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ABSTRACT: This study investigated the association between floral and fruiting traits in oil tree peony to inform
elite breeding and hybrid programmes. Floral and fruiting metrics of Paeonia ostii ‘Fengdanbai’ and Paeonia rockii
‘Zibanbai’ were recorded under natural conditions; data were analysed using independent-samples t-tests, Pearson
correlations, stepwise multiple linear regression and membership functions. Paeonia ostii ‘Fengdanbai’ produced more
pollen number per flower, but fewer ovules and seeds per fruit than Paeonia rockii ‘Zibanbai’ (p < 0.05). Pollen viability
and stigma receptivity followed similar unimodal temporal curves in both taxa. Peak pollen viability occurred on day
3 after anthesis in P. ostii ‘Fengdanbai’ (86.95 ± 1.41%) and on day 2 in P. rockii ‘Zibanbai’ (85.91 ± 2.99%). Optimal
stigma receptivity spanned days 3–5 and 2–5 post-anthesis, respectively, yielding a 3-day overlap favourable for
synchronous pollination. Seed number per fruit correlated positively with petal number per flower (r = 0.49), ovule
number per fruit (r = 0.68) and seed setting rate (r = 0.70, p < 0.01); carpel number also contributed (r = 0.31, p < 0.05).
Stepwise multiple regression identified ovule number per fruit and seed setting rate as the most significant predictors
of seed number per fruit (p < 0.001), together explaining over 99% of the variation in the model (adjusted R2 = 0.992).
Membership function analysis, based on pollen viability, ovule number per fruit, and seed setting rate, suggested
that ‘Fengdanbai’ exhibits superior comprehensive performance, though selection indices should be validated across
broader germplasm. We propose ovule number per fruit and seed setting rate as primary selection indices, with pollen
viability as a supplementary indicator, for consideration in breeding high-yield cultivars.
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1 Introduction

Oil tree peony has recently been domesticated as a novel woody oilseed crop in China for the commercial
production of edible oil. In 2011, the former Ministry of Health of the People’s Republic of China formally
approved peony seed oil as a novel food resource [1]. This oil is recognised as safe, non-toxic and highly
nutritious [1–3], containing more than 90% unsaturated fatty acids, withα-linolenic acid-an essential human
nutrient-contributing up to 40% of total fatty acids [4,5]. To satisfy increasing consumer demand for safe and
nutritious edible oils, large-scale cultivation of tree peony has been actively promoted across China. The crop
is currently grown in over 20 provincial-level administrative regions, including Shandong, Henan, Gansu,
Anhui, Hubei, Qinghai, and Tibet [6,7]. Among these, Paeonia ostii ‘Fengdan’ and P. rockii are the principal
cultivars under commercial cultivation [8]. Flowers are large, white, fragrant, and pollen-abundant, with
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bright yellow, cockscomb-type stigmas lacking nectaries; although self-compatible, seed set is extremely
low [9–11]. Recent expansion into heterogeneous environments has intensified intraspecific variation and
resulted in chronically low and unstable seed yield, thereby limiting oil output and constraining industrial
development [12–14].

Flowering marks the initiation of sexual reproduction, whereas fruiting constitutes a critical phase for
plant propagation and regeneration. A comprehensive understanding of floral and fruiting traits is therefore
essential to stabilize both yield quantity and quality [15]. Pollen viability and stigma receptivity directly
govern the efficacy of double fertilization and, consequently, fruit set [16,17]. Cai et al. demonstrated that
both pollen viability and stigma receptivity in passion fruit were significantly correlated with fruit set [18]. In
orchids, Yang et al. revealed that stronger pollen viability and stigma receptivity increased pod set, whereas
weaker activity reduced it [19]. Germplasm collections of oil tree peony provide the foundational resources
for genetic improvement and fundamental research. Previous studies have predominantly examined pairwise
correlations among vegetative, fruit, and yield traits, whereas comprehensive multivariate analyses remain
scarce [20–23]. The primary yield components in oil tree peony are fruits per plant, seeds per fruit, and
individual seed weight [24,25]. Nevertheless, the relationships among floral phenology, pollen viability,
stigma receptivity, and seed set remain uncharacterised in oil tree peony.

In this study, P. ostii ‘Fengdan’ and P. rockii served as the experimental materials. Floral morphology,
pollen viability, stigma receptivity, and fruiting parameters of both taxa were systematically assessed
using in field tagging, macro-photography, and light microscopy. Multivariate statistical analyses were
subsequently employed to elucidate the relationships among floral traits, pollen viability, stigma receptivity,
and seed set. These findings are expected to provide a theoretical basis for elite cultivar development and
accelerated breeding of oil tree peony.

2 Materials and Methods

2.1 Study Location

Field experiments were conducted at the experimental farm at the Kaiyuan campus of Henan University
of Science and Technology, Luoyang, China (112◦28′36.34′′ E, 34◦39′30.34′′ N, altitude: 120 m). The site
is situated in western Henan Province, south of the lower Yellow River. The climate is classified as
warm-temperate, semi-humid, continental monsoon, with hot, humid summers and cold, dry winters. Mean
annual precipitation is 580 mm, and mean annual temperature is 13.5◦C. Uniform agronomic practices
were applied throughout the experimental plots. Weeds were manually removed as required during the
growing season. Fertiliser was top-dressed two to three times annually; irrigation was synchronised with
fertilisation to maintain optimal soil moisture and nutrient status. The plant materials used in this study
were all cultivated varieties grown at the farm of the College of Agriculture, Henan University of Science
and Technology. The specific cultivated varieties are P. ostii ‘Fengdanbai’ and the P. rockii ‘Zibanbai’, the
varieties picture is shown in Fig. 1.

2.2 Determination Method

For each cultivar (P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’), a total of 20 distinct, randomly selected
plants served as biological replicates. From each of these plants, three flower (or three fruit at maturity) was
sampled for trait measurement. This design guaranteed that each data point originated from a unique genetic
individual, satisfying the assumption of independence for subsequent statistical analyses. Specific sample
sizes for time-series measurements (e.g., pollen viability) are detailed in the respective subsections below.
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Figure 1: Oil tree peony plant strains. (a) P. ostii ‘Fengdanbai’, (b) P. rockii ‘Zibanbai’.

2.2.1 Observation on Single Flower Longevity and Flowering Dynamics of P. ostii ‘Fengdan’ and P. rockii

The experiment commenced at 08:00 on 6 April 2023. Ten newly opened flowers of P. ostii ‘Fengdanbai’
were randomly selected from the experimental farm of Henan University of Science and Technology
for dynamic observation of the individual floral anthesis period. Each flower was photographed and
documented. The initial opening was defined as follows: petals slightly parted, maintaining a bud-like
shape, with visible but unsplit stigma and neatly arranged, glossy stamens.

On sunny days with high temperature and low humidity, the rate of floral opening was observed
to accelerate. Ten newly opened flowers were randomly selected from 10 individual plants (three flower
per plant to ensure independence) were labeled as FD-1, FD-2, . . . , FD-i, where FD-i denotes the i-th
flower of P. ostii ‘Fengdanbai’. To accurately monitor the flowering dynamics, observations commenced on
6 April 2023. Observations were conducted hourly from 08:00 to 18:00 on the first day, with each flower
photographed for subsequent comparative analysis. Subsequently, daily observations and photographic
documentation were performed at 08:00 from 7 to 15 April 2023. The same observation protocol was applied
to P. rockii ‘Zibanbai’, with recordings initiated on 10 April 2023.

2.2.2 Determination of Floral Traits

To ensure independence of observations, all measurements were conducted on distinct individual
plants with one flower per plant (n = 20 plants per cultivar for floral traits; n = 20 plants per cultivar for
fruiting traits), avoiding pseudoreplication from multiple samples per plant.

Twenty individual plants per cultivar were randomly selected, with one flower per plant (n = 20 flowers
from 20 plants) used for measurements. To measure the corolla diameter, the number of petals per flower
and the number of anthers per flower, and the amount of pollen per flower was measured.

Completely blooming peony flowers were randomly selected in the experimental site, The diameter
of corolla was measured by cross method (steel ruler: 1 mm). The determination of single flower pollen
amount was referred to the method of Shen et al. [26], with modifications following recent protocols for oil
crops [27]. Six anthers of the inner, middle and outer wheels of a peony flower were randomly selected in a
centrifuge tube, 1000 µL 20% sodium hexametaphosphate solution was added, and the pollen solution was
prepared by mixing and centrifugation. After the completion, 800 µL of the supernatant was sucked away,
and 300 µL of distilled water was added to the remaining solution to mix evenly. Take 1 µL of the above
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solution on the slide, observe and count under the microscope, repeat 5 times, and calculate the number of
single flower pollen:

6 𝑎𝑛𝑡ℎ𝑒𝑟𝑠 𝑝𝑜𝑙𝑙𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 = 1 µL 𝑝𝑜𝑙𝑙𝑒𝑛 𝑎𝑚𝑜𝑢𝑛𝑡 × 500 (𝑔𝑟𝑎𝑖𝑛𝑠) (1)

Pollen number per flower = 𝑃𝑜𝑙𝑙𝑒𝑛 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 µL × 500 × (𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑡ℎ𝑒𝑟 𝑛𝑢𝑚𝑏𝑒𝑟/6) (2)

2.2.3 Determination of Pollen Viability

Pollen viability was measured on the 1st day (8:00 a.m., 9:00 a.m., 10:00 a.m., 12:00 a.m., 14:00 p.m.,
18:00 p.m.), 2nd days (8:00 a.m.), 3rd days (8:00 a.m.), 4th days (8:00 a.m.), 5th days (8:00 a.m.), 6th days
(8:00 a.m.), 7th days (8:00 a.m.) after anthesis. The pollen viability was determined by the TTC method of
Bao et al. [28]. One to two drops of TTC solution containing pollen were placed on a glass slide. After the
reaction of pollen and TTC solution for 10–20 min, the staining of pollen was observed under a microscope.
The staining effect of TTC staining on the determination of pollen viability is shown in Fig. 2. Measurements
were taken on flowers from distinct plants (one flower per plant, n = 10 plants per time point) to avoid
pseudoreplication.

 

Figure 2: Staining effect of TTC staining for determination of pollen viability. Note: a: denotes viable pollen, and the
darker the color, the stronger the pollen viability; b: represents not inactive pollen. Bar = 100 µm.

2.2.4 Determination of Stigma Receptivity

The stigmas of the 1st day (8:00 a.m., 9:00 a.m., 10:00 a.m., 12:00 a.m., 14:00 p.m., 18:00 p.m.), 2nd d
(8:00 a.m.), 3rd d (8:00 a.m.), 4th d (8:00 a.m.), 5th d (8:00 a.m.), 6th d (8:00 a.m.), 7th d (8:00 a.m.), 8th d
(8:00 a.m.), 9th d (8:00 a.m.), 10th d (8:00 a.m.) after anthesis weremeasured for receptivity. Stigma receptivity
measurement and results grading standards refer to Luo et al. [29] benzidine-hydrogen peroxide method).

Stigma receptivity was scored based on morphological criteria and reaction criteria observred within
30 s of reagent application: ‘+’ (stigma pale yellow, slightly swollen, minimal bubble production); ‘++’
(stigma bright yellow, fully expanded, moderate bubbles); ‘+++’ (stigma deep yellow, glossy surface with
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sticky exudate, abundant bubbles); ‘++++’ (stigma orange-yellow, papillae fully turgid, profuse bubbles).
Fig. 3 provides definitive reference images corresponding to each receptivity score (‘+’ to ‘++++’), which
were used as the visual standard for all assessments. All scoring was conducted by the same trained
researcher to ensure consistency.

Figure 3: Visual reference standards for scoring stigma receptivity in oil tree peony. ‘+’: Stigmas with receptivity, the
more ‘+’, the higher the receptivity.

2.2.5 Determination of Fruiting Traits

After 15 days of the end of the peony flowering period, 20 peony plants with all the petals falling off
were randomly selected in the experimental site. Carpel number per fruit, ovule number per fruit and seed
number per fruit were counted, and the seed setting rate was calculated. The calculation formula was:

𝑆𝑒𝑒𝑑 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 = (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑒𝑒𝑑𝑠 𝑝𝑒𝑟 𝑓 𝑟𝑢𝑖𝑡/𝑜𝑣𝑢𝑙𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑝𝑒𝑟 𝑓 𝑟𝑢𝑖𝑡) × 100% (3)

Twenty individual plants per cultivar were tagged; one fruit per plant was harvested at maturity
(n = 20 fruits). Ovule number per fruit refers to the total number of ovules in the aggregate fruit, while
Ovule number per fruit was counted from representative individual fruits.

2.3 Data Processing

Excel software was used to analyze the data of each index. SPSS 20.0 software was used for independent
sample t test, correlation analysis and regression analysis. Regression assumptions were checked through
residual diagnostics. Origin 2022 software was used for mapping. The indicators that significantly affect
the number of seeds per fruit, as determined by regression analysis and path analysis, were selected to
conduct a comprehensive evaluation of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ cultivars using the
membership function method [20]. The calculation formula for the membership function value is:

𝑈 =
𝑋 − 𝑋𝑚𝑖𝑛

𝑋𝑚𝑎𝑥 − 𝑋𝑚𝑖𝑛
(4)

(U ) is the membership function value; (X ) is the measured value of a certain indicator for all tested
varieties; (Xmax) is the maximum measured value of a certain indicator among all tested varieties; (Xmin) is
the minimum measured value of a certain indicator among all tested varieties. The cumulative membership
function value (Utotal) is calculated as (Utotal = U 1 + U 2 + . . . + U n). This standardization allows comparison
of traits with different units, though it assumes equal importance of all traits.

3 Results and Analysis

3.1 Observation of Single Flower Duration and Flowering Dynamics in P. ostii ‘Fengdanbai’ and
P. rockii ‘Zibanbai’

Through field observation in the field, it was found that the first flowering time of P. ostii ‘Fengdanbai’
was April 6, 2023, and the first flowering time of P. rockii ‘Zibanbai’ was April 10, 2023; the wilting time
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of P. ostii ‘Fengdanbai’ is 14 April 2023, and the decline time of P. rockii ‘Zibanbai’ is 16 April 2023. The
flowering time of the two is quite different.

Through the t-test of the single flower flowering period of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’,
the results showed that the average single flower flowering period of P. ostii ‘Fengdanbai’ was (7.0 ± 0.21)
d, and the average single flower flowering period of P. rockii ‘Zibanbai’ was (4.9 ± 0.18) d, the difference
between the two was significant (t = 7.58, F = 0.036, p < 0.05).

Through the observation of the flowering dynamics of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’, it
was found that the whole flowering dynamics can be divided into three processes: initial opening period, full
opening period and decay period. The initial opening period of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’
was 1 d. The full-bloom period of P. ostii ‘Fengdanbai’ was about 1 d longer than that of P. rockii ‘Zibanbai’.
When the peony of P. ostii ‘Fengdanbai’ decayed, the petals fell slowly and experienced 3–4 days; however,
it only takes 1–2 days for all petals of P. rockii ‘Zibanbai’ to fall off. The morphological characteristics of
tree peony flowers changed as follows: petals changed from flat to wrinkled, and finally fell; the anther
changed from orderly and glossy to disordered and dull, and finally fell down. The stigma changed from
strong and full to dark and loose (Fig. 4).

Figure 4: Observation of Single Flower Duration and Flowering Dynamics in P. ostii ‘Fengdanbai’ and P. rockii
‘Zibanbai’. (a–c) in the picture is the initial opening period of P. ostii ‘Fengdanbai’, the first day after anthesis; (d–h) is
the full-bloom stage, 2nd–4th day after anthesis; (i–p) is the decay period, 5th–10th day after anthesis. (A–D) is the
initial opening period of P. rockii ‘Zibanbai’, and the first day after anthesis; (E–H) is the full-bloom stage, 2nd–3rd
day after anthesis; (I–P) is the decay period, 4th–10th day after anthesis.

3.2 Floral Traits and Fruiting Traits of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’

The flower traits and fruiting traits of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ were tested by
independent sample t-test. The results showed that there were significant differences between P. ostii
‘Fengdanbai’ and P. rockii ‘Zibanbai’ in the number of pollen grains per flower, the number of ovules per
fruit and the number of seeds per fruit (p < 0.05) (Table 1).
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Table 1: Descriptive statistics of floral traits and fruit traits in P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’.

Trait Mean SE Maximum Minimum t-Test F-Value p-Value

F-X1 15.44 0.31 17.85 12.35 0.915 4.365 0.37Z-X1 15.11 0.19 16.70 13.55

F-X2 12.90 0.40 16.00 10.00 0.983 2.068 0.33Z-X2 12.40 0.31 15.00 10.00

F-X3 257.95 11.25 328.00 176.00 1.473 5.331 0.15Z-X3 228.55 16.49 353.00 124.00

F-X4 781.30 13.05 1065.90 597.60
−12.501 8.408 0.00Z-X4 1160.77 77.47 1277.83 1056.47

F-X5 82.43 1.64 90.70 59.38 1.062 0.310 0.30Z-X5 79.87 1.76 90.32 58.06

F-X6 2.53 1.20 4.00 1.33
−0.870 0.331 0.39Z-X6 2.85 1.13 4.00 1.50

F-X7 5.20 0.14 7.00 4.00 0.237 0.289 0.81Z-X7 5.25 0.16 7.00 4.00

F-X8 92.95 4.05 136.00 49.00 2.253 1.405 0.03Z-X8 82.15 2.56 100.00 64.00

F-X9 54.52 2.35 75.93 30.00 1.115 0.085 0.27Z-X9 50.94 2.18 71.76 36.25

F-X10 50.80 3.39 83.00 27.00 2.454 6.009 0.02Z-X10 41.40 1.77 61.00 29.00
Note: F: P. ostii ‘Fengdanbai’; Z: P. rockii ‘Zibanbai’; X1: Corolla diameter/cm; X2: Petal number per flower; X3: anther number
per flower; X4: Pollen number per flower; X5: Pollen viability/%; X6: Stigma receptivity; X7: Carpel number per fruit; X8: Ovule
number per fruit; X9: Seed setting rate/%; X10: seed number per fruit.

3.3 Comparison of Pollen Viability and Stigma Receptivity between P. ostii ‘Fengdanbai’ and
P. rockii ‘Zibanbai’

The pollen viability of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ was determined. The results showed
in Fig. 5 that: During the whole flowering period, the pollen viability of P. ostii ‘Fengdanbai’ and P. rockii
‘Zibanbai’ increased first and then decreased. On the first day of flowering, the pollen viability of P. ostii
‘Fengdanbai’ (81.39%3 ± 2.40%) and P. rockii ‘Zibanbai’ (81.65% ± 4.77%) was the strongest at 4th h after
anthesis, and there was no significant difference between them (t = −0.33, F = 2.28, p > 0.05). The pollen
viability of P. ostii ‘Fengdanbai’ reached the strongest during anthesis stage on the 3rd day, with an average
of 86.95% ± 1.41%. The pollen viability of P. rockii ‘Zibanbai’ reached the strongest during anthesis stage on
the 2nd day, with an average of 85.91% ± 2.99%. The difference between the two is not significant (t = 0.91,
F = 2.42, p > 0.05).

The stigma receptivity of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ was determined. The results
showed in Fig. 6 that: During the whole flowering period, the change trend of stigma receptivity was first
enhanced and then weakened; On the first day of flowering, the stigmas of P. ostii ‘Fengdanbai’ and P. rockii
‘Zibanbai’ began to have weak receptivity. The stigma receptivity of P. ostii ‘Fengdanbai’ was the strongest
at 3rd–5th day after anthesis, and the stigma receptivity of P. rockii ‘Zibanbai’ was the strongest at 2nd–5th
day after anthesis. The total overlap period between pollen viability and stigma receptivity was 7 days,
whereas the overlap period during peak pollen viability (>65%) and highest stigma receptivity (++++) was
3 days.
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Figure 5: Results of the determination of pollen viability of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ (scale bars:
100 µm.) In the figure, (a–c) represents the activity determination results of P. ostii ‘Fengdanbai’ pollen at 0 h,
4th h and 8th h after anthesis, and (d–i) represents the activity determination results at 2nd–7th d after anthesis.
(A–C) represents the activity determination results of P.rockii ‘Zibanbai’ pollen at 0 h, 4th h and 8th h after anthesis,
and (D–I) represents the activity determination results at 2nd–7th d after anthesis.

Figure 6: The temporal dynamic changes of pollen viability and stigma receptivity showed that the best pollination
window period was 2nd–5th days after anthesis.

3.4 Correlation Analysis of Various Traits of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’

Pearson correlation analysis was used to analyze the correlation between corolla diameter, petal
number per flower, anther number per flower, pollen number per flower, pollen viability, carpel number
per fruit, number of ovule number per fruit, ovule number per fruit, seed setting rate and seed number
per fruit (Fig. 7). The results showed that the correlation between the traits of oil tree peony was complex.
There was a significant or extremely significant correlation between seed number per fruit and the five
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traits. It was significantly associated with petal number per flower, ovule number per fruit and the seed
setting rate (p < 0.01). There was a significant positive association with carpel number per fruit (p < 0.05).
In addition, the seed setting rate was significantly correlated with the petal number per flower (p < 0.01)
and anther number per flower (p < 0.05). Ovule number per fruit was significantly positively correlated
with ovule number per fruit and carpel number per fruit (p < 0.01), and significantly positively correlated
with pollen viability (p < 0.05). There was a significant negative correlation between carpel number per
fruit and anther number per flower (p < 0.05). Each traits restricts each other, and the patterns require
experimental validation only by the correlation coefficient between yield and each trait.

Figure 7: Correlation analysis heat map of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ traits. The indicators expressed
in Xi are the same as in Table 1. Based on cultivar means (n = 2); limited degrees of freedom.

3.5 Linear Regression Analysis and Path Analysis of Seed Setting Characteristics

Statistical Note: The stepwise multiple regression model yielded a high coefficient of determination
(R2 = 0.994, Adjusted R2 = 0.992). Model diagnostics were conducted on the residuals. The residuals were
approximately normally distributed (mean = 0.00, standard deviation = 1.00), and a plot of standardized
residuals against predicted values showed no systematic pattern, supporting the assumptions of normality
and homoscedasticity.

Stepwise linear regression retained two significant predictors (Table 2): Y = −45.52 + 0.73X8 + 91.81X9
(R2 = 0.994, Adjusted R2 = 0.992, F = 547.97, df = 2, 37, p < 0.001).

Summary analysis showed the strongest associations with seed number per fruit and may serve as
reference indicators for cultivar evaluation (Table 2).

Path analysis of 7 traits showed that: Among the seven independent variables, the number of ovules
per fruit had the greatest direct association with the number of seeds per fruit. The order of the direct
path coefficient of each trait to the number of seeds per fruit is: Single fruit ovule number > seed setting
rate > corolla diameter > anther number per flower > pollen viability > single fruit carpel number > Ovule
number per fuit. Among them, corolla diameter, anther number per flower, ovule number per fruit and
seed setting rate had positive effects on seed number per fruit, while other traits had negative effects. The
order of the indirect path coefficients of each trait to the number of seeds per fruit is: Ovule number per
fruit > single carpel number > pollen viability > anther number per flower > seed setting rate > corolla
diameter > single fruit ovule number (Table 3). The indirect effects of anther number per flower, pollen
viability, carpel number per fruit and ovule number per fruit were higher than the direct effects. It shows
that these traits can indirectly affect the yield. Causal interpretation is limited by the observational design.
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Table 2: Linear regression analysis of seed number of seeds per fruit with each traits.

B SE Beta t p

const −45.52 9.62 - −4.734 0.000**
X1 0.30 0.19 0.026 1.587 0.123
X2 −0.00 0.16 −0.000 −0.003 0.998
X3 0.005 0.004 0.026 1.373 0.180
X4 0.00 0.00 0.027 1.609 0.118
X5 −5.89 2.84 −0.035 −2.072 0.047*
X6 −2.08 1.60 −0.11 −1.296 0.205
X7 −0.75 0.53 −0.15 −1.416 0.167
X8 0.73 0.10 0.90 7.215 0.000**
X9 91.81 2.28 0.73 40.262 0.000**
R2 0.994

Adjusted R2 0.992
F F (9, 30) = 547.97, p < 0.05
D 2.465

Note: The indicators expressed in Xi are the same as in Table 1. This high R2 should be interpreted with caution given n = 40 and
potential overfitting. Results are descriptive, not causal. **indicates p < 0.01, *indicates p < 0.05.

Table 3: Path analysis of traits significantly influencing number of seeds per fruit.

Trait
Direct

Effects P
(X → Y)

Indirect Effects P (Xi → Xj → Y)

Total X1 → Y X3 → Y X5 → Y X6 → Y X7 → Y X8 → Y X9 → Y

X1 0.026 −0.12 −0.0029 −0.0095 0.0117 0.0023 −0.075 −0.043
X3 0.026 0.065 −0.0029 0.0032 0.052 −0.0065 −0.24 0.26
X5 −0.035 0.24 0.007 −0.0024 −0.014 −0.050 0.33 −0.029
X6 −0.106 0.46 −0.0029 0.013 −0.0046 0.021 0.47 −0.051
X7 −0.151 0.69 −0.0004 0.0011 −0.012 0.015 0.69 −0.008
X8 0.904 −0.23 −0.0021 −0.0068 −0.013 −0.055 −0.12 −0.029
X9 0.727 0.014 −0.0015 0.0094 0.0014 0.0074 0.0017 −0.0037

Note: The indicators expressed in Xi are the same as in Table 1.

3.6 Membership Function Analysis of Key Indexes of Different Oil Tree Peony Varieties

Select the indicators that have a significant impact on the number of single fruit seeds obtained by
regression analysis and path analysis: Pollen viability, number of ovules per fruit and seed setting rate
were compared by membership function method to comprehensively compare the seed setting potential of
P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’. Membership function analysis of the key indicators revealed
that P. ostii ‘Fengdanbai’ had a higher cumulative membership function value (Utotal = 1.775) than P. rockii
‘Zibanbai’ (Utotal = 1.594) (Table 4), suggesting a relatively better comprehensive performance based on
the selected traits under the experimental conditions. We acknowledge that this ranking assumes equal
weights for all traits and should be validated with additional germplasm.

Table 4: Affiliation function values of key indicators for P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’.

Varieties
Membership

Function Value of
Pollen Viability

Membership Function
Value of Number of
Ovules Per Fruit

Membership
Function Value of
Seed Setting Rate

Total Ranking

P. ostii
‘Fengdanbai’ 0.736 0.505 0.534 1.775 1

P. rockii
‘Zibanbai’ 0.676 0.504 0.414 1.594 2
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4 Discussions

Ten floral and fruiting traits of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’were subjected to statistical
analysis; subsequent comparison revealed significant inter-cultivar differences in pollen number per flower,
ovule number per fruit, ovules per fruit, and seeds per fruit. Conversely, all remaining evaluated traits did
not differ significantly between cultivars.

Yield is one of the important indexes to evaluate the value of oil tree peony. Pollen and stigma are
essential structures mediating plant sexual reproduction. Quantifying pollen viability and stigma receptivity,
together with their temporal overlap, enhances fruit set and pollination efficiency, providing critical insights
for commercial production and hybrid breeding [18]. Pollen viability ranged from 39.9% to 87.0% in P. ostii
‘Fengdanbai’ and from 14.4% to 85.9% in P. rockii ‘Zibanbai’, peaking on day 3 and day 2 post-anthesis,
respectively. Pollen remained viable for 7 d, while stigma receptivity persisted for 9 d in both cultivars. The
functional overlap between pollen viability and stigma receptivity lasted 5 d; periods of peak viability and
receptivity coincided for 4 d in P. ostii ‘Fengdanbai’ and 5 d in P. rockii ‘Zibanbai’. These temporal patterns
vary among species, cultivars, and even developmental stages [30–32]. Beyond pollen longevity, the two
cultivars differed significantly in pollen number per flower. This variation is attributable to both genetic
factors [33,34] and environmental cues such as light, temperature, and humidity [35]. Large, showy flowers
with abundant, bright-yellow pollen and expansive stigmatic surfaces enhance pollinator attraction and
facilitate efficient insect-mediated pollination [36].

Yield-related traits of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’ were evaluated using correlation,
linear regression, path, and membership function analyses. Among ten traits examined, seven were
yield-related; four exhibited extremely significant differences (p < 0.01): petal number per flower, ovule
number per fruit, ovule number per fruit, and seed-setting rate. This is basically consistent with the
research results of Cui et al. [21] using multiple peony germplasm resources as materials, and is also
basically consistent with the research results in Zea mays L. and Glycine max (L.) Merr. [37,38]. Studies
have reported that stigma receptivity can significantly associated with the fruit setting rate of Passiflora
edulis Sims and Vaccinium spp. [18,19]. However, there was a positive correlation between the stigma
receptivity and the number of single fruit carpels on oil peony, but the effect was not significant. The
reason for this phenomenon may be related to the specific reproductive mode of tree peony: tree peony
is open at day and close at night, self-compatible, and requires cross-pollination by pollinators [10,39,40].
The specific effects of pollen viability and stigma receptivity on seed setting of oil peony need further
research and analysis. Linear regression indicated that ovule number per fruit and seed-setting rate were
the principal predictors of yield variation, corroborating earlier studies Path analysis confirmed that these
two traits exhibited the greatest direct and indirect associations with yield, consistent with Cui et al. [21].
Membership function analysis ranked P. ostii ‘Fengdanbai’ superior to P. rockii ‘Zibanbai’ under identical
environmental conditions, though this integration method assumes equal trait importance. In summary,
pollen viability, number of ovules per fruit, and seed setting rate are significantly related to the single fruit
yield of P. ostii ‘Fengdanbai’ and P. rockii ‘Zibanbai’. In the high-yield cultivation and variety breeding of
oil tree peony, they should be used as the primary indicators. And P. ostii ‘Fengdanbai’ is a hybrid breeding
resource superior to P. rockii ‘Zibanbai’.
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