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a b s t r a c t

Dasiphora fruticosa comprises male, female and hermaphrodite plants, which are distributed sympatri-
cally in some populations on the Qinghai-Tibet Plateau. To explore what governs the coexistence of these
three sexual phenotypes, we investigated the DNA contents, pollen and ovule production, pollen
deposition, and performed hand-pollination in both hermaphroditic and dioecious individuals of
D. fruticosa. Flow cytometry confirmed that the DNA content of males and females were almost twice as
much as that of the hermaphrodites. Male and female flowers produced more pollen grains and ovules
than hermaphroditic flowers. Hand-pollinated treatments showed that unisexual flowers were sterile in
one sexual function and bisexual flowers were fertile for both functions, but no sterile seeds were
produced between unisexual and bisexual flowers. Our findings imply that polyploidy is related to
gender dimorphism, and both are likely to play a strong role in the coexistence of two cryptic biological
species of D. fruticosa (low ploidy hermaphroditic species and high ploidy dioecious species) in the
Qinghai-Tibet Plateau.

Copyright © 2019 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Most flowering plants are hermaphroditic, and unisexual in-
dividuals (dioecious) have evolved from hermaphroditic ancestors
many times (Renner, 2014). Trioecy is an uncommon sexual system
in which hermaphrodites, females, and males coexist in some
species. Trioecy occurs during the evolutionary transition from
hermaphroditism to dioecy (Charlesworth and Charlesworth, 1978;
Ross, 1982; Spigler and Ashman, 2012). Trioecy is a stable evolu-
tionary stage under pollen limitation of female seed production
because pollen limitation reduces the fitness of females but
not self-fertile hermaphrodites, counteracting the seed fertility
advantage of females (Maurice and Fleming, 1995). However, pre-
vious research has shown that this sexual system is not stable
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because when the conditions that enable invasion by females into
androdioecious populations are the same as those that result in the
displacement of hermaphrodites by females, the sexual systemwill
become dioecy (Perry et al., 2012; Wolf and Takebayashi, 2004).
Thus, the stable coexistence of hermaphroditic and dioecious
plants remains poorly understood.

Ploidy level (diploid and polyploid) and gender polymorphism
(dioecy, gynodioecy, subdioecy, and trioecy) are associated in
several flowering plant genera (Miller et al., 2016; Miller and
Venable, 2000; Pannell et al., 2004; Ramsey and Ramsey, 2014;
Spigler and Ashman, 2012). For example, in Lycium, polyploidy is
a trigger for the evolution of gender dimorphism in self-
incompatible groups (Miller and Venable, 2000, 2002). In Lep-
tinella, gender dimorphism has evolved frommonoecy; and, dioecy
has been found in two tetraploid species (Himmelreich et al., 2012).

Although the shrubby cinquefoil Dasiphora was formerly a
member of Potentilla (Davidson and Lenz, 1989; Elkington, 1969),
genetic evidence has shown that Dasiphora is distinct (Eriksson
et al., 2003; Zhang et al., 2017). Dasiphora fruticosa is widely
distributed in cool temperate and subarctic regions. Each individual
produces hundreds of yellow flowers that have five petals and
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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dozens of stamens and/or stigmas per flower (Fig. 1AeF). D. fruti-
cosa flowers begin opening in the morning and the flowers are
mainly visited by nectarivorous and pollenivorous insects (Denisow
et al., 2013; Elkington and Woodell, 1963; VanOverbeke et al.,
2007).

Dasiphora shows considerable variation in ploidy and sexual
system among and within species (Ashman et al., 2013; Elkington,
1969; Miller and Venable, 2000). D. fruticosa from northern Europe
are often tetraploid and dioecious, whereas southern European
and North American individuals are diploid with perfect flowers
(Elkington,1969; Elkington andWoodell, 1963). Klackenberg (1983)
noted that two species should be recognized in Europe and North
America, a diploid and hermaphrodite species and a tetraploid and
dioecious species. Polyploids differ from their diploid progenitors
Fig. 1. Three different sexual flowers (A: male flower, B: female flower, C: hermaphrodite flo
(G) of the Dasiphora fruticosa population in the Qinghai-Tibet Plateau, China.
in some characteristics, such as morphology, physiology, and life
history (Ramsey and Schemske, 2002). For example, diploids have
smaller pollen and stomata than tetraploids (Elkington, 1969).
These differences play an important role in the establishment of
polyploid species in novel ecological settings (Miller et al., 2016).
Therefore, polyploidy may be the factor that triggers gender
specialization in this genus. Furthermore, D. fruticosa is an excellent
model for studying the evolutionary transition from hermaphro-
ditism to dioecy.

For D. fruticosa, Asia is the center of variation in ploidy level
(Elkington andWoodell, 1963; Klackenberg,1983); for example, di-,
tri-, tetra-, hexa- and octoploids have been found in cultivated
plants belonging to Asian materials (Bowden, 1957). Dioecious and
hermaphroditic individuals occur in the Qinghai-Tibet Plateau and
wer), inflorescence part of plants (D: males, E: females, F: hermaphrodites), and habitat
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the Altai Mountains, where diploids, tetraploids, and hexaploids
have been recorded from wild populations (Elkington, 1969;
Klackenberg, 1983). However, the correlation between ploidy
level and sex variation remains inconclusive. Prior work has
documented that the reciprocal crosses between the dioecious and
hermaphroditic tetraploid forms of D. fruticosawere successful, but
hybridization between diploid and tetraploid hermaphrodites was
unsuccessful or resulted in sterile triploids (Davidson and Lenz,
1989; Grewal and Ellis, 1972). However, whether polyploidization
drives the coexistence of hermaphroditic and dioecious individuals
in D. fruticosa remains unclear.

The aim of this study was to test the hypothesis that poly-
ploidization and sexual dimorphism drive the coexistence of her-
maphroditic and dioecious individuals in D. fruticosa. To test this
hypothesis, we first assessed the DNA ploidy levels of hermaph-
roditic and dioecious individuals in D. fruticosa. Then, we compared
the number of pollen grains and ovules from different sex pheno-
types. Finally, we carried out hand-pollination experiments among
the three sex phenotypes.

2. Materials and methods

2.1. Study species and site

Our study population (29�410N, 92�150E, 4520e4680 m) is near
Riduo, Maizhokunggar, Lhasa, China. Themean annual temperature
is 3.0 �C, mean annual precipitation is 409 mm, over 80% of which
falls during the summer monsoon. The most common shrub is
D. fruticosa (Fig.1). In this area, the flowering period ofD. fruticosa is
from the middle of June to early September. Graminoids, such as
Kobresia spp., Carex spp., and Poa spp., dominate the plant com-
munity. Weed species, including Lancea tibetica, Pedicularis spp.,
Gentiana spp., are abundant.

2.2. Sex ratio and sex lability

We scored the sexes of plants from June to July 2015, during the
period when most individuals flowered. The sexes of plants were
scored while walking transects through the population in July; a
total of 578 plants were scored. To assess sex lability, we collected
hermaphrodite (N ¼ 8), male (N ¼ 4), and female (N ¼ 5) plants
from the Qinghai-Tibet Plateau in 2015, and transplanted them into
a mixture of sand and peat (3:1) in 25-cm pots at the Kunming
Botanical Garden, Kunming, Yunnan, China. We determined the
sexual phenotype of flowering plants over 4 years (2015e2018).

2.3. DNA ploidy levels

To estimate the difference in DNA ploidy levels in three sexual
phenotypes, fresh branches with leaves and buds from each sex
type of D. fruticosawere collected and taken back to the laboratory.
Because young leaves were few and small, the petals of D. fruticosa
and an external standard (Oryza sativa; 1C¼ 0.4 pg) were separated
and crushed in a Petri dish containing 2 mL of pre-chilled lysis
buffer. After filtration, centrifugation, re-suspension, the homoge-
nate was storage in the dark at 4 �C for 30 min; the resulting cell
suspensions were analyzed using a FACS-Vantage flow cytometer
following the manufacturer's recommendations (Partec, German).
The DNA content was calculated formulas follows: (sample DNA
content)/(standard DNA content) ¼ (sample mean fluorescence
intensity)/(standardmean fluorescence intensity). The relative DNA
ploidy levels of male and female plants of D. fruticosa were esti-
mated by comparing the mean fluorescence intensity of the nuclei
of the sample material with that of hermaphrodite plants.
2.4. Pollen and ovule production

To determine the pollen and ovule production of different sex
types, over thirty terminal buds on different plants of each sex type
were selected and fixed in standard FAA solution (formalin: acetic
acid: 100% ethanol at a ratio of 5:5:90 by volume). In the laboratory,
we squashed all anthers and suspended pollen grains in 5 mL of
water with three drops of detergent solution for full suspension for
perfect and male flowers. Pollen grains were determined by
counting the number of pollen grains in 10 drops of pollen solution
(1 mL) with a light microscope. Ovule numbers in the perfect and
female flowers were counted under a stereoscope. We used one-
way ANOVA to determine the differences in pollen number
between perfect and male flowers, and ovule number between
perfect and female flowers.

2.5. Pollen removal and deposition

To determine whether perfect and male flowers differed in
pollen export, we randomly selected and netted 100 flower buds in
each of the two sexual morphs. After flowers opened, we removed
the net and collected three anthers that did not dehisce after
counting the anther number, then fixed them in standard FAA so-
lution to estimate the total pollen production. The remaining an-
thers were left for pollinator visitation. After flowers wilted, we
collected all remaining anthers and fixed them in FAA solution to
examine the total pollen grains kept in each flower. In the labora-
tory, we split the anthers and suspended all pollen grains in 1.5 mL
of water with a drop of detergent solution for full suspension. Total
pollen grain production and remaining pollen grains were deter-
mined by counting the number of pollen grains in 10 replicates of a
1-mL pollen solution. Then, the proportion of exported pollen grains
was calculated.

To determine whether pollen grains deposited on stigmas
differed in perfect and female flowers, we selected and fixed 5
stigmas from each flower from 101 female and 100 perfect flowers
in standard FAA solution when the flowers wilted. The mean
number of pollen grains per flower deposited on the stigma was
determined in the laboratory. The stigma was softened in 8 mol/L
NaOH for 4 h at room temperature, then re-watered and dyed in
aniline blue solution (1%) before being rinsed again in distilled
water for 2 h. The stigma was squashed on a slide, and the number
of pollen grains on the stigma was counted under the microscope.
We used one-way ANOVA to determine the difference in the mean
number of pollen grains on stigmas per flower between perfect
flowers and female flowers.

2.6. Hand-pollination experiments

To quantify the effects of pollen source on fruit set and seed
production, we conducted experimental hand-pollination in July
2015. A total of 150 terminal buds on different hermaphrodite
plants were randomly selected and netted to exclude pollinators
after emasculation. These flowers were divided into three groups
and subjected to each of the three treatments after flowers opened:
(1) hand-selfing with pollen grains from the same plant; (2) hand-
outcrossing with pollen grains from other hermaphrodites or (3)
hand-outcrossing with pollen grains from males. For females, we
randomly selected 100 terminal buds on different plants and
divided them into two groups. Each group of flowers was subjected
to the following treatments after flowers opened: (1) hand-
pollination with pollen grains from hermaphrodites and (2) sup-
plemental hand pollination with pollen grains from males. After
hand pollination, flowers were immediately enclosed in gauze
bags. In addition, we randomly selected over 110 hermaphrodite



Fig. 2. The DNA contents of combined and separate sexes of Dasiphora fruticosa. The
average DNA contents of males (1.35 ± 0.026, N ¼ 5) and females (1.50 ± 0.045, N ¼ 22)
was roughly twice that of the hermaphrodites (0.74 ± 0.019, N ¼ 19) (c2 ¼ 34.142,
df ¼ 2, P < 0.001). Different letters beside the bars indicate significant differences at
P ¼ 0.05 level. Error bars indicate SE.
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and female buds for natural pollination. Because of grazing damage,
some labeled flowers were lost and the sample size was reduced
for some treatments (Table 1). We define the index of self-
compatibility (ISC) as the ratio of seeds produced by self-
fertilization in relation to seeds produced by outcrossing (Lloyd
and Schoen, 1992; Ramirez and Brito, 1990). ISC can range from
0 to 1. ISC scores of less than 0.3 indicate self-incompatibility
(Ramirez and Brito, 1990). One-way ANOVA was performed using
a post-hoc least significant difference (LSD) test to reveal the
significance of differences in mean seed number.

3. Results

3.1. Sex ratio and sex lability

The number of hermaphroditic plants was significantly more
than that of unisexual plants (c2 ¼ 670.27, df ¼ 2, P < 0.001). The
percentages of males, females, and hermaphrodites were 6.92%
(N ¼ 40), 9% (N ¼ 52) and 84.08% (N ¼ 486), respectively. Under
favorable glasshouse conditions at the Kunming Botanical Garden,
the sexual type of every plant was constant from 2015 to 2018.

3.2. DNA contents

There was no significant difference in the average DNA contents
of separate sexes (1.35 ± 0.13 pg for males, 1.50 ± 0.15 pg for fe-
males, t ¼ 2.046, df ¼ 25, P ¼ 0.051). The DNA content of males and
females were roughly twice as much as that of hermaphrodites
(0.74 ± 0.10 pg, Fig. 2).

3.3. Pollen and ovule production

There was a significant difference in the number of pollen grains
between male flowers and perfect flowers (F ¼ 219.82, df ¼ 1,
P < 0.001, Fig. 3A). Total pollen grains per flower averaged about
3.85 ± 0.36 � 105 in hermaphrodites, whereas males produced an
average of 5.35 ± 0.39� 105 pollen grains. Female flowers produced
substantially more ovules than hermaphrodites (F ¼ 120.80, df ¼ 1,
P < 0.001, Fig. 3B). Females and hermaphrodites produced an
average of 97.58 ± 4.79 and 78.5 ± 3.43 ovules per flower,
respectively.

3.4. Pollen removal and deposition

While pollen grains removal from hermaphrodites was similar
to that from males, more pollen grains were deposited on the
stigmas of hermaphrodites than of females (Fig. 4). For example,
96.63 ± 0.36% of the pollen grains were removed from hermaph-
rodites; similarly, 96.91 ± 0.25% were removed from males
(F ¼ 0.277, df ¼ 1, P ¼ 0.599, Fig. 4A). The mean numbers of pollen
grains deposited on the stigmas were 64.78 ± 3.78 in
Table 1
Sample sizes and fruit sets of hermaphrodites and females of Dasiphora fruticosa under d

Treatments Her

N

Control 143
Hand self-pollination 37
Hand cross-pollination with pollen grains from hermaphrodites 48
Hand cross-pollination with pollen grains from males 50
Hand-pollination with pollen grains from hermaphrodites na
Supplemental pollen grains from males na

N: number of samples, na: not available.
hermaphrodites and 9.78 ± 1.05 in female (F ¼ 200.187, df ¼ 1,
P < 0.001, Fig. 4B).

3.5. Fruit set and seed number

Fruit set and mean seed number of hermaphrodites were
significantly higher than those of females in natural treatments
(fruit set: 95.1% in hermaphrodites and 24.7% in females; the mean
seed number: 35.87 ± 2.30 in hermaphrodites and 0.64 ± 0.18 in
females, Table 1 and Fig. 5). Over three-quarters of the flowers
developed into fruits and those fruits produced more than twenty
seeds in hermaphrodites both self-pollinated and cross-pollinated
by hand, and also in female flowers with pollen grains from
males (Table 1 and Fig. 5). The index of self-compatibility was 0.21
in hermaphrodites. However, in hermaphrodites, hand-pollination
with pollen grains from males produced as low as 28% of fruit set
and 7.12 ± 2.34 sterile seeds (Fig. 5A), because none of these seeds
developed endosperms or embryos. There was no fruit produced in
females with pollen grains from hermaphrodites (Table 1 and
Fig. 5B).

4. Discussion

The biological species concept stipulates that species are actu-
ally or potentially interbreeding natural populations, which are
reproductively isolated from other such groups (de Queiroz, 2005).
In this scenario, new species are established when they are repro-
ductively isolated. However, two or more distinct species may be
ifferent hand-pollination treatments.

maphrodites Females

fruit set (%) N fruit set (%)

95.1 107 24.3
78.38 na na
95.83 na na
28 na na
na 50 0
na 47 95.74



Fig. 3. The pollen number (A) and ovule number (B) per flower of combined and separate sexes of Dasiphora fruticosa. There were more pollen grains in males (5.35 ± 0.39 � 105,
N ¼ 32) than in hermaphrodites (3.85 ± 0.36 � 105, N ¼ 36) (F ¼ 219.82, df ¼ 1, P < 0.001). Female flowers (97.58 ± 4.79, N ¼ 40) also produced substantially more ovules than
hermaphrodites (78.5 ± 3.43, N ¼ 36) (F ¼ 120.80, df ¼ 1, P < 0.001). Different letters beside the bars indicate significant differences at P ¼ 0.05 level. Error bars indicate SE.

Fig. 4. (A) Percentages of pollen removal during the total male phase in the hermaphrodite (96.63 ± 0.36%, N ¼ 99) and male (96.91 ± 0.25%, N ¼ 100) flowers; there is no significant
difference between female flowers and bisexual flowers (F ¼ 0.277, df ¼ 1, P ¼ 0.599). (B) Mean number of pollen grains deposited on the stigmas in natural hermaphrodite flowers
(64.78 ± 3.78, N ¼ 100) and female flowers (9.78 ± 1.05, N ¼ 101); the difference between the two sexual morphs was significant (F ¼ 200.187, df ¼ 1, P < 0.001). Different letters
beside the bars indicate significant differences at P ¼ 0.05 level. Error bars indicate SE.

Fig. 5. The mean seed numbers of control and hand-pollination treatments of hermaphrodites and females. (A) Hermaphrodite plants: Control (HC), Hand self-pollination (HSP),
Hand cross-pollination (HCP), Hand cross-pollination with pollen grains from males (HCPM); (B) Female plants: Control (FC), Hand-pollination with pollen grains from her-
maphrodites (FPH), Supplemental hand-pollination with pollen grains from males (FM). Different letters beside the bars indicate significant differences at P ¼ 0.05 level. Error bars
indicate SE.
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‘cryptic’ because they are morphologically indistinguishable
(Grundt et al., 2006; Paterson et al., 2016), leading to an underes-
timation of biodiversity. The current study found D. fruticosa was
self-incompatible in hermaphrodites (ISC ¼ 0.21), and male and
female individuals produced substantially more pollen and ovule
per flower than hermaphrodite individuals (Fig. 3). The DNA con-
tent of males and females were twice that of hermaphrodites
(Fig. 2). Hand-pollinated treatments showed that unisexual flowers
were fully sterile in one sexual function and bisexual flowers were
fully fertile for both functions; however, hybridization between
unisexual and bisexual flowers produced sterile seeds (Fig. 5). The
results support the hypothesis that polyploidy contributes to the
coexistence of hermaphroditic and dioecious individuals, and two
cryptic biological species (hermaphroditic species and dioecious
species) exist in D. fruticosa.

Several studies have shown that the combined appearance of
polyploidy and consequent loss of self-incompatibility play a role in
the evolution of gender dimorphism (Glick et al., 2016; Miller and
Venable, 2000; Sutherland et al., 2018). For example, in most
Lycium species, polyploidy has been shown to disrupt the self-
incompatibility system, which subsequently led to the evolution
of gender dimorphism (Miller et al., 2016; Miller and Venable,
2002). In the Campanula rotundifolia polyploid complex, loss of
self-incompatibility is associated with genome duplication and
increases with increased ploidy (Sutherland et al., 2018). According
to our findings, polyploidy is associated with gender dimorphism in
D. fruticosa and supports the evolutionary transition from her-
maphroditism to dioecy.

Polyploidization causes considerable cytological and morpho-
logical changes, which means that ecological requirements may
differ substantially between diploids and their polyploid de-
rivatives (Ramsey and Schemske, 2002; Soltis et al., 2014). For
instance, polyploids generally have a higher stress tolerance than
diploids, which is supported by the observation that present-day
polyploids often occur at increased frequencies in newly-created,
disrupted, or harsh environments (Guo et al., 2016; Ramsey, 2011;
Rice et al., 2019; Van de Peer et al., 2017). Because of the advan-
tages of polyploidy, polyploids may occupy newly available niches
or harsher environments created by recent uplifts and the climatic
oscillations of the Qinghai-Tibet Plateau (Ma et al., 2014; Mangla
et al., 2019). The Qinghai-Tibet Plateau has the highest and most
extreme environment on earth; furthermore, repeated glaciation
events since the Quaternary have created new habitats for poly-
ploid colonization (Wen et al., 2014). Many studies have shown that
under cold treatments and in harsh and fluctuating environments
the frequency of unreduced games increases (Ramsey and
Schemske, 1998; Van de Peer et al., 2017), which is known to
facilitate polyploid formation (Bretagnolle and Thompson, 1995).
Polyploids may occur more frequently in vacant and disturbed
habitats because of high niche availability and lower competition
(Brochmann et al., 2004; Parisod et al., 2010). In formerly glaciated
regions, hybridizations between divergent allopatric populations
may have led to the formation and establishment of new allo-
polyploid lineages for secondary contact (Rice et al., 2019; Stebbins,
1984). In Dasiphora fruticosa, the frequent appearance of polyploids
and the rapid range expansion across the whole Plateau may have
led to high genetic diversity and increased divergence. These fac-
tors may explain why high ploidy dioecious plants occupy higher
elevations than low ploidy hermaphroditic plants in the Qinghai-
Tibet Plateau (personal observation).

To survive in newly available niches or harsher environments,
newly formed polyploids need to overcome minority cytotype
exclusion. Specifically, polyploids must find polyploid partners to
mate with in a community in which diploids are dominant and
suitable polyploid mating partners are scarce (Van de Peer et al.,
2017). We found that the percentage of unisexual individuals in
the populationwas less than 16%, and females only produced a few
fruits and seeds (Table 1 and Fig. 5). Both male and perfect flowers
have more than 96% of pollen grains removed by pollinators
(Fig. 4A), and the number of pollen grains on the stigma is far more
than the number of ovules in natural pollination (Fig. 4B). These
results indicate that seed production is limited not by pollen
quantity but by pollen quality (Figs. 4B and 5). This can be explained
by the transfer of pollen grains between low ploidy hermaphroditic
plants and high ploidy dioecious plants of D. fruticosa. The flowers
of D. fruticosa are radially symmetrical and can attract several
pollinators (Denisow et al., 2013; VanOverbeke et al., 2007).
Generalist pollinators such as flies and bees transfer pollen grains
from hermaphroditic plants to females, or from males to her-
maphrodites because of the higher density of hermaphroditic
plants (Ehlers and Bataillon, 2007; Yakimowski and Barrett, 2016).
Pollinators frequently have been observed to move between low
ploidy hermaphroditic plants and high ploidy dioecious plants in
D. fruticosa (personal observation). Thus, heteroploidy pollen
transfer may result in reproductive isolation of the interacting
plants (Fang and Huang, 2016a; Flanagan et al., 2009). Another
explanation relies on interspecific pollen transfer. Heterospecific
pollen can interfere with conspecific pollen deposition, germina-
tion, pollen tube growth, ovule fertilization, and seed development
(Caruso and Alfaro, 2000; Galen and Gregory, 1989; Morales and
Traveset, 2008; Wilcock and Neiland, 2002). In natural commu-
nities, generalist flowering plants often share pollinators and
receive pollen from various species (Fang and Huang, 2016a;
Memmott, 1999). In the Qinghai-Tibet Plateau, bumblebees and
flies are the generalist pollinators and pollinate many plant species
(Fang and Huang, 2016a, 2016b), which may explain why, in our
experiments, the fruit set of hermaphrodites was high but the seed
number in the control treatment was low. Because hermaphrodites
of D. fruticosa are self-incompatible (Davidson and Lenz, 1989;
Denisow et al., 2013) and produce hundreds of flowers per plant
(Fig. 1), pollen transfer within flowers or plants may occur. Those
self-pollinated flowers might set few seeds because of the self-
incompatibility mechanism.
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