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Abstract: In desert plants, outcrossing is frequently limited by pollinator scarcity, leading
to a certain percentage of self-fertilization. However, research on the ecological adaptations
of self-fertilized seeds remains limited. Gymnocarpos przewalskii Maxim, a Tertiary relict
plant in the arid deserts of Northwest China, exhibits pronounced self-pollination. In this
study, the population of G. przewalskii from the fifth regiment of Alar City was selected to
explore its self-pollination types, self-pollination percentages, and ecological adaptations.
We found that artificially cross-pollinated G. przewalskii produced heavier seeds, faster
germination, seedlings with greater biomass, and stronger environmental adaptability than
self-pollination. However, the frequency of insect visits per flower was less than one. The
fruit setting rate of natural pollination was 6.90%, while that of self-pollination was 4.43%,
accounting for 64.20% of the natural fruit setting rate. Additionally, G. pzewalskii’s filaments
elongated rapidly to make the anthers and stigma at the same height before flowering.
These characteristics suggest that G. przewalskii is capable of autonomous self-pollination
and is prior selfing. Gymnocarpos przewalskii likely produces a high proportion of the
selfing merely to ensure population survival. These findings offer valuable insights into
the adaptation of desert plants to the scarcity of pollinators.

Keywords: Gymnocarpos przewalskii; flowering progression; autonomous self-pollination;
seedling growth; reproductive assurance

1. Introduction
Reproduction is one of the most important stages in the life history of plant populations.

It is not only the most basic behavioral process of plant reproduction and the continuation of
populations but also the key to the renewal of plant populations [1]. Reproduction has long
been widely considered by biologists as a central issue of evolution [2,3]. Darwin proposed
the reproductive assurance hypothesis, which refers to angiosperms in environments
where outcrossing is unlikely to occur due to insufficient pollinators or critically low
population densities. Therefore, self-pollination is chosen to safeguard the reproduction
of the population, and it is an important factor in the ability of selfing to evolve [4–6].
Additionally, hundreds of flowering plants exhibit bet-hedging strategies to ensure long-
term survival [7]. For example, mixed mating systems may function as a reproductive bet-
hedging strategy [8]. In unpredictable desert environments, where rainfall and temperature
fluctuate drastically, plants also employ bet-hedging strategies to ensure long-term survival.
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Few plants in nature are absolute self-pollinators; i.e., a certain frequency of outcross-
ing is often present. Self-pollination includes self-pollination facilitated by pollinators and
autonomous self-pollination [9]. Autonomous selfing is prevalent among desert plants. It
has been classified into three modes on the basis of the relative timing of the occurrence
of self-pollination and cross-pollination [9,10]. Prior selfing refers to self-pollination that
occurs before the opportunity for outcrossing arises. Competing selfing occurs when
self-pollination and cross-pollination compete simultaneously for the same ovules. Lloyd
and Daniel [11] later modified the definition of competing selfing to refer only to the
simultaneous occurrence of self-pollination and cross-pollination in the absence of pollina-
tor intervention. Meanwhile, delayed selfing refers to autonomous self-pollination after
the loss of outcrossing opportunities and serves as an important reproductive assurance
mechanism [12–14]. Stephanie Núñez-Hidalgo [15] showed that bat-pollinated bromeliads
adapted to pollination limitations by delayed selfing. Many plants, such as Mimulus na-
sutus Greene and Dendrobium wangliangii G. W. Hu, C. L. Long & X. H. Jin have evolved
adaptations to self-pollination [16,17]. However, no relevant research has been reported on
self-pollinated types in the typical desert plant Gymnocarpos przewalskii.

Gymnocarpos przewalskii Maxim. belongs to the genus Gymnocarpos of the family
Caryophyllaceae, and is a typical desert plant. In China, this species is distributed across
the four major deserts—Taklamakan, Kumutage, Tengger, and Badain Jaran—from west to
east, typically thriving in areas where snowmelt or precipitation scours the desert edges.
Due to the isolation of these deserts, G. przewalskii populations exhibit a patchy distribu-
tion [18]. Gymnocarpos przewalskii has a simple community structure and a sparse species
composition. It is one of the dominant and constructive species in stony desert vegeta-
tion [19]. Gymnocarpos przewalskii is a relatively rare Tertiary relict plant in the desert region
of Central Asia. It is a typical wild plant in the arid desert region of Northwest China,
representing xerophytic floral components of the ancient Mediterranean Sea [20,21]. There-
fore, G. przewalskii holds important scientific value for studying the occurrence, evolution,
and climatic changes of deserts in Northwest China and Inner Mongolia, as well as the
origins of xerophytic flora components [22]. Gymnocarpos przewalskii plays an important
role in windbreaks, sand fixation, improving saline-alkaline soils, and maintaining desert
ecological balance [23,24]. It developed a series of regulatory mechanisms to withstand
adversity stress and showed a strong adaptive capacity in extremely arid and barren
desert environments. Qi et al. [25] found that most genes in the SOD, APX, and CAT
families showed significant upregulation under NaCl stress. Fu et al. [26] revealed that
up to 20% of the G. przewalskii genome showed signatures of local adaptation to aridity.
In addition, G. przewalskii developed adaptive features for arid environments, including
thickened epidermal leaf cells, an enhanced cuticle layer, and compactly arranged palisade
tissue [27]. However, studies on the reproductive characteristics and progeny adaptation of
G. przewalskii are relatively few.

Field surveys found that adult G. przewalskii plants produced abundant flowers but
had a low fruit setting rate. The young twigs and leaves were frequently browsed by
cattle, sheep, and camels. Additionally, anthropogenic disturbances further intensified
the pressures on sexual reproduction. These factors led to a dramatic decline in the G.
przewalskii population’s distribution area over recent decades [28,29]. Currently, the popu-
lation structure and reproductive characteristics of G. przewalskii distributed in the Hami
Basin, Hexi Corridor, Zhongwei City, and Alxa have been reported [18,30]. Li et al. [30]
researched the floral characteristics and breeding system of G. przewalskii in Hami, Xinjiang.
They found that the breeding system of G. przewalskii was facultatively xenogamous and
required pollinators. Wang et al. [31] briefly described G. przewalskii’s reproductive charac-
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teristics. However, an important region for the growth of G. przewalskii, Tarim Basin, has
been rarely researched.

In this study, we observed the flowering progression, flower morphology, flower-
visiting insects, and pollen-to-ovule (P/O) ratio of G. przewalskii populations in the fifth
regiment of the First Division of Alar, Xinjiang, to understand the self-pollinated types
in G. przewalskii. In addition, seeds from naturally pollinated, self-pollinated, and cross-
pollinated G. przewalskii were collected in a bagging experiment. We compared seed charac-
teristics, fruit setting rates, and germination rates under different pollination treatments.
The states of seedling growth were observed, and the survival rates were calculated. This
study aims to further explore the ecological adaptations of G. przewalskii seeds and seedlings.
It will also elucidate how these characteristics adapt to desert environments to ensure the
reproduction of populations. These findings provide theoretical support for understanding
how desert plants adapt their sexual reproductive strategies to harsh environments.

2. Results
2.1. Floral Traits, Flowering Progression, and P/O Ratio

In this study, G. przewalskii generally began to flower in its third year of growth.
The adult plants had a large number of flowers in dichasium inflorescences. The apical
flowers bloomed first, followed by sequential opening of the lateral flowers (Figure 1A–C),
with a single inflorescence producing up to 31 flowers. In accordance with the flower
morphology and developmental process of the stamen and pistil, the blooming process of
a single G. przewalskii flower could be divided into a budding stage (calyx tube distinctly
enlarged, lasting 2–5 d), expanding stage (sepal expansion, lasting 2–4 h) and flowering
stage (sepals unfolding, lasting 2–5 d; Figure 1D–F). The developmental period from
floral primordium emergence (Figure 2A) to full anthesis spanned approximately one
month. The flower developmental order was as follows: bract primordia, sepal primordia,
stamen primordia, and pistil primordia (Figure 2B). When the stamens reached a specific
developmental stage, the pistil’s stigma elongated rapidly, surpassing the anthers in height
(Figure 2C, D). At the expanding stage, the anthers reached the same height as the stigma
and slit longitudinally toward the stigma (Figure 2E). The distance between the stigma
and anthers was 0.1–3.1 mm, and some pollen often adhered to the stigma (Figure 2F). The
receptacle had a certain amount of nectar during the budding stage. The nectar was most
abundant during the expanding stage and just after flowering (Figure 2G).

The inflorescences of G. przewalskii possessed membranous bracts. The outer
whorl bracts were broadly ovate to ovate (Figure 1D), 3.09 ± 0.60 mm in length,
and 3.54 ± 0.70 mm in width. The inner bracts were ovate-lanceolate to lanceolate,
3.95 ± 0.45 mm in length, and 2.25 ± 0.52 mm in width. The calyx was dark purplish
red, light green, or in between. It was basally united and distally 5-lobed, with corolla de-
generation. The flower was 7.69 ± 0.74 mm in diameter. The calyx tube was 1.64 ± 0.26 mm
in length, and the calyx lobes were 3.47 ± 0.41 mm in length. The stamens were arranged
in two whorls: An outer whorl of five sterile stamens and an inner whorl of five fertile
stamens. The anthers of the fertile stamens were dorsifixed. (Figure 2E,F). The filaments
measured 2.17 ± 0.19 mm in length, and the anthers were 0.69 ± 0.08 mm long. The pollen
was yellow and sub-globose (Figure 2H), with a diameter of 22.74 ± 1.37 µm. The mean
pollen production per flower was 9494.8 ± 246.5. The ovary was superior, enclosed within
the calyx tube, and measured 4.10 ± 0.22 mm in length. The styles were 3.12 ± 0.16 mm
long with 3-lobed stigmas (Figure 2I). The ovule was solitary and inverted (Figure 2D). The
P/O ratio was 9494.79 ± 246.51.



Plants 2025, 14, 1410 4 of 16Plants 2025, 14, x FOR PEER REVIEW 4 of 16 
 

 

 

Figure 1. Flowering plant and flowering process of Gymnocarpos przewalskii. (A) Flowering plant; (B) 
Inflorescence; (C) Flower; (D) Budding; (E) Expanding; (F) Flowering. 

 

Figure 2. Flower structure in different development stages of Gymnocarpos przewalskii. (A) 8 April; 
(B) 12 April; (C) 19 April; (D) 23 April; (E) 26 April; (F) 30 April; (G) Nectary; (H) Dehiscent anther; 
(I) Stigma; (a) Flower bud primordium; (b) Bract of the most outer whorl; (c) Calyx tube; (d) Anther; 
(e) Anther; (f) Style; (g) Oval; (h) Opening anther. 
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(B) Inflorescence; (C) Flower; (D) Budding; (E) Expanding; (F) Flowering.
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2.2. Bagging Experiment and Pollinator Observation

Some plastic straws used for bagging could not be collected owing to strong winds
in the desert region. The number of fruits and seeds collected is shown in Table 1. The
results showed that G. przewalskii had no parthenogenesis. The self-pollinated fruit setting
rate accounted for 64.20% of the naturally pollinated fruit setting rate. The cross-pollinated
fruit setting rate was 30.42%. The field experiments observed four pollinator insects
of G. przewalskii, which belonged to Apidae, Calliphoridae, Syrphidae, and Tabanidae
(Figure 3). The pollinator insects were observed for 5 consecutive days during the flow-
ering stage. We observed that the pollinators visited the flowers during the peak time
from 09:00 to 14:00 local time. However, the average visitation frequency was less than
one visit per flower.

Table 1. Fruit setting of Gymnocarpos przewalskii under different pollination methods.

Pollination Treatment Fruit Number Seed Number Fruit Setting Rate/%

artificial cross-pollination 192 59 30.42
natural pollination 4000 276 6.90

self-pollination 433 18 4.43
parthenogenesis 188 0 0.00
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2.3. Biological Characterization of Bagged Fruiting Seeds and Seedlings
2.3.1. Seed Size and Germination Characteristics

Table 2 compares the seed characteristics of G. przewalskii under different polli-
nation treatments. The seed length did not differ significantly among artificial cross-
pollination, natural pollination, and self-pollination treatments. The seeds from artificial
cross-pollination were significantly wider (p < 0.05) and heavier (p < 0.05) than those from
natural pollination and self-pollination. The germination rate of cross-pollination fruit-
ing seeds was higher than that of self-pollination and natural pollination fruiting seeds.
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The mean germination time of cross-pollination fruiting seeds was shorter than that of
self-pollination and natural pollination fruiting seeds.

Table 2. Comparison of the seed characteristics of Gymnocarpos przewalskii under different
pollination treatments.

Pollination
Treatment

Seed
Length/mm

Seed
Width/mm

Single Seed
Weight/g

Mean Ger-
mination
Time/h

Germination
Rate/%

artificial cross-
pollination 1.77 ± 0.031 a 1.45 ± 0.038 a 2.36 × 10−3 ±

0.050 × 10−3 a
32.14 94.64

natural
pollination 1.75 ± 0.018 a 1.22 ± 0.011 c 1.72 × 10−3 ±

0.042 × 10−3 b
47.42 92.22

self-pollination 1.75 ± 0.015 a 1.32 ± 0.025 b 1.50 × 10−3 ±
0.052 × 10−3 c

38.40 83.33

Note: Data are mean ± SD, different lowercase letters mean significant difference at the 5% level.

2.3.2. Seedling Growth

Plant height and leaf number were compared between naturally pollinated and self-
pollinated seedlings, as shown in Figure 4. The seedlings from naturally pollinated seeds
showed more obvious changes in plant height and leaf number than those from self-
pollinated seeds. On Day 30, the plant height of the naturally pollinated seedlings
(3.40 ± 0.26 cm) was taller than that of the self-pollinated seedlings (2.46 ± 0.27 cm)
(Figure 4A). Meanwhile, the naturally pollinated seedlings had 11–12 leaves (includ-
ing cotyledons), while the self-pollinated seedlings had only 5–6 leaves (including
cotyledons) (Figure 4B).
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case letters mean significant differences (p < 0.05) according to Duncan’s multiple comparison test.

During the 30 consecutive days of observation, 11 out of the 12 natural pollination
seeds germinated (germination rate 91.67%), and all 11 germinated seedlings survived (sur-
vival rate 100%). In addition, 8 out of the 12 self-pollination seeds germinated (germination
rate 66.67%), and 7 out of the 8 germinated seedlings survived (survival rate 87.5%). The
growth process of the seedlings from the naturally pollinated and self-pollinated seeds of
G. przewalskii is shown in Figures 5 and 6. On Day 30, the cotyledons of the self-pollinated
seedlings had withered, and the true leaves gradually turned yellow. By contrast, the
natural pollination seedlings had dark green leaves.
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3. Discussion
3.1. Floral Traits and Flowering Progression

Stamens are the male reproductive organs of angiosperms, which are crucial for
pollen production and reproductive development. The mature pollen grains contain the
plant’s genetic information [32,33]. The pollen and ovule counts are the main factors
affecting pollination, limiting the upper and lower limits of seeds. The P/O ratio as a
key indicator of the plant breeding system can quickly and easily reflect the breeding
system of the phanerogam [34–39]. In the present study, the P/O ratio of G. przewalskii
was 9494.79 ± 246.51. According to Cruden’s [40] P/O ratio criteria, the breeding system
of G. przewalskii is obligate xenogamy. Gymnocarpos przewalskii produces small flowers.
It is 7.69 ± 0.74 mm in diameter. The calyx is basally united and distally 5-lobed, with
corolla degeneration. Adult plants produce abundant flowers and copious pollen grains,
exhibiting the characteristics of both anemophilous and entomophilous plants. Nectar is a
floral reward provided by plants to flower visitors. It is an important trait that influences the
behavior of flower visitors [41,42]. Gymnocarpos przewalskii had nectar glands (Figure 2G),
and its nectar is most abundant during the expanding stage and just after flowering. This
increases the chances of insect pollination. Nectar volume differs among inflorescence parts,
attracting varying numbers of insects and thereby affecting pollination [43]. Zhao et al. [44]
reported a gradual decrease in nectar volume from basal to apical flowers in Aconitum
gymnandrum Maxim., which directed the bumblebee foraging movements upwards. This
increased the likelihood of cross-pollination. Whether this is true for G. przewalskii still
requires extensive experimental proof.

Most desert plants inhabit arid, strongly windy, and cold environments. Under these
conditions, habitat fragility and population fragmentation lead to limitations in reproduc-
tive pollination and enhanced inbreeding [45–47]. Chenopodium quinoa Willd. is a predomi-
nantly self-pollinating and gynomonoecious species that demonstrates high adaptability to
salinity and drought, exhibiting traits such as early flowering and reduced photosynthetic
efficiency under stress conditions [48,49]. Roscoea alpina Royle and Roscoea schneideriana
(Loes.) Cowley achieve autonomous self-pollination by bending the style towards the
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anthers, thus ensuring successful reproduction [50,51]. Centaurium erythraea Rafn and
Centaurium littorale (Turner) Gilmour achieve autonomous self-pollination through anther-
curling and dehiscence [52,53]. Several desert plants exhibit self-pollination. For example,
Leontice incerta Pall. achieves self-pollination by the filaments bending slowly towards the
center of the flower after flowering until the corolla (calyx) withers [54]. In Mimulus verbe-
naceus Greene, the senescing epipetalous corolla bends down, abscises, and slides down
its style, thereby dragging its anthers across the stigma lobes to ensure self-pollination
in desert ecosystems [55]. In the present study, G. przewalskii stamens developed before
the pistil. When the stamens reached a specific developmental stage, the pistil elongated
rapidly to a position where the stigmas were higher than the anthers. Subsequently, rapid
filament elongation equalized anther-stigma heights before flowering. The anthers began
to release pollens during the expanding stage, and the anthers slit longitudinally towards
the stigma. The distance between the stigma and anthers was 0.1–3.1 mm, so the pollens
often adhered to the stigma (Figure 2F). Gymnocarpos przewalskii achieved autonomous
self-pollination, and the type of self-pollination was prior selfing. This mechanism differs
from previously reported autonomous self-pollination processes in desert plants. However,
the transition from cross-pollination to self-pollination is frequent and diverse in natural
systems [56–58]. Gymnocarpos przewalskii exhibits high adaptive flexibility.

Gymnocarpos przewalskii is mainly distributed in the Tarim Basin, Hami Basin, Hexi
Corridor, and Edge of the Alxa Desert. It is a relict plant in the desert region of Central
Asia [18]. With the uplift of the Qinghai-Tibetan Plateau, the Paratethys Ocean disappeared
from Central Asia, and an arid climate began to emerge. During the Quaternary period,
climatic shifts enhanced aridification in northwestern regions, driving large-scale desert
expansion and consequent habitat fragmentation [22,29]. Since the Late Pleistocene, the
extensive development of the Taklamakan Desert has led to the development of desert
habitats in the Tarim Basin [59]. Gymnocarpos przewalskii has evolved unique genetic
adaptations through long-term evolutionary processes to survive the extreme aridity of
desert environments. Therefore, G. przewalskii transformed its breeding system from
cross-pollination to autonomous self-pollination. The rapid elongation of filaments before
flowering enables autonomous self-pollination, suggesting a likely reproductive assurance
strategy for desert adaptation.

3.2. Bagging Experiments and Pollinators

Seeds represent a fundamental evolutionary adaptation in higher plants, serving as the
primary vehicle for genetic transmission and ensuring generational reproductive success.
As a fundamental requirement for effective plant establishment, they provide the essential
basis for population persistence and renewal [60]. However, pollination limitation is a
critical constraint to fruit and seed production. For example, Dendrocalamus sinicus L. C.
Chia & J. L. Sun, Magnolia stellata Maxim., and Penstemon gentianoides (Kunth) Poir. showed
higher fruit setting under artificial cross-pollination [61–63]. The present study showed
that emasculated G. przewalskii flowers that were immediately bagged showed no fruit set
(0%), demonstrating the absence of parthenogenesis in this species. The fruit setting rate
of natural pollination was 6.90%, while the fruit setting rate of self-pollination was 4.43%,
representing 64.20% of the natural fruit setting rate. This result indicates that G. przewalskii
is capable of self-pollination fruit setting and a high degree of self-adaptation. The fruit
setting rate under artificial cross-pollination was 30.42%. This showed that artificial cross-
pollination significantly increased the fruit setting rate, revealing substantial pollination
limitation. This finding is consistent with previous findings reported by Li et al. [30] for G.
przewalskii in Hami, Xinjiang.
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Field surveys have found four pollinators, belonging to Apidae, Calliphoridae, Syr-
phidae, and Tabanidae. However, the average visitation frequency was less than one visit
per flower, demonstrating that G. przewalskii has severe pollinator limitation. Based on
the P/O ratio results from this study, G. przewalskii exhibits a mixed mating system of self-
pollination and cross-pollination, requiring pollinators. This may suggest that G. przewalskii
employs a bet-hedging strategy to cope with desert environmental stresses. However, G.
przewalskii showed a low fruit setting rate under both natural and self-pollinated conditions,
suggesting constraints from both intrinsic reproductive capacity and extrinsic environmen-
tal factors. During the expanding stage, the anthers slit longitudinally in the direction of
the stigma, resulting in frequent pollen adhesion on the stigmatic surface. Deposition of
inactive pollen on conspecific stigmas may impair female reproductive function through
stigma clogging, obstruction of stylar canals, and ovule wastage. Meanwhile, inefficient
pollen dispersal to stigmas of the flowers of different plants reduced male reproductive
success [64,65]. The impairment of both male and female reproductive functions ultimately
caused the reduction in fruit setting. The G. przewalskii population of the fifth regiment
of Alar City covered an extensive area, comprising approximately 500 plants. However,
the community structure was simplified, with sparse species composition. Additionally,
the population’s ecological environment exhibited severe fragmentation, and a significant
deficiency in pollinators resulted in a markedly low cross-pollination rate. Consequently,
G. przewalskii adapted to desert environments through self-pollination (fertilization before
flowering). However, prolonged reliance on selfing may exacerbate genetic drift within
populations, leading to elevated levels of inbreeding depression [66,67].

3.3. Seed Germination and Seedling Growth

Inbreeding depression is widespread in plants and has intrigued geneticists and
evolutionary biologists since Darwin [68–70]. Selfing or inbreeding generates offspring
with significantly reduced fitness [71–73], manifested through decreased seed quantity and
quality. Furthermore, previous studies have demonstrated that self-pollinated offspring
show inferior performance compared to cross-pollinated offspring across multiple life
stages, including germination, growth, and survival [74–78]. In the present study, the seed
characteristics of G. przewalskii varied significantly among different pollination treatments.
Cross-pollination produced seeds with significantly greater width and single seed weight
than natural or self-pollination (Table 2). In the seed germination experiments, cross-
pollinated seeds showed a higher germination rate and shorter mean germination time
compared to naturally pollinated and self-pollinated seeds. These results indicate that cross-
pollinated seeds have higher quality, greater vigor, and better adaptation to arid habitats
compared to natural and self-pollinated seeds. To further assess the ecological adaptability
of G. przewalskii under different pollination treatments, we observed seedling growth
performance. The results showed that naturally pollinated seedlings exhibited greater plant
height and more leaves than self-pollinated seedlings, indicating their superior growth
performance and environmental adaptability. Sexual reproduction, the predominant mode
of plant reproduction in nature, primarily involves both self-fertilization (autogamy) and
cross-fertilization (allogamy) [79,80]. Therefore, plants produced by cross-pollinated seeds
likely have greater environmental adaptability than those from self-pollinated seeds. In the
long term, the shift to autonomous self-pollination in G. przewalskii may lead to a gradual
population decline. Thus, whether G. przewalskii can maintain normal reproductive success
in the future requires long-term monitoring.
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4. Materials and Methods
4.1. Study Site

This study area was located at the northern edge of the Tarim Basin and the south of
the Tianshan Mountains. The region has a warm temperate, highly continental arid (desert)
climate. It lies between 40◦20′ to 41◦47′ N latitude and 79◦22′ to 81◦53′ E longitude. A
population of wild G. przewalskii near Gobi Beach, outside Jiamu Town in the fifth regiment
of the First Division of Alar, Xinjiang, was selected for this study. The area has minimal
human activity and grazing interference from cattle and sheep, reducing potential errors in
subsequent bagging experiments.

4.2. Floral Traits, Flowering Progression, and P/O Ratio
4.2.1. Observation of Flower Morphology and Flowering Progression

The wild G. przewalskii populations in the fifth regiment of Tarim Basin were observed
for two consecutive years (2015 and 2016). The flowering status was recorded every hour
during the flowering period. The floral samples of G. przewalskii were collected every
3–7 days, from the budding stage to the withering stage, and taken to the laboratory.
Then a dissecting microscope was used to observe and measure pollen grain size. Vernier
calipers were used to measure floral morphological traits, including inner and outer bracts,
calyx dimensions, flower size, ovary length, style length, filament length, and anther
length. Each trait was measured in 100 replicates. Additionally, 100 flowers were randomly
selected and tagged to record anther dehiscence timing, determining the self-pollination
type (Figure 7A).
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4.2.2. Determination of P/O Ratio

Pollen quantity per flower was measured using the suspension method [81,82]. Ten G.
przewalskii plants were randomly selected in the field for this analysis. From each plant,
5 apical flowers were selected. One anther from each flower was excised and immersed
in 1% HCl for acid digestion, totaling 5 anthers. The pollen suspension (1 mL) was
homogenized by shaker mixing, and 10 replicate 0.01 mL subsamples were extracted using
capillary tubes. Pollen grains (ni) were counted using a microscope at 10× magnification.
The total pollen count per suspension was calculated as 10Σni (where ni represents the
pollen count in each of the 10 aliquots of 0.01 mL). Each G. przewalskii flower possesses
one ovule and five anthers. The P/O ratio = (pollen per flower)/(ovules per flower).
On the basis of Cruden’s [40] criteria, the breeding system was classified into 5 types,
with P/O ratios of 2.7–5.4 for cleistogamy, 18.1–39.0 for obligate autogamy, 31.9–396.0
for facultative autogamy, 244.7–2588.0 for facultative xenogamy, and 2108.0–195,525.0 for
obligate xenogamy.
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4.3. Bagging Experiment and Observation of Pollinators

Ten G. przewalskii plants were randomly selected within the population, with a min-
imum distance of 10 m apart. For each plant, we randomly selected at least 20 flowers
for each direction (east, south, west, and north). A total of at least 80 flowers per plant
were bagged for the pollination experiments. To ensure the firmness and ventilation of the
bagging wild G. przewalskii populations, we used 1-cm-diameter, 5-cm-long transparent
plastic tubes (Figure 7B). For ease of use, a 1-cm-long opening was symmetrically cut at
one end. Different-colored transparent plastic tubes were used for flowers in each direction
of the plants: 5 flowers were emasculated, then bagged, 10 flowers were directly bagged,
and 5 flowers were cross-pollinated, then bagged. The pollination treatments were as
follows: (1) natural pollination: no bagging, no emasculation, and detection of pollination
and fruiting under natural conditions; (2) self-pollination: directly bagging without emas-
culation to detect the presence of self-incompatibility; (3) no pollination: directly bagging
after emasculation to detect whether there was parthenogenesis; and (4) cross-pollination:
emasculation and bagging during the budding stage. The bag was opened after one week
to conduct pollination on selected flowers. They then were bagged again to detect the fruit
setting under cross-pollination. Meanwhile, insect visitation frequency to single flowers
was recorded, and pollinator species were observed for 5 consecutive days during the peak
activity periods.

4.4. Seed Size, Germination Characteristics, and Seedling Growth Experiments

Seeds from natural, self-, and cross-pollinated G. przewalskii fruits were collected
and brought back to the laboratory. The seeds were manually separated from the sepals.
Seed length and width were measured using a stereo microscope (Nikon-SMZ1500, Nikon
Corporation, Tokyo, Japan). The single seed weight was determined using an electronic
balance (Mettler Toledo ME204E, precision: 0.0001 g, Mettler Toledo, Shanghai, China).

Two filter papers were placed in a 9-cm-diameter Petri dish, and 10 mL of distilled
water was added to verify the seed viability of G. przewalskii under different pollination
treatments. Following Yang et al. [83], the culture conditions were set to 30 ◦C/35 ◦C
variable temperature and alternating 12 h/12 h of light and darkness. A 5-day germina-
tion experiment was conducted on G. przewalskii. Water was added on a daily basis to
compensate for evaporation. Seed germination was recorded at 12-h intervals. This was
based on radicle breaking through the seed coat. Germination percentage (GP) was calcu-
lated as: GP = (number of normal germinated seeds at the end of germination/number
of tested seeds) × 100% [84]. The mean time of germination was calculated as follows:
Σ(Ti × Ni)/ΣNi, where Ni is the number of newly germinated seeds within time Ti [85].

In May 2023, we conducted a supplemented bagging experiment to assess seed ecolog-
ical adaptation under different pollination treatments in G. przewalskii. Seeds from natural
and self-pollination were subsequently collected in June. Twelve seeds each from naturally
pollinated and self-pollinated G. przewalskii were cultivated for thirty days. The plants
were grown in a seedling cultivation room at 25 ◦C under a 12-h light/12-h dark cycle. The
seeds were covered with a 0.5 cm soil layer [86], and then with plastic wrap to reduce water
evaporation and ensure consistent germination. The growth performance of naturally polli-
nated and self-pollinated seedlings was monitored every 5 days, with plant survival rate
and leaf number recorded at each observation. The seedling survival rate was calculated as
(number of surviving seedlings/total number of germinated seeds) × 100% [87].

4.5. Data Analysis

Statistical analyses were conducted using SPSS 26.0 (IBM Corp., Armonk, NY,
USA). Data were analyzed by one-way ANOVA followed by Duncan’s multiple com-
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parison test (p < 0.05). Figures were generated using Origin 2024 (OriginLab Corporation,
Northampton, MA, USA).

5. Conclusions
Gymnocarpos przewalskii flowered before leaf emergence, producing abundant flowers

with copious pollen, and rich nectaries that attracted various pollinators, indicating typical
cross-pollination characteristics. However, the insect visitation frequency was less than
one visit per flower, and bagging experiments showed that autonomous self-pollination
accounted for 64.20% of naturally produced seeds in G. przewalskii. Therefore, the low fruit
setting rate in G. przewalskii likely resulted from insufficient pollinator availability within
the population. In addition, the flowering process of G. przewalskii revealed that its filaments
elongated rapidly prior to anther dehiscence, positioning the anthers at the same height as
the stigma, indicating a tendency towards autonomous self-pollination. However, germi-
nation trials demonstrated superior performance in cross-pollinated progeny, including
higher seed mass, faster germination, greater seedling biomass, and improved ecological
fitness compared to those from natural and self-pollination. Gymnocarpos przewalskii is a
xerophytic relic species dating back to the Tertiary period of the ancient Mediterranean
flora, now primarily occurring in the desert regions of Central Asia. Its evolutionary adap-
tation to pollinator scarcity in arid environments likely drove a mating system shift from
cross-pollination toward self-pollination. However, seeds from cross-pollination exhibited
stronger adaptability. Therefore, we suggested that the production of a greater proportion
of autonomously self-pollinated seeds may represent an adaptive reproductive strategy
to ensure population persistence under pollinator scarcity in desert environments. Future
studies should investigate the reproductive ecology of differently sized G. przewalskii pop-
ulations to determine whether self-pollination serves solely as a reproductive assurance
mechanism. Furthermore, to determine whether this reproductive strategy influences G.
przewalskii population dynamics would require long-term monitoring.
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