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Abstract Gynodioecy is the coexistence of hermaphro-
dites and females in a population. It is supposed to be an
intermediate stage in the evolutionary pathway from her-
maphroditism to dioecy in angiosperm. Hermaphrodites gain
fitness through both seed and pollen production whereas
females gain fitness only through seed production. As
females spread in a gynodioecious population, sexual selec-
tion prompts hermaphrodites to invest in male function and
male-biased hermaphrodites prevail. In the gynodioecious
shrub Daphne jezoensis (Thymelaeaceae), female frequency
is stably around 50% in most populations, and fruit-set rate
of hermaphrodites is commonly low. Therefore, D. jezoen-
sis is likely at a later stage in the evolutionary pathway.
Female function of hermaphrodites (fruit-set rate, selfing
rate, seed size, and germination rate) was assessed in three
populations under natural conditions. In order to evaluate the
potential seed fertility and inbreeding depression by selfing
in hermaphrodites, hand pollination treatments were also
performed. Over a 2-year period under natural conditions,
18-29% of hermaphrodites and 69-81% of females set fruit.
Across all three populations, the mean fruit-set rate ranged
9.5-49.2% in females and only 3.9-10.2% in hermaphro-
dites. Even with artificial outcross-pollination, 59-91% of
hermaphrodites failed to set any fruit. When self-pollination
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was performed in hermaphrodites, both of fruit-set and
germination rates were decreased, indicating early-acting
inbreeding depression. In addition, more than half of the
hermaphrodite seeds were produced by selfing under natural
pollination, but pollinator service was still required. Totally,
hermaphrodites performed poorly as seed producers because
of the intrinsically-low fruiting ability and a combination of
autogamous selfing and strong inbreeding depression, indi-
cating the absence of reproductive assurance. These results
indicate that the mating system of D. jezoensis is function-
ally close to dioecy.

Keywords Fruit set - Gynodioecy - Hermaphrodite -
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Introduction

The separation of sexes in flowering plants (dioecy) may
have evolved from hermaphroditic ancestors (Renner
and Ricklefs 1995). One of the postulated evolutionary
pathways is through gynodioecy, called as the gynodi-
oecy—dioecy pathway (Charlesworth and Charlesworth
1978; Spigler and Ashman 2012). In gynodioecy, her-
maphrodites and females coexist within a population.
It occurs in approximately 2—7% of angiosperm species
(Dufay et al. 2014; Richards 1997). Hermaphrodites gain
fitness through both seed and pollen production whereas
females gain it through seed production alone. At the first
stage of the gynodioecy—dioecy pathway, female (male-
sterile) plants invade a hermaphroditic population. There,
they must gain seed fertility (quantitatively or qualitatively
superior seed production) advantage over the hermaph-
rodites (Bailey et al. 2003; Charlesworth and Charles-
worth 1978). As females spread within a population,
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selection pressure drives hermaphrodites to invest more
in male function until male-biased hermaphrodites prevail
(Charlesworth 1989; Lloyd 1976; McCauley and Brock
1998). Frequency-dependent selection may act on male
function causing male (female-sterile) plants to appear
and become part of a gynodioecious population (a stage
of subdioecy in which hermaphrodites, females, and
males coexist). The transition from subdioecy to dioecy
is accomplished by replacing hermaphrodites with males.
At a later stage of the gynodioecy—dioecy pathway, either
males or male-biased hermaphrodites with low seed fer-
tility are expected. There is much evidence to support the
existence of the earlier stage of the gynodioecy—dioecy
pathway (greater female than hermaphrodite seed fertil-
ity) (Shykoff et al. 2003). Nevertheless, only a few stud-
ies have addressed the evolutionary significance of the
later stage (Delph and Wolf 2005; Ehlers and Bataillon
2007; Spigler and Ashman 2012). For a clarification of
the gynodioecy—dioecy pathway, more studies on the mat-
ing system of male-biased hermaphrodites are needed in
gynodioecious populations and species.

The quantity and quality of seeds produced by her-
maphrodites relative to females indicate the functional
significance of hermaphrodites in gynodioecious popula-
tions. Some ecological factors like pollen limitation and
gender-specific herbivorous attack help maintain her-
maphrodites even when frequency-dependent selection
acts on male function (Ashman 2006; Spigler and Ash-
man 2012). The reproductive success of animal-pollinated
plants depends on pollinator availability. Limited pollina-
tor service can decrease pollination success under natural
conditions (Knight et al. 2005; Larson and Barrett 2000),
and result in lower than expected seed production in both
females and hermaphrodites (Ramsey and Vaughton 2002;
Wang et al. 2014). Unlike monosexual plants (females or
males), hermaphrodites may retain seed production by
autonomous self-pollination (reproductive assurance)
(Busch and Delph 2012; Del Castillo and Argueta 2009).
In this case, pollen limitation may help maintain hermaph-
rodites within a gynodioecious population because relative
seed production by hermaphrodites increases with pollen
limitation (Ehlers and Bataillon 2007; Wolfe and Shmida
1997). Nevertheless, selfed progeny often have lower fit-
ness than outcrossed progeny due to inbreeding depres-
sion (Charlesworth and Willis 2009; Sakai et al. 1997).
Fruit production generally requires more resources than
flower production (Leigh et al. 2006; Vaughton and Ram-
sey 2011). Therefore, the cost of seed production by self-
ing may exceed the fitness gain from female function of
hermaphrodites if inbreeding depression is very severe. To
determine whether hermaphrodite seed production func-
tions as reproductive assurance, it is necessary to evalu-
ate autogamous selfing in hermaphrodites and inbreeding
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depression under natural conditions (Wolfe and Shmida
1997).

If reproductive assurance is absent in hermaphrodites
and/or high inbreeding depression exists in selfed progeny,
then the production of selfed seeds decreases hermaphro-
dite fitness. In many gynodioecious species, hermaphrodites
often produce seeds that are quantitatively or qualitatively
inferior to those from females (Dufay and Billard 2012;
Shykoff et al. 2003; Wang et al. 2014; Wolfe and Shmida
1997). Sexual selection may reallocate reproductive func-
tion toward the male (more flower and pollen production
and less fruit production) (Spigler and Ashman 2012). When
male-biased allocation is accelerated, seed fertility of her-
maphrodites may decrease or a female-sterile (functional
male) phenotype may occur within a population (shift to
subdioecy). These transitions are predicted for the later stage
of the gynodioecy—dioecy pathway but supporting empirical
data is limited (e.g., Spigler and Ashman 2012).

In this study, the objective was to assess the female func-
tion of hermaphrodites in the gynodioecious shrub Daphne
Jjezoensis Maxim. (Thymelaeaceae). The sex ratio is close to
1:1 in many D. jezoensis populations. Under natural condi-
tions, hermaphrodites consistently produce more flowers and
less fruits than females (Shibata and Kudo 2017; Sinclair
et al. 2016). Therefore, D. jezoensis may be at the later stage
of the gynodioecy—dioecy pathway. If the hermaphrodite fit-
ness gain from female function is negligible in natural popu-
lations, then phenotypic hermaphrodites should act as males
and there may be functional dioecy in this species. To test
this prediction, we evaluated the degree of female function
of hermaphrodites based on seed fertility, selfing ability, and
seed quality (an index of early-acting inbreeding depres-
sion) by hand pollination treatments in three populations.
The effectiveness of hermaphrodite reproductive assurance
was evaluated using variations in fruit-set and selfing rates
correlated to pollen limitation under natural conditions.
Specifically, we ask following questions: (1) How much do
hermaphrodites gain fitness through seed production under
natural conditions? (2) What potential fruiting and selfing
abilities do hermaphrodites have? (3) Do hermaphrodites
have reproductive assurance (stable seed production even
under pollen limitation)?

Methods
Study species

Daphne jezoensis (Thymelaeaceae) is a short (<30 cm)
summer-deciduous shrub inhabiting the understory of
cool-temperate forests in northern Japan (Fig. 1a). Flow-
ering occurs in early spring, soon after snowmelt. Flowers
persist until mid- to late May. The fruit contain a single
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Fig. 1 Daphne jezoensis in
flowering season. a Whole
aspect of the shrub. b Inflores-
cence of hermaphroditic plant. ¢
Inflorescence of female plant

seed and mature in July. The tubular flowers produce small
amounts of nectar and are infrequently visited by moths,
skippers, and bumble bees. Small beetles and thysanop-
terans are also observed on the flowers for pollen forag-
ing (personal observation). Hermaphroditic flowers have
developed anthers with bright yellow color (Fig. 1b), while
anthers of female flowers are highly reduced and contain
no pollen (Fig. 1c). Morphological character of ovary is
similar between hermaphroditic and female flowers, and
stigma locates at the lower position of floral tube. There is
a low proportion of sexually labile plants (annual swings
between hermaphrodite and female) (Sinclair et al. 2016),
but these were excluded from the analyses because of low
frequencies across populations in this study. The creeping
stems and frequent branching of this species sometimes
make visual identification of individual plants difficult. In
this study, the separate stems at ground level are referred
to as ramets, and a whole plant composed of genetically
identical ramets is called a genet. Hermaphroditic genets
are identified simply as hermaphrodites and female genets
as females. In our previous studies, there was no sexual

difference in ramet size (Shibata and Kudo 2017; Sinclair
et al. 2016).

Study sites

The study was conducted on three populations in Hok-
kaido, northern Japan, during 2015-2016. The populations
were located at Chitose (42°73'N, 141°73’E), Nopporo
(43°03'N, 141°53'E), Tomakomai (42°69'N, 141°58'E),
hereafter referred to as Chi, Nop, and Tom, respectively.
Annual mean temperature is 7.1-7.2 °C, ranging from
—6.3 °C (January) to 20.8 °C (August), and mean annual
precipitation is 930-990 mm (Japan Meteorological Agency,
http://www.jma.go.jp/jma/index.html). Snow usually covers
the ground from mid-December to late March. Permanent
plots (50 m x 50 m) at Nop and Chi were established in 2009
and 2013, respectively (Sinclair et al. 2016). A permanent
50 m x50 m plot was set up at Tom in April 2015. All
ramets with floral buds were tagged, mapped, and genotyped
with genetic markers to determine genet individuality (see
below). Female genet frequency ranged 42-52% in these
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Table 1 Numbers of flowering genets (ramets) of individual sex
morphs and female frequency per population per year

Population  Year Female Hermaphrodite ~ Female
frequency
(%)
Chi 2015 160 (180) 146 (194) 52.3
2016 133 (150) 134 (182) 49.8
Nop 2015 73 (76) 102 (105) 41.7
2016 95 (98) 124 (128) 43.4
Tom 2015 205 (256) 239 (344) 46.2
2016 189 (221) 229 (314) 45.2

populations during 2015-2016 (Table 1). The number of
flowering ramets per genet was 1.2 +0.03 SE (ranging 1-9)
in females and 1.440.05 SE (ranging 1-13) in hermaphro-
dites throughout the populations.

Female function under natural conditions

The flower and fruit numbers of every tagged ramet in these
plots were recorded in 2015 and 2016. Flowers were counted
during the peak flowering period (late April to early May)
and developing fruits were counted in mid-June before dis-
persal. The fruit-set rate (identical to the seed-set rate) was
calculated as the percentage of flowers that set fruit.

Up to six mature fruits from individual ramets on every
plot were harvested in mid-July 2015 and 2016. Fruit pulp
was removed soon after harvest. Exposed seeds were stored
at room temperature (20-25 °C) until the next procedure
(i.e., size measurement, germination test, or DNA extrac-
tion). First, the dry weights of the seeds from female (F)
and hermaphroditic (H) genets were measured and compared
using the 2015 and 2016 seed samples. Up to four seeds per
genet were oven-dried at 60 °C for at >3 days and individual
seeds were weighed using a digital scale with an accuracy
of 0.1 mg. A total of 124 seeds (F=108, H=16) from Chi,
75 seeds (F=56, H=19) from Nop, and 78 seeds (F =65,
H=13) from Tom were weighed.

Germination rates were compared between seeds from
female and hermaphroditic genets. Up to three seeds were
sown per small decomposable pot (5 cmX5 cm X5 cm) filled
with culture soil. The pots were then placed in larger planters
(60 cmx 18 cm X 18 cm) and set under the deciduous forest
in the private experimental garden at Higashikawa (130 km
northeast of Sapporo) in August 2015 and 2016. A total of
242 seeds (F=228, H=14) from Chi, 254 seeds (F=206,
H=48) from Nop, and 116 seeds (F=98, H=18) from Tom
were used. The sample size for the germination test was
strongly biased towards female genet seeds because the seed
production from hermaphroditic genets was very low (see
data). Germination rates were recorded in April 2016 and
2017, soon after snowmelt.
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DNA extraction, genotyping, and genetic analyses

One leaf sample was collected per flowering ramet per
plot over the 2013-2016 flowering seasons to genotype the
mother plants. One seed per ramet per plot was selected
from the seed samples harvested in 2015 and 2016. One leaf
sample was collected from each seedling in the germination
test of April 2016. Leaf samples were stored in a desiccator
at room temperature (20-25 °C). Seed samples were stored
at —60 °C until DNA extraction, which was performed
using the cetyltrimethylammonium bromide (CTAB) pro-
tocol (Stewart and Via 1993). The DNA was amplified with
a TaKaRa PCR Thermal Cycler Dice Gradient (Takara Bio
Inc., Otsu, Shiga, Japan) using eight microsatellite markers.
Three primer pairs, Dp238, Dp258, and Dp506 were adopted
from Kameyama and Hirao (2014), and five primer pairs,
Dp186, Dp419, Dp430, Dp499, and Dp739 were developed
using genome information obtained from DNA Data Bank
of Japan Sequence Read Archive: DRA001272 (Table S1).
PCR was performed in a final volume of 6 pl containing
1 pl extracted DNA, 3 pl 2 X Type-it Multiplex PCR Master
Mix (QIAGEN, Hilden, Germany) and 2 pl 3 X primer mix
(1.26 pM for each locus) with 5 min at 95 °C, 35 cycles of
30 s at 95 °C, 90 s at 60 °C, and 30 s at 72 °C, followed by
60 °C for 30 min. The DNA fragments were analyzed using
an Applied Biosystems 3730 Genetic Analyzer with GeneS-
can 500 LIZ Size Standard (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) and scored genotypes were analyzed
using GeneMapper ver. 4.0 (Thermo Fisher Scientific Inc.).
The loci Dp186, Dp258, and Dp499 were excluded from
the genetic analyses (see below) due to their high null allele
frequencies.

Multilocus outcrossing rates (#,,) were estimated and self-
ing rates (s=1—1¢,) were calculated for females and her-
maphrodites in each population and year using MLTR ver.
3.2 (Ritland 2002). In MLTR, the maternal sex morphs were
set as different groups under the same outcross pollen pool.
The standard error of ¢, was calculated based on 1000 boot-
straps. The inbreeding coefficients of all flowering adults
(F;,) for each population and their significant difference from
zero were estimated from five loci using GENEPOP ver. 4.2
(Rousset 2008). The actual selfing rate in each population
was estimated as the proportion of the selfed seed number of
the total (sum of outcrossed and selfed) seed number.

Hand pollination treatment

To evaluate seed fertility (potential fruiting ability), self-
ing ability, and pollen limitation under natural conditions,
hand pollination was performed on all populations in April
2016. Of all plants producing floral buds, 62 genets (F =23,
H=39) in Chi, 48 genets (F=15, H=33) in Nop, and 68
genets (F=22, H=46) in Tom were randomly selected. One
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inflorescence per genet at Tom and two inflorescences per
genet at Chi and Nop were covered with fine-meshed bags
to prevent natural pollination. Outcross- and self-pollina-
tion treatments were performed on each inflorescence per
hermaphroditic genet at Chi and Nop. Either outcross- or
self-pollination was performed on one inflorescence per her-
maphroditic genet at Tom (outcross =22 ramets; self =24
ramets). For the outcross-pollination treatment, pollen was
gathered from 5 to 10 hermaphroditic donors at least 10 m
from the recipient genets and artificially deposited on the
stigmata of bagged female and hermaphroditic inflores-
cences soon after opening and before hermaphrodite pollen
dispersal. For the self-pollination treatment, hermaphroditic
flowers received the pollen produced by their own stigmata.
After pollination, the inflorescences were covered with fine-
meshed bags to prevent uncontrolled pollination and her-
bivore damage. When the fruits matured in mid-July, they
were counted and the fruit-set rate was calculated.

Mature fruits of the hand-pollinated hermaphroditic inflo-
rescences were harvested in every plot in mid-July 2016.
After removal of fruit pulp, exposed seeds were stored at
room temperature (20-25 °C). In August 2016, individual
seeds were sown in each of small decomposable pots, these
pots were then placed in larger planters and set in the experi-
mental garden as mentioned before. A total of 29 seeds (out-
crossed 18, selfed 11), 5 seeds (outcrossed 3, selfed 2), and
25 seeds (outcrossed 19, selfed 6) were used from the har-
vests at Chi, Nop, and Tom, respectively. Because of small
sample size, all seeds were pooled for a comparison of ger-
mination rates between the pollination treatments. Germina-
tion rates were recorded in April 2017, soon after snowmelt.

Statistical analyses

Sex differences in flower and fruit number pooled across
2 years were assessed using generalized linear mixed mod-
els (GLMM). Using the glmmADMB package, a negative
binomial error distribution was postulated for flower num-
ber and a zero-inflated negative binomial error distribution
was postulated for fruit number with a log-link function
to reduce overdispersion (O’Hara and Kotze 2010). In the
GLMM, sex morph (female and hermaphrodite) and popu-
lation (Chi, Nop, and Tom) were explanatory variables
and genet ID was a random factor. To evaluate the sex
difference in fruit-set rate under natural conditions over
the 2 years, GLMM was used postulating a zero-inflated
negative binomial error distribution. In the GLMM, fruit
number was a response variable, flower number was set
as an offset term, sex morph, year (2015 and 2016), and
population were explanatory variables, genet ID was a ran-
dom factor, and the interaction effect between sex morph
and year was considered. In the GLMM for fruit number

and fruit-set rate, all female and fruited hermaphroditic
genets setting at least one fruit in the 2 years were used. A
best-fit model was selected based on Akaike’s Information
Criterion (AIC).

The relationship between pollination service and her-
maphrodite seed production was assessed using Pearson’s
correlation coefficients between female and hermaphrodite
fruit-set rates and between female fruit-set and hermaph-
rodite selfing rates across the populations in 2015-2016.
Female fruit-set rates under natural conditions were used
as an index of pollination service (or pollen limitation) in
each population and year because female fruit-set success
depends entirely on pollinator visits. If hermaphroditic
flowers have reproductive assurance, then their fruit-set
rates are expected to be highly independent of pollination
service. Their selfing rates, however, may vary depending
on pollination service.

To compare seed size between sex morphs, GLMM
was performed using Ime4 package postulating a gamma
error distribution with log-link function. Seed weight
was a response variable, sex morph and population were
explanatory variables, and genet ID was a random factor.
GLM postulating a binomial error distribution was run to
compare germination rates of naturally pollinated seeds
between maternal sex morphs. In the GLM, germination
rate was a response variable, and sex morph and popula-
tion were explanatory variables.

For the hand pollination experiment, a series of GLMM
were run using the glmmADMB package postulating a
negative binomial or zero-inflated negative binomial error
distribution (when data included many zero values) with
log-link function. Genet ID and inflorescence ID were set
as random factors. First, the aim was to use GLMM to
test sex differences in potential fruiting ability. Fruit-set
rate by outcross-pollination was a response variable, i.e.,
fruit number was a response variable and flower number
was set as an offset term, and sex morph and popula-
tion were explanatory variables. A second objective was
to use GLMM to compare hermaphrodite fruiting abil-
ity among populations. Outcrossed hermaphrodite fruit-
set rate was a response variable and population was an
explanatory variable. The third purpose for the GLMM
was to evaluate hermaphrodite selfing ability. Hermaphro-
dite fruit-set rate was a response variable and pollination
treatment (outcross- and self-pollination) and population
were explanatory variables. The final aim of using GLMM
was to evaluate pollen limitation under natural conditions.
Female fruit-set rate was a response variable and polli-
nation treatment (natural- and outcross-pollination) and
population were explanatory variables. Fisher’s test was
run to compare germination rates between outcrossed and
selfed seeds.
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Fig. 2 Comparisons of flower
and fruit production in female 200 1@ Sex: F < H *** 301b Sex: F>H ***
(F) and hermaphroditic (H) Population: Population:
genets under natural conditions. Chi > Nop, Tom *** Chi, Tom < Nop ***
a Flower production. b Fruit E F
production. Numbers of genets . 150 El H
used for comparisons indicated 8 5 20
under each box plot. Significant [= Qo
differences based on GLMM E g
indicated: ***P <(0.001 — 100 c
<)) =
= 2
= L= 10
50
0 0
(165, 152) (108, 136) (227, 261) (165,30)  (108,39) (227, 47)
Chi Nop Tom Chi Nop Tom
Population Population

Table 2 Fruit-set rate and seed quality produced by female and fer-
tile hermaphroditic genets under natural conditions

Table 3 Result of GLMM evaluating sex differences in fruit-set rate
under natural conditions over 2 years

Population Variable Female  Fertile hermaphrodite Variable Coefficient SE zvalue P value
Chi Genet number 165 30 Intercept (female, 2015) —1.88 0.08 -22.59 <0.001
Fruit-set rate (%) 151+1.2 44+09 Sex (hermaphrodite) -1.35 0.11 -12.65 <0.001
Seed weight (mg) 509+0.6 48.8+3.1 Year (2016) 0.09 0.08 1.08 0.28
Germination rate (%) 64.9 35.7 Nop 0.81 0.11 7.50 <0.001
Nop Genet number 108 39 Tom 0.17 0.10 1.75 0.08
Fruit-set rate (%) 349+23 83x1.7 L
Seed weight (mg) 544410 551421 Best-fit model is indicated
Germination rate (%) 85.9 60.4
Tom Genet number 221 47 Fruit-set rate in fertile hermaphrodites (3.9-10.2%) was sig-
Fruitsetrate (%)~ 152+1.0 65+10 nificantly lower than that in females (9.5-49.2%, P <0.001),
Seed weight (mg) ~ 502£0.7 48219 and varied between populations (P <0.001; Table 3). A
Germination rate (%) 79.6 88.9

Mean + SE is indicated

Results

Fruit production and seed viability under natural
conditions

Hermaphrodites produced 1.6-2.3 times more flowers than
females over 2 years under natural conditions (P <0.001;
Fig. 2a; Table S2). Only 18-29% of the hermaphroditic
genets set at least one fruit (fertile hermaphrodites) dur-
ing the 2 years whereas 69—-81% of the female genets set
fruit. Females had 2.3—4.2 times higher fruit-set rates and
produced 1.5-2.7 times more fruits than fertile hermaphro-
dites (P <0.001; Fig. 2b; Table 2). Although flower and fruit
production varied significantly between populations, the
trends in sex differences were consistent across populations.
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positive correlation was detected between female and fer-
tile hermaphrodite fruit-set rates (r=0.90, P <0.05; Fig. 3a).
Therefore, hermaphrodite fruit set also depends on pollina-
tion service.

Dry weight of naturally produced seeds varied between
populations (P <0.01), but it was similar between sex
morphs (48-55 mg, P> 0.1; Tables 2, S2). Germination rates
of female seeds (64.9-85.9%) were significantly higher than
that of hermaphrodite seeds (35.7-88.9%, P <0.001), and
germination rates varied between populations (P <0.001).

Selfing rate

The estimated hermaphrodite selfing rates at the seed stage
ranged from 55 to 72% whereas those of female seeds were
<6% across populations and years (Table 4). Therefore, more
than half of the hermaphrodite seeds were produced by self-
ing under natural pollination. No significant correlation was
found between the female fruit set and the hermaphrodite
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Fig. 3 Correlation between pollination service and hermaphrodite
seed production. a Relationship between female and fertile hermaph-
rodite fruit-set rates. b Relationship between female fruit-set rate and
hermaphrodite selfing rate. Pearson’s correlation coefficients indi-
cated

Table 4 Selfing rates at the seed stage of hermaphrodites and at pop-
ulation level estimated by MLTR

Popula- Year N (parent) N (prog-  Selfing rate Selfing rate
tion eny) (hermaph-  (popula-
rodite) tion)
Chi 2015 19 22 0.70+0.10 0.05
2016 11 11 0.55+0.18 0.05
Nop 2015 29 29 0.55+0.11 0.09
2016 20 20 0.72+0.11 0.12
Tom 2016 33 40 0.70+0.08 0.09

selfing rates (r = —0.42, P=0.48; Fig. 3b). Thus, the her-
maphrodite selfing rate is independent of pollination service.

The estimated selfing rates at population level were low
(5-12%) because the number of hermaphrodite selfed seeds
was much smaller than that of the female outcrossed seeds
(dilution effect). The inbreeding coefficients of all flower-
ing individuals (F;,) were small (0.029 for Chi, 0.068 for
Nop, and 0.041 for Tom) but significantly different from
zero (P <0.05 for Chi, and P <0.001 for Nop and Tom,
respectively).

Fruit production and seed viability under hand
pollination

In the outcross-pollination treatment, hermaphrodites set
fewer fruits than females; mean values of fruit-set rates
ranged 1.7-21.1% in hermaphrodites and 40.7-60.4% in
females across populations (P <0.001; Fig. 4; Table S3a).
Fertility of hermaphrodites (potential fruiting ability) var-
ied significantly between populations (P <0.01 between Chi
and Nop; Table S3b). Outcrossed hermaphroditic flowers
set more fruits than did selfed flowers (0.7-7.1%, P <0.05;
Table S3c). Across populations, 59-91% of hermaphrodites
failed to set fruit by the outcrossing treatment, indicating
potentially low fruiting ability. Outcrossed female flowers
had higher fruit-set rate than naturally pollinated flowers
(P <0.001; Table S3d). Therefore, pollen limitation was
common under natural conditions.

Germination rate of outcrossed seeds (72.5%) produced in
hermaphrodites was significantly higher than that of selfed
seeds (5.3%, P <0.001). Inbreeding depression at the germi-
nation stage was calculated as 0.93 (=1 — 5.3/72.5).

Discussion

The hermaphrodite fruiting ability in D. jezoensis was poten-
tially much smaller than that of the females across all popu-
lations. This finding aligns with those of previous reports
(Shibata and Kudo 2017; Sinclair et al. 2016). The pre-
dominance of non-fruiting hermaphrodites (71-82% under
natural pollination and 59-91% under outcross-pollination)
accounts for the low overall seed productivity and fruiting
ability of fruited hermaphrodites (<50% of that of females).
Overall, hermaphrodites produced only 6-17% of the total
seed production across populations. Because hermaphro-
dite seeds have low germination rates, the contribution of
hermaphrodites as seed producers is negligible in natural
populations.

Hermaphrodite selfing ability is an important trait affect-
ing their sexual function (Del Castillo and Argueta 2009;
Wolfe and Shmida 1997). A previous study reported that D.
Jjezoensis might be self-incompatible, and stigma clogged
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Fig. 4 Comparisons between
female (F) and hermaphroditic
(H) genet fruit-set rates when 100 1
outcross-pollination performed,
and between outcross- and self-
pollination for hermaphroditic
genets. Significant differences —
based on GLMM indicated: <NE
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with self-pollen might restrict hermaphrodite outcrossing
fruit-set success (Kikuzawa 1989). Nevertheless, the pol-
lination experiment in this study demonstrated that at least
a certain proportion of hermaphrodites are physiologically
self-compatible and not a few hermaphrodite seeds were
produced by selfing under natural conditions. On the other
hand, some of self-fertilized embryos in hermaphrodites
might be aborted because selfed flowers set fewer fruits than
outcrossed flowers. Therefore, autogamous self-pollination
may cause negative effects not only by stigma clogging but
also by abortion of selfed seeds.

Lower germination rates indicate lower viability of her-
maphrodite seeds relative to female seeds. Lower germina-
tion rates of hermaphrodite seeds have been reported also
for other gynodioecious species (Dalton et al. 2013; Wang
et al. 2014; Wolfe and Shmida 1997). In the present study,
germination rates of selfed seeds were much lower than that
of outcrossed seeds, indicating a strong inbreeding depres-
sion on seed viability. On the other hand, estimating the
population-level inbreeding depression using reproductive
plant inbreeding coefficients and selfing rates at seed stage
(Ritland 1990) was not suitable for this species because the
selfing rate was too low (4-12%). Under low selfing rates,
inbreeding depression estimates often become negligible
(data not shown). Low population-level selfing rates may
be explained by the dilution of selfed seeds by female out-
crossed seeds.

Smaller flower and larger fruit production in females may
indicate a strategy to allocate resources to females to maxi-
mize seed production (Delph 1990). In contrast, D. jezoensis
hermaphrodites invest many resources in flower production
(larger number of flowers per plant, larger corollas, more
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developed anthers, and greater pollen production) (Shibata
and Kudo 2017; Sinclair et al. 2016). The presentation of
attractive flowers to pollinators often improves success as
pollen donors (Bell 1985; Eckhart 1999; Van Etten and
Chang 2014). The large investment in hermaphrodite flower
production may be accomplished in exchange for low fruit
yield because the energetic cost of fruit production is usually
higher than that of flower production (Delph 1990; Kohn
1989; Vaughton and Ramsey 2011). A trade-off between
current reproductive investment (sum of flower and fruit
production) and future reproductive effort (flower produc-
tion) was observed for this species (Shibata and Kudo 2017).
Therefore, the potentially low hermaphrodite fruiting ability
may result from sexual selection to improve flower produc-
tion that enhances male fitness as a pollen donor.

Both hermaphrodite and female fruit-set success
depended on pollination service (Fig. 3a). Therefore, both
sex morphs need pollinators to set fruits. More than half of
the hermaphrodite seeds were produced by selfing, and the
rates were relatively stable under natural conditions regard-
less of pollen limitation severity (Fig. 3b). The tubular shape
of the upward facing flowers in this species forces pollina-
tors to touch the anthers arranged at upper part of the floral
tubes in the attempt to reach the nectaries (Fig. 1b). There-
fore, hermaphrodites cannot avoid autogamous self-polli-
nation during insect visits. These results strongly suggest
that hermaphrodites do not have a reproductive assurance
function. Most hermaphrodites (59-91%) did not set any
fruit even after artificial outcross-pollination, so functional
males (female-sterile plants) prevail in a population and the
mating system of D. jezoensis is subdioecious (population
composed of male, female, and hermaphroditic plants).
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Low seed fertility, high selfing rate, early-acting inbreed-
ing depression, and lack of reproductive assurance function
were apparent in hermaphrodites of D. jezoensis. Thus, her-
maphrodites may gain little fitness through seed production.
Then, why are seed-fertile hermaphrodites maintained in the
subdioecious populations? If hermaphrodites gain negligibly
small fitness through seed production, selective force should
accelerate the shift from seed-fertile phenotype (hermaphro-
dite) to sterile phenotype (male). However, potentially low
seed fertility and strong pollinator limitation under natural
conditions may minimize the cost of fruit production for
hermaphrodites. Actually, negative effects of previous fruit
production on current flower production were not detected
under natural conditions in our previous study (Sinclair et al.
2016). As a result, selective force acting on seed-fertile her-
maphrodites may be mitigated, resulting in remaining some
low-fruiting individuals within a population.

Conclusion

The present study demonstrates that the hermaphrodite
fitness through female function was minimal in this spe-
cies because of the intrinsically-low fruiting ability and a
combination of autogamous selfing and strong inbreeding
depression, i.e., absence of reproductive assurance. These
results suggest that mating system in D. jezoensis function-
ally resembles dioecy and locates at the later stage of the
gynodioecy—dioecy pathway (Wang et al. 2014). Neverthe-
less, the fitness of phenotypic hermaphrodites was assessed
only through female function in this study. To continue
evaluating the evolutionary status of this species, it is nec-
essary to compare the frequencies of functional hermaph-
rodites and males among populations and the relationships
between reproductive performance (flower production) and
male function (success as a pollen donor).
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