression were
detected: one atthe onset of primordia development (June) and
the other at the early flower development stage (April 1st). As
expected, OGI expression was completely undetectable in
female flowers of hexaploid persimmon (female or monoecious
D. kaki trees; Figure 2A). Surprisingly, OGI expression was
undetectable in the male flowers as well, at least at the de-
velopmental stages and tissues that we sampled (Figure 2A).
This is particularly puzzling because the OGI sequences from
hexaploid D. kaki and diploid D. lotus are >96% similar, and
a hairpin structure thought to be involved in smRNA production
(Akagi et al., 2014a) is conserved in D. kaki as well, suggesting
that the D. kaki OGI gene is functional.

OGI Expression Is Repressed by a SINE-Like Insertion

Investigating the sequence context around the OG/ pseudogene
provided a potential way to explain the lack of OGI expression in
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Figure 1. Comparison of MeGI RNA and Small RNA Expression in Diploid
and Hexaploid Persimmon.

(A) RT-PCR analysis of the expression of MeG/ RNA during primordia
formation and flower development in monoecious D. kaki. Male buds/
flowers exhibited significantly lower MeGI expression than female buds/
flowers (**P < 0.001, paired Student’s t test), which is consistent with
previous observations in D. lotus (Akagi et al., 2014a). The average of two to
four biological replicates is represented by the height of the bars; sp values
are indicated as well.

(B) Expression of MeG/ smRNA during primordia formation and flower
development, in monoecious D. kaki, as well as in male flowers of dioecious
D. lotus.

(C) The 21- and 24-nucleotide smMeGI abundance in male and female
buds/flowers of dioecious D. lotus and monoecious D. kaki throughout the
year. “X” indicates a missing data point.

developing male flowers. Indeed, compared with its counter-
part in diploid D. lotus, the OGI promoter region in hexaploid
D. kaki contains a 268-bp insertion that exhibits high homology
to a SINE (short interspersed nuclear element)-like retrotransposon
element (Figure 2B), which we named Kali (after the Hindu
goddess). PCR analysis of OGI/ promoter sequences from
multiple D. kaki cultivarsrevealed that thisinsertionis presentin
all monoecious D. kaki cultivars tested, but not in other Dio-
spyros species (Supplemental Figure 3). We identified at least
six Kali-like SINEs in the hexaploid D. kaki genome, which could
be derived from a D. kaki-specific burst of this SINE family
(Supplemental Figure 4).

To investigate if this element might be involved in the regu-
lation of the OGI transcript, we next documented smRNA ac-
cumulation on OGI and its promoter, including the SINE-like
insertion. We observed a strong accumulation of 24-nucleotide
smRNA on the Kali element and on a short fragment of the OG/
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Figure 2. Characterization of OG/ RNA and Small RNA Expression.
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(A) RT-PCR analysis of the expression of OGI mRNA during primordia formation and flower development in monoecious D. kaki and dioecious D. lotus. The
average of two to four biological replicates is represented by the height of the bars; sp values are indicated as well.

(B) Schematic structure of the OGI promoter region and the Kali insertion.

(C) Cytosine methylation levels across the OGI promoter in developing flowers from hexaploid D. kaki cv Taishu. Each bar represents the methylation level of
one cytosine residue in either the sense or antisense strand. The position of the SINE element relative to the start codon of the OG/ pseudogene is

represented at the bottom.

(D) The 24-nucleotide small RNA accumulation on the Kali SINE-like insertion in the OG/ promoter. For both samples, the coverage track is shown in black
above the smRNA mapping tracks. Nearly all smRNAs that mapped to the Kali SINE-like region were 24 nucleotides long (Supplemental Figure 4). Mapped
reads are shown in different colors depending on their mapping quality, with unambiguously mapped reads shown in pink (forward mapped reads) or blue

(reversely mapped reads) and ambiguously mapped reads shown in gray.

promoter upstream of the Kali element (Figure 2D). We could
not determine if this 24-nucleotide smRNA was produced from
Kaliitself or from one or several of the related sequences, due to
high nucleotide similarity between Kali and the identified Kali-
like SINEs (Supplemental Figure 4A). This smRNA accumula-
tion was visible in both male and female flowers from monoecious
D. kaki. Consistent with the absence of the Kali element in
D. lotus, no 24-nucleotide smRNA accumulation was de-
tectedindiploid D. lotus at any stage or any location of the OG/
promoter (Supplemental Figures 5 and 6). Conversely, the
strong peak of OG/ 21-nucleotide smRNA on the OG/ gene
body was not visible in either male or female developing flowers
in D. kaki (Supplemental Figure 5). The Kali element also ex-
hibited strong cytosine methylation along its entire length in both
male and female developing buds and flowers, leaves, and stems
(Figure 2C; Supplemental Figure 7). Taken together, these

observations are consistent with a repressive role of the Kali
element on the expression of OGI in hexaploid D. kaki.

Sex Determination Is Associated with MeG/
Promoter Methylation

The apparent lack of expression of the OG/ gene suggests the
existence of an alternative mechanism leading to differential ex-
pression of MeGl in male versus female developing buds and
flowers and in the presence of different flower sexes within
a genetically male tree. To characterize this process, we recorded
the pattern of male and female flower formation in multiple D. kaki
individuals over multiple years. The results are summarized in
Figure 3. In short, each year, each branch bears flowers of a single
type (male or female), as well as developing buds of unknown sex.
The subsequent year, these branches become parental branches
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and the buds develop into new branches, each bearing only male
or female flowers. Consistent with previous observations (Yonemori
et al., 1993), the future gender of each bud could be predicted,
sometimes with high accuracy, based on the combination of the
gender and length of its parental branch and its position on the
parental branch (Figure 3). Specifically, buds located at the very
ends of female branches and buds located on male branches had
a posterior probability >92.5% (see Figure 3, Methods, and
Supplemental Table 2) to developinto female and male branches,
respectively. On the other hand, more proximal buds located on
female branches have almost equal probability of developing
into male or female branches. This knowledge was used for all
analyses involving undifferentiated buds. More importantly, the
observed association between the sexuality of parental and filial
branches suggested a potential role for epigenetic regulation in
sex determination.

We thus investigated the role of cytosine methylation in the
regulation of the MeGl gene. Sex-specific methylation was visible
in all three methylation contexts (CG, CHG, and CHH; Figure 4,
Supplemental Figure 8 and Supplemental Table 3) across the length
of the MeGI promoter and genic regions (Figure 4; Supplemental
Figure 7). Although we did not detect high methylation levels across
these regions, methylation levels were clearly higher in male tissue
compared with female tissue, especially in the 250-bp immediately
upstream of the MeGl start codon (Figure 4A). It is possible that we
observed an overall low level of methylation because MeGI ex-
pression is restricted to a subset of the cells within developing buds
and the overall methylation level was diluted in our samples of entire
developing buds. This is consistent with our preliminary observa-
tion that MeGl expression is limited to meristems in developing
buds (T. Akagi and R. Tao, unpublished data). At all developmental
stages, male developing buds or flowers exhibited stronger
methylation than the corresponding female tissue (Figures 4A
and 4B). This difference in methylation status increased with
developmental stage and was most extreme in late developing
flowers (late April; Figure 4B; Supplemental Figure 8), which is
consistent with the observed differential expression of the MeG/
RNA transcripts (Figure 1A). Cytosine methylation in the CHH
sequence context is thought to be most relevant to gene si-
lencing. Consistently, the stronger signal of CHH methylation in
male flower buds corresponded with the reduction in MeGI
expression. Cytosine methylation was specific to flower organs
(Figure 4C) and was fully male-specific. This remained true in
cases of gender reversal, i.e., when parental and filial branches
carried flowers of the opposite sex, in which case the methylation
status of the developing flower matched that of the current year
(Figure 4C, right panel). Importantly, this observed male-specific
methylation level in hexaploid D. kaki was higher than that ob-
served in diploid D. lotus (Figure 4C). This is consistent with the
hypothesis that a stronger methylation signal might be required
to maintain the silenced state of MeGl in the absence of continual
reinforcement by OG/ in hexaploid D. kaki.

These results link methylation of the MeG/ promoter with sex-
specific repression of the MeGl gene, indicating that both de novo
methylation and demethylation occur in the cases of sex reversal.
To investigate how early these events occur, we sampled single
developing buds (June). Specifically, we sampled buds located at
different positions on parental female branches and investigated
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Figure 3. Male and Female Flower Development and Transitions in
Monoecious D. kaki.

(A) Annual cycle of bud/flower development. The initial development of
floral buds occurs in June, at which point primordial development starts
and male and female primordia become distinguishable. Consistent with
flower development in diploid D. lotus (Akagi et al., 2014a), female pri-
mordia exhibit a simple “solitary” structure, while male primordia exhibit
trifurcated architecture (Supplemental Figure 1). Buds then enter dormancy
until April of the next year, at which point flowers start to develop.

(B) Trends in male and female flower development in the next annual cycle
(see Methods). Apical buds on branches carrying female flowers most often
develop into female flowers (>80%), while medial buds on those same
branches can be male or female. On the other hand, buds from male parent
branches strongly tend to develop into male branches irrespective of their
position on the parental branch (>95%). For each branch, the relative
percentages of male (blue), female (pink), and branches with no flowers
(gray) are represented as stacked bars.

the methylation status of the MeG/I promoter in these buds. We
found that cytosine methylation on the MeG/ promoter in these
developing buds was tightly associated with the ratio of male-to-
female flowers expected to develop from these buds. Specifically,
buds located at the ends of female branches were not methylated,
while approximately half of the proximal developing buds carried
cytosine methylation and the other half did not (Supplemental
Figure 9). Taken together with the lack of MeG/ promoter meth-
ylation in female flower buds, a parsimonious explanation is that
the shoot apical meristem of the primary female branch forms in-
florescence meristems in which the MeGI promoter is not methyl-
ated. Some of the inflorescence buds reset, resulting in early
deposition of methylation marks on MeGI promoters. Subsequently,
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Figure 4. DNA Methylation on the MeG/ Promoter.

(A) Variation in DNA methylation levels across the MeG/ gene and promoter region in developing male and female flowers of monoecious D. kaki (left panel)
and across the MeGI promoter region in both diploid dioecious D. lotus and hexaploid monoecious D. kaki (right panel). Different colors represent the different
sequence contexts (CH, CHG, and CHH). The gene model is shown at the bottom of each panel. Methylation data values at each position were normalized
based on the control gene MatK (see Methods).

(B) Average DNA methylation values across the MeGlI promoter, in male and female buds and flowers of monoecious D. kaki. The percentages of methylated
cytosine at all cytosine positions were averaged over the 300 bp upstream of the start codon. Gray bars indicate sp values.

(C) Male organ predominant methylation patterns. The percentage of methylated cytosine at all cytosine positions was averaged over the 200 bp upstream
of the start codon. Methylation is visible in male organs but not in female organs (middle panel). Methylation is also consistent with the gender of the current
year’s flowers, even if the previous year’s flowers were of the opposite gender (four right-most bars). All samples are from monoecious hexaploid D. kaki, cv
Taishu, with the exception of the bars in the two blue boxes, which represent diploid D. lotus samples, as indicated. Methylation data values at each position
were normalized based on the control gene MatK (see Methods), with the exception of the last four bars (developing flower samples), for which samples were
no longer available to measure methylation percentages on the MatK locus.

these form male branches. The well-known persistence of epialleles
might explain the low conversion rate of male into female branches.

Treatment with Methylation Inhibitors Can Result in Altered
Flower Development

Given the potential role of DNA methylation in sex determination
of developing branches, we investigated the effect of the non-
specific methylation inhibitor zebularine on sex determination.
Flowers from female D. lotus (diploid) trees were unaffected by
the treatment (Supplemental Table 3B). Treatment of developing
flowers from male D. lotus trees produced no phenotypic change
in 60% of the treated flowers, intermediate changes in 30%
(Supplemental Figure 10H), and distinctly inhibited stamen and
pollen development in 10% of flowers but did not promote pistil

development (Supplemental Table 3B and Supplemental Figure
10). Zebularine application to developing monoecious D. kaki
male buds and flowers had no effect in the case of D. kaki cultivar
Fudegaki (Supplemental Figure 11A and Supplemental Table
4A). In Zenjimaru and Taishu (male-biased monoecious culti-
vars), zebularine treatment promoted pistil development, re-
sulting in semihermaphroditic flowers in 59/71 and 20/32 treated
flowers, respectively (Figure 5A; Supplemental Figure 11A and
Supplemental Table 4). Zebularine also inhibited anther de-
velopment, resulting in a smaller proportion of pollen grains ex-
hibiting normal pollen tube growth (Figure 5B; Supplemental Figure
11B). Female flowers from the same monoecious trees treated with
zebularine did not exhibit any distinct changes. Consistent with the
role of zebularine in MeGlI regulation, smMeGlI expression levels
were also reduced in zebularine-treated male flowers, from 133 to
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35 reads per kilobase per million mapped reads in control and
zebularine-treated flowers, respectively (Supplemental Figure
11D). Comparison of the level of cytosine methylation in the
semifeminized and wild-type male flowers in these three cul-
tivars showed that semifeminized flowers tended to exhibit
reduced cytosine methylation levels, while unaffected flowers
did not exhibit any significant decrease in methylation level
(Supplemental Figure 10C). While D. kaki displayed a variable
response to zebularine treatment, the phenotypic and molec-
ular responses of Zenjimaru were thus associated with both the
repression of male organs and the promotion of female organs,
the two elements being necessary to switch gender. Mecha-
nistically, these results are consistent with the hypothesis that,
in male flowers, methylation of the MeG/ promoter promotes
smMeGI production to repress MeGl/ expression, whichin turns
results in male flower development. It is possible that at least
some of the variation observed in the response to zebularine
stems from variable penetration of zebularine depending on
tissue type, developmental stage, and/or cultivar.

DISCUSSION

We set out to investigate the mechanisms underlying sex de-
termination in persimmons; more specifically, we wanted to un-
derstand how atree that is genetically male can produce both male
and female flowers. While flower development and most of the
molecular pathway leading to sex determination are conserved
between the two species (Figure 1), we found two notable dif-
ferences. First, OGI expression remained undetectable in de-
veloping male flowers of D. kaki, potentially due to the insertion of
a SINE-like element in its promoter (Figure 2). Second, we found
atight association between sex determination and methylation of
the MeGlI promoter (Figure 4), which exhibits 5’ cytosine meth-
ylation and repression of MeGl/ expression in buds that form male
flowers, but not in the rest of the plant body or in buds that form
female flowers. Confirming this hypothesis, we observed that
treatment of developing male flowers with a methylation inhibitor
could result in feminized flowers (Figure 5).

A
Zebularine treated

Control

A Model for Sex Determination in Monoecious Persimmon

This epigenetic sex regulation mechanism stands in contrast to
genetic determination in the closely related diploid persimmon
(Figure 6). Our results suggest that monoecy in hexaploid D. kaki
and the observed strong association between the sexuality of
abranch andthat of its parental branch is based on the presence of
transitive smMeG/ and DNA methylation on the MeG/ promoter. In
this model, the methylation signal present on the MeG/ promoter
can activate smMeGI production (Figure 6). This is consistent with
the observation that MeGI promoter methylation is observed very
early in bud development (June), prior to any observation of
smMeGl production. Based on the observation that the smRNAs
targeting the MeG/ promoter are 21 nucleotides long, this
regulation may involve the noncanonical RNA-dependent DNA
methylation pathway and the action of Pol Il (RNA polymerase )
and RDR6 (RNA-Dependent RNA Polymerase 6) (Matzke and
Mosher, 2014; Matzke et al., 2015).

In most D. kaki cultivars/accessions, the first flowers produced
by monoecious trees are female, suggesting that the default state
is for the MeGI promoter to be active and unmethylated. This state
changes in some developing buds, in which methylation marks are
deposited onthe MeGl promoter and which will eventually develop
into branches bearing male flowers. This suggests that de novo
methylation occurs in these specific buds, followed by mainte-
nance of this methylation so that all flowers produced by these
buds are male and most branches produced in subsequent years
from these male branches are also male. Occasional sex reversal
from male to female could originate from spontaneous deme-
thylation of the MeGI promoter, as suggested by the results of our
zebularine treatment.

Lack of OGI Expression in Monoecious D. kaki

High DNA methylation levels were observed across the Kali SINE
insertion withinthe OG/ 5’-promoter region. The accumulation of
24-nucleotide small RNA was observed as well, probably trig-
gered by the application of these methylation marks. Both of
these observations are consistent with the action of the canonical

Lo

60

40

20

Zebularine Control
treated

.% Pollen germination

Figure 5. Effect of the Methylation Inhibitor Zebularine on Flower Development.

Feminization of male flowers in monoecious D. kaki, cv Zenjimaru, after zebularine treatment compared with control male flowers.

(A) Male flowers exhibited elongated styles and formed normal ovules including immature embryos. At, anther; Em, embryo; Ov, ovule; Pn, pistinode; Sg,
stigma; St, style. Bars =2 mm. For both the zebularine-treated and control flowers, images on the right are close-up photographs of the samples on the left.
(B) Pollen germination was reduced in zebularine-treated male flowers, in comparison to the control male flowers (P < 0.00001, Student’s t test). Each mean
value was calculated from five flowers, which each contained data from 200 to 300 pollen grains. Standard errors are indicated.
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Figure 6. Summary and Evolutionary Model of Sex Determination in Diospyros.

(A) Genetic sex determination in diploid D. lotus. Heterogametic individuals are always male. The Y chromosome carries OG/, a male-specific gene whose
inverted repeat transcript results in a hairpin RNA processed into small 21-nucleotide RNA. The OG/I small RNA triggers RNAi and possibly also methylation
on the homologous target MeGl, resulting in suppression of the feminizing factor.

(B) Epigenetic sex determination in genetic males of D. kaki. The presence, in the OG/ promoter, of the SINE element Kali and the associated near

inactivation of OGI expression allow for a more flexible reversible regulat
genetically male trees.

RNA-dependent DNA methylation pathway, involving the action of
Pol IV (Matzke et al.,2015). Identification of the corresponding 26- to
45-nucleotide precursor Pol IV and RDR2-dependent RNAs
(Blevinsetal.,2015; Zhai et al., 2015) would confirm this hypothesis.
The switch from expression of OG/ as a Pol ll transcript in D. lotus to
repression via a Pol IV transcript in D. kaki could be due to the
presence of the Kali SINE element in the promoter of OGI. This type
of switch from posttranscriptional gene silencing to transcriptional

ion of MeGl expression and the production of both male and female flowers in

gene silencing of transposable elements has been observed pre-
viously (Borges and Martienssen, 2015), although in this case, it is
associated with the regulation of a major functional pathway and
possibly critical to the switch from dioecy to monoecy (see below).

The identity of the signal that triggers smMeGI production and
the switch from female to male branches remains unclear (Figure
4). Although we have been unable to detect any substantial OG/
expression in D. kaki so far, OGI expression remains an obvious
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candidate, since spikes in OGI mRNA and smRNA expression are
observed in diploid D. lotus during male floral bud development,
and given the known repressive action of OG/ on MeGl expression
(Akagi et al., 2014a). Additionally, the presence of the Y chro-
mosome (and the OGI gene) is associated with male flowers in
a wide variety of hexaploid D. kaki cultivars. It is thus possible that
rare and short developmental expression of OG/ suffices to ac-
tivate transitive RNAi on the MeGI promoter. Alternatively, another
Y-encoded regulator may exist that remains to be uncovered.

What Is the Origin of This Additional Level of Regulation in
D. kaki?

Epigenetic regulation adds a flexible layer to genetic variation,
potentially enabling long-term but reversible cis-regulatory
changesin an allele while maintaining its DNA sequence. While the
exact nature of the triggers that result in sex reversal remains
elusive, it is possible that this epigenetic plasticity is advanta-
geous in the D. kaki hexaploid background. In the diploid D. /otus,
sex reversal is virtually never observed and tree sex is completely
genetically linked the presence of the OGI/ gene (Akagi et al.,
2014a). Indeed, while lower but detectable levels of MeGI pro-
moter methylation are present in diploid male persimmon, female
flowers are virtually never produced from trees carrying OGI,
consistent with full penetrance of the action of OG/ RNA, either
through constant reinforcement of MeG/ promoter methylation or
via a separate mechanism. It is possible that the potential in-
volvement of an epigenetic control mechanism for flower sex
determination in D. kaki is associated with autopolyploidization,
the selection of specific plants for selfing, or domestication. In-
deed, although we could not detect signs of ongoing selection
across this region (Tajima’s D= —0.358, Fuand Li’'sD=—0.162, Fu
and Li’'s F = —0.252), complete conservation of the Kali SINE
insertion in the OG/I promoter region of all D. kaki varieties tested
suggests a historical bottleneck, possibly under natural selection
or, alternatively, from domestication or historical breeding for optimal
ratios of male to female flowers for fruit production. Investigation of
the mechanism for sex determination in other polyploid Diospyros
species will help distinguish between these possibilities. So far, our
results provide evidence that sexuality can be epigenetically regu-
lated in a tree species, enabling mechanistic exploration of epige-
netic mechanisms affecting reproductive traits.

METHODS

Plant Materials

For observation of the sex determination patterns and discriminant analysis
of sexuality in monoecious Diospyros kaki, eight monoecious cultivars
(Supplemental Table 5), all planted in the Kyoto University orchard (Kyoto,
Japan, 35°03’, 135°78’ /L), were used. For expression analyses, mixed
buds from seven cultivars (Supplemental Table 5) were harvested on June
9to 13, July9to 13, August9to 13, and October 10,2014 and on January 10,
April 1 to 4, and April 23 to 26, 2015. These time periods correspond to the
male/female primordia (June-July), dormancy (August-January), and male/
female flower developmental stages (April). To compare expression patterns
in dioecious and monoecious male/female buds/flowers, mix male and
female buds of Diospyros lotus cv Kunsenshi were also sampled at the same
developmental stages in 2012 to 2014. To detect DNA methylation levels on

the MeGI promoterin monoecious D. kaki, male and female buds/flowers
from D. kaki cv Taishu were harvested at similar stages. Developing
flowers from two male (L1 and L8) and two female (L18 and L20) in-
dividuals of the D. lotus KK population (Akagi et al., 2014b) were also
sampled on April 26 to compare the DNA methylation status with that of
D. kaki. To characterize the Kali SINE-like sequence in the OG/ promoter
region, 79 D. kaki cultivars, 2 D. lotus, 1 D. glaucifolia, 1 D. virginiana, and
2 D. mespiliformis were tested by PCR analysis (Supplemental Table 5).
Forzebularine treatment, D. kaki monoecious cvs Zenjimaru, Taishu, and
Fudegaki, and male and female D. lotus cv Kunsenshi were used. In the
Kyoto University orchard, cv Zenjimaru was maintained in 40-liter
planting pots. For the zebularine experiment, potted trees were utilized.
All other cultivars were planted in the ground.

Flower Sex Determination Patterns in Monoecious D. kaki Cultivars

Atotal of 919 buds from eight monoecious D. kaki cultivars (Supplemental
Table 5) were observed to assess the relationship between environmental
variables, parental branch gender, and buds in 2014 to 2015. A previous
report (Yonemori et al., 1993) suggested that flower gender in monoe-
cious cultivars is affected by three main parameters: (1) the gender of the
parental branch, (2) the length of the parental branch, and (3) bud posi-
tions. A multiple discriminant model was thus constructed using these
three parameters, with data from the 919 buds, and using the Ida function
inthe RMASS library. At least 20 buds were assessed for each parameter.
Note that male parental branches normally only bear two to five buds. The
numbers of buds in the 6th to 8th positions on male parental branches
were thus smaller. Based on the discriminant model obtained (Supplemental
Table 2), apical buds developing on long (>40 cm) female parental branches
were used as developing female buds (posterior probability > 92.5% in MDA;
Supplemental Table 2). Any buds developing on short (<12 cm) male parental
branches were used as developing male buds (posterior probability >95% in
MDA; Supplemental Table 2). The results obtained from the quantitative PCR
and smRNA-seq analyses were consistent with these assessments.

smRNA-Seq Libraries

Total RNA was extracted from pools of seven to nine developing buds using
the Plant RNA Purification Reagent (Invitrogen) and purified by phenol/
chloroform extraction. The small RNA fraction was concentrated from total
RNA using a mirVana miRNA Isolation kit (Life Technologies). Approxi-
mately 80 to 120 ng of small RNA was subjected to library construction
using a NEBNext Small RNA Library Prep Set (NEB), according to the
manufacturer’s instructions. PCR enrichment reactions were performed
using 12 to 15 cycles of amplification, followed by filtration of approxi-
mately >200-bp fragments using AMPure (AMPure:reaction = 1.1:1 v/v)
and a final cleanup step (AMPure:reaction = 3: 1 v/v) to remove self-ligated
adapter dimers. Library quality and quantity were assessed using an
Agilent Bioanalyzer (Agilent Technologies) and a Qubit fluorometer
(Invitrogen). The constructed libraries were sequenced using lllumina’s
HiSeq 2500/4000 sequencer (50-bp single-end reads).

Bisulfite PCR Sequencing Library

Genomic DNA was extracted using the CTAB method (Akagi et al., 2014b)
and purified by phenol/chloroform extraction. Two micrograms of genomic
DNA was subjected to bisulfite treatment using a MethylEasy Xceed Rapid
DNA bisulfite modification kit (TaKaRa) to deaminate nonmethylated cy-
tosine (C) residues into uracil (U) residues. The bisulfite-treated sequences
ofthe MeGI5' promoter and genic regions were amplified by TaKaRa EpiTaq
HS (TaKaRa) using sense- and antisense-specific primer sets (Supplemental
Table 5). The resulting amplicons were subjected to end repair, A-base
overhanging, and adaptor ligation, as described in the mRNA-seq library
construction sectionina previous report (Akagietal.,2014a). The eluted DNA
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was enriched by PCR using Phusion 2X HF master mix (NEB) or PrimeSTAR
Max DNA polymerase (TaKaRa), with the following PCR conditions: 30 s at
95°C;8to 12 cyclesof 10sat 95°C, 30 s at 65°C, and 30to 60 s at 72°C, and
a final extension step of 1 min at 72°C. Enriched libraries were purified with
AMPure (1:1 v/v AMPure:reaction). Libraries were sequenced on the lllumina
MiSeq 2500 sequencer (150-bp paired-end or 250-bp paired reads). For
deeper sequencing (coverage >50,000) of the amplicons, a fragmentation
step was added, according to the previous report (Akagi et al., 2014a), and
the resulting libraries were sequenced on the lllumina HiSeq 2500/4000
sequencer (50-bp single or 150-bp paired reads).

Sequencing and Initial Read Processing

All lllumina sequencing was conducted at the Vincent J. Coates Genomics
Sequencing Laboratory at UC Berkeley, and the raw sequencing reads
were processed using custom Python scripts developed in the Comai
laboratory and available online (http://comailab.genomecenter.ucdavis.
edu/index.php/Barcoded_data_preparation_tools), as previously de-
scribed (Akagi et al., 2014a). Briefly, reads were split based on index in-
formation and trimmed for quality (average Phred sequence quality >20
over a 5-bp sliding window) and adaptor sequence contamination. Next,
aread length cutoff of 35 bp was applied to MRNA reads, while a cutoff of
19 bp was applied to smRNA reads. All samples used to generate lllumina
sequences are listed in Supplemental Tables 6 and 7.

Expression Profiling

cDNA was synthesized from 500 ng of total RNA using ReverTra Ace qPCR
RT Master Mix with gDNA Remover (TOYOBO), and 4-fold diluted cDNA
was used as a template for quantitative RT-PCR (qPCR) analysis. gPCR
analysis of MeGl and OG/ expression (primers in Supplemental Table 8) was
performed using SYBR Green Master Mix and a LightCycler 480 (Roche).
PCR was performed under the following conditions: 95°C for 3 min followed
by 45 cycles of 95°C for 10 s, 57 to 59°C for 5 s, and 72°C for 15 s. Gene-
specific amplification was confirmed by melting curve analysis. The average
values of two independently synthesized cDNAs (technical replicates) were
used for each cultivar (biological replicates). For the reference gene, primer
pairs specific to Actin (AB473616) were used under the same PCR
conditions as above. Statistic significance of differential MeG/ expression
between male and female buds/flowers from seven D. kaki cultivars
(Supplemental Table 5) was assessed by paired Student’sttest (n=7 X 2).

For smRNA analysis, smRNA-seq reads were mapped to the previously
assembled D. lotus transcriptome (Akagi et al., 2014a), except that the OG/
and MeGl transcripts were replaced with full-length MeGl and OGI genomic
sequences including the surrounding regions, which were sequenced from
cv Taishu (D. kaki) and cv Kunsenshi-male (D. lotus) for mapping of D. kaki
and D. lotus reads, respectively. Mapping was performed using BWA (Li
and Durbin, 2009) and allowing no nucleotide mismatches. Read counts
per contig statistics were generated from the aligned .SAM files using
acustom R script, which recorded the number of smRNAs of different sizes,
and mapping to different parts of the OG/ and MeGI genomic sequences.
Expression levels were recorded as reads per million reads. The coverage
and distribution of the smRNA reads were visualized as the sum of the
sense and antisense strand reads using Integrative Genomics Viewer (IGV)
version 2.3 (Robinson et al., 2011).

Detection of Methylated Cytosine Residue

The bisulfite PCR sequencing reads were mapped to the modified MeG/
and OG/ sequences, where all the cytosine residues were altered to
thymine residues. The mapping was performed using the BWA aligner
(Li and Durbin, 2009), allowing up to 10-, 25-, and 35-bp nucleotide
mismatches for SE50, PE150, and PE250 reads, respectively. The in-
formative SNPs in the read sequences were called using the mpileup
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tool in SAMtool (Li et al., 2009). The frequency of thymine-to-cytosine
modifications was calculated at each of the cytosine positions present
inthe original sequence, with coverage values ranging from 50to 100,000.

To normalize the conversion effect in bisulfite treatment, the matK
region from chloroplast DNA of Diospyros (GU471729) was also amplified
in each bisulfite treated-sample (see Supplemental Table 8 for primer
information), followed by lllumina sequencing analysis, as described
above. Generally, >99.5% of Cs were converted to Us in our analyses. The
detected conversion ratios were used for normalization of methylation
levels among the samples, according to Masser et al. (2015). When
methylation data are shown as a mean per region, the normalized per-
centage of methylation at each cytosine was recorded and these values
were averaged across the length of the assayed region.

One of the representative methylation residues in the MeGl/ pro-
moter, located 26-bp upstream from the start codon, was converted to
a cleaved amplified polymorphic sequence marker recognized by
HpyCH4 IV and used as a proxy for methylation status in single de-
veloping buds (Supplemental Figure 9). The bisulfite-treated sequences
of the MeGI 5’ promoter region were amplified by TaKaRa EpiTag HS
using primers MeGl-SenseProm-bis-F1 and MeGl-SenseProm-bis-F1
(Supplemental Table 8), followed by HpyCH4 IV digestion.

Analyses of the Kali SINE-Like Insertion in the OGI Promoter

The primer pairs for DNA sequence analysis of the 5’ promoter region of
OGI were designed based on D. lotus BAC sequences (Akagi et al.,
2014a). PCR was performed using PrimeSTAR GXL DNA polymerase
(TaKaRa). Primer pairs OGl-prom2F and OGl-spR (Supplemental Table 8)
consistently amplified the full genomic region including the 5’ promoter of
OGl in a wide variety of Diospyros species. The amplicons from D. lotus,
D. virginiana, D. mespiliformis, and D. glaucifolia male individuals, and
from 12 OGI-carrying monoecious D. kaki cultivars (Supplemental Table
5), were purified and either directly sequenced or cloned into pGEM T
Easy vector (Promega) followed by sequencing analysis. The nucleotide
sequences were aligned using MAFFT version 7 (Katoh and Standley,
2013) with the L-INS-i model. The resulting alignment of the Kali SINE-like
sequences from the D. kaki cultivars was subjected to DnaSP 5.1 (Librado
and Rozas, 2009) to calculate the index of evolutionary selection (Tajima’s
D, and Fu and Li’s neutrality tests). PCR analyses using primer pairs
specific to Kali and surrounding sequences (see Supplemental Figure 3
for the exact locations of the primers and Supplemental Table 8 for primer
sequences) were conducted to examine the conservation of this insertion
and to detect sequences homologous to Kali in 79 D. kaki cultivars,
D. lotus male and female individuals, D. virginiana male, D. mespiliformis
male, and D. glaucifolia male individuals.

The Kali-like SINEs from the D. kaki genome were isolated from random
genomic lllumina reads (PE150) from cultivar Taishu. The lllumina reads
mapped to the Kali element, allowing up to 20-bp mismatches, were as-
sembled using CLC (CLC bio). The nucleotide sequences of the Kali-like
SINEs in D. kaki and the corresponding sequences from D. lotus and
D. virginiana were aligned using MAFFT version 7 with the L-INS-i model
and subjected to maximum likelihood phylogenetic analysis using MEGA
v5.0, and a GTR model with 1000 replications for bootstrap. All sites,
including missing and gap data, were used for the construction of the
phylogenic trees. The alignment is shown in Supplemental File 1. Bootstrap
values are shown as percentages on the branches of the phylogenetic tree
(Supplemental Figure 4).

Treatment with the Demethylating Agent Zebularine

To test the effect of demethylation on flower sexuality in planta, zebularine
(TGIl) was applied to male and female branches of monoecious D. kaki
cultivars, Zenjimaru and Fudegaki, and to male and female dioecious
D. lotus cultivars Kunsenshi. Every 2 to 3 d, 100 mL of 1 mM zebularine
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solution or water (control) including 0.01% Tween 20 was sprayed onto
10to 15 male and female branches carrying ~20to 120 flowers. In D. kaki,
the treatments were applied from March 24, 2015 and March 23,
2016 (immediately after bud burst for Zenjimaru and before bud burst for
Fudegaki), until May 5, 2015 and April 29, 2016, when androecia and
gynoecia in both cultivars were almost mature. In D. lotus, treatments
were applied from March 20, 2015 (immediately after bud burst for both
male and female individuals) until May 5, 2015. Pollen tube germination
was assessed six hours after placing the pollen grains on 15% sucrose/
0.005% boric acid/1.0% agarose medium at 25°C. Pollen germination
frequency was recorded as average percentages, using batches of 200 to
300 pollen grain from five flowers (biological replicates) from the same
branch. Pollen grains exhibiting pollen tubes longer than 3 times the
length of the grain were counted as “germinated.” Pistil length and pollen
germination ratio were measured in fully mature flowers, i.e., 1 to 2 days
after the petals had completely opened. Total RNA was extracted from
pools of three developing flowers harvested on April 26, 2015, using the
Plant RNA Purification Reagent (Invitrogen), and purified by phenol/
chloroform extraction, as described above. From the total RNA extracted,
the small RNA fraction was concentrated and subjected to smRNA-seq
analysis as described above. To compare methylation levels between
samples, genomic DNA was extracted from six feminized and non-
feminized flowers from the zebularine-treated sections, on May 3 to 4,
2016, using the CTAB method. Two micrograms of genomic DNA was
subjected to bisulfite treatment, followed by PCR amplification of the
MeGI promoter region. The amplicons were subjected to lllumina se-
quencing, which was used to calculate the cytosine methylation ratio, as
described above.

Accession Numbers

All sequence data generated in the context of this manuscript have been de-
posited in the appropriate DDBJ database: lllumina reads for smRNA-seq and
bisulfite amplicon sequencing were deposited in the Short Read Archive da-
tabase (BioProject ID PRJDB4334), and the OG/ promoter genomic sequences
from D. kaki cultivar Taishu were submitted to GenBank (ID LC120366).
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D. lotus and D. kaki flowers.

Supplemental Figure 2. Pattern of smRNA accumulation on the MeG/
transcript.

Supplemental Figure 3. Conservation of D. kaki-specific SINE inser-
tions in the OGI 5’ region.

Supplemental Figure 4. Analysis of Kali-like sequences in the
Diospyros genome.

Supplemental Figure 5. Small RNAs targeting the OG/ gene and
promoter elements.

Supplemental Figure 6. 24-Nucleotide small RNA accumulation on
the Kali SINE-like insertion in the OG/ promoter.

Supplemental Figure 7. DNA methylation across the OG/ promoter.

Supplemental Figure 8. Seasonal DNA methylation on the MeGI
promoter in male buds/flowers.

Supplemental Figure 9. DNA methylation of the MeGI promoter in
single developing buds.

Supplemental Figure 10. Phenotypic effects of zebularine treatment
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