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Abstract

:

In order to provide early selection indicators for the breeding of plants used for producing tea seed oil or harvesting tea, we investigated the relationships between flower morphology and fruit yields in tea plants. We analyzed 106 tea varieties to determine the relationships between flower morphological traits and fruit yields. Notably, the homogeneity of flower traits within the same tea plant variety was found to be very high. The average length and width measurements of certain phenotypic traits of tea plants, including pistil length, stamen length, stamen bundle inner width, stamen bundle outer width, and stigma width, were 11.8, 10.9, 2.5, 15.0, 3.7 mm, respectively. In this study, the flower traits that affect fruit yield appear to be related to the difficulty of pollination by insects (e.g., bees), in terms of their contacting the stigma. In 2013, three phenotypic trait variables showed significant effects on yield; namely, the stamen bundle outer width (negative), stigma width (positive), and stigma width minus the stamen bundle inner width (positive). In 2015, only the stamen bundle outer width had a significant negative effect on yield. Regarding pollen viability, in the TTC (2,3,5-triphenyl tetrazolium chloride) staining test, about 84% of the considered tea varieties presented pollen viability exceeding 70%. This indicates that most tea pollen has the ability to germinate normally after contact with the cross-pollinated stigma. The yields of all of the tea varieties exhibited a positively skewed distribution in 2013 and 2015. Although our results indicate that flowers in the anther superior group tend to produce fewer fruits than flowers in the stigma superior group in 2013, in the analysis of the effect of traits on yield, there were no significant differences in the relative positions of stigmas and anthers. In conclusion, we determined that the main trait affecting fruit yield is stamen bundle outer width, while the secondary trait affecting fruit yield is stigma width. However, the efficacy of the stigma width may also be affected by the position of the stigma relative to the anther and the stamen bundle inner width. These two traits have the potential to be used as reference indicators for early selection in future breeding programs.
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1. Background


Tea is among the most widely consumed beverages globally, making it a vital cash crop in Taiwan. Taiwan has high tea genetic resources and diversity [1], and different varieties of tea plants have been grown in Taiwan for more than 200 years [2,3]. The tea cultivation area has reached 12,266 hectares and 14,341 metric tons of tea are produced annually [4]. Many studies have focused on the detection of tea genetic resources in Taiwan [5,6,7,8,9,10,11]. Tea plants are usually maintained in a state of vegetative growth due to commercial picking [12]; however, tea can also be used as an oil crop. The three species of Camellia plants used for oil extraction in Taiwan are C. oleifera, C. brevistyla (or C. tenuifolia), and tea (C. sinensis) [13,14]. The former two were previously used for seedling production to produce seeds, but most of the seed yield per unit area comes from a few individual plants. Therefore, in this line of study, the characteristics of the flowers that cause this phenomenon were first explored, and it was found that several of them present significant correlations. Due to the fact that some of Taiwan’s tea trees have excellent fruiting abilities and abundant yields, two lines of thought have developed: one is to develop varieties for the production of tea oil, while the other is to develop varieties with low fruiting capacity for harvesting tea. Therefore, in this study, we further examine the correlation between flower traits and fruiting ability with the goal of identifying early selection indicators for these two goals, thus serving to shorten the breeding period of tea plants.



When tea flowers bloom, four progressive development stages (S1 to S4) have been identified, based on the morphology of the tea flower: S1, balloon stage; S2, petals half open; S3, flowers soon after anthesis, petals open, stamens colored bright yellow; and S4, day after anthesis, stamens colored brown [15]. In different tea genotypes, anthers may be at the same position as the stigma, or higher or lower [15,16]. There have been few studies on the relationship between flower morphology and pollination in tea plants. In almond (Prunus amygdalus), also classified as a self-incompatible plant along with tea, some scholars have studied the influence of flower morphology on pollination. In some almond varieties, the effect of the style length on pollen tube growth and the stigma versus anther position have been found to determine the possibility of natural selfing [17]. The fruit yields of almond varieties differ considerably after self-pollination, where this difference may be caused by partial self-incompatibility [18]. In almond breeding, self-compatible germplasms are mainly screened. The relative position of the stigma and anthers determines the possibility of natural selfing in some almond varieties, and pollinators are not required due to the natural selfing of plants in some self-compatible almond varieties [19].



Most tea plants are self-incompatible [20]. Tea plants, including plants from the genus Camellia, typically exhibit late-acting self-incompatibility (LSI) [21,22,23,24,25,26]. Fluorescence microscopy has revealed blockages of the pollen tubes in self-pollinated tea plants [27]. Due to LSI, the pollen tubes of self-pollinated plants fail to fertilize and have trouble entering the ovule [21]. LSI hinders the pollen tube, which is present at the base of the style, ovary, or ovule [24,25]. Transcriptome analysis of the style after selfing and out-crossing has indicated that the LSI of tea plants may be controlled by gametophyte genes [26,28].



Self-incompatibility is the key to preventing inbreeding-induced decline and maintaining genetic diversity; however, the tendency to undergo selfing may itself be a driver of speciation, and this hypothesis should be investigated in future studies on diversity and speciation [29]. In the case of the manual pollination of tea plants, the success rate of artificial cross-hybridization ranges from 4.6 to 26% [16,30]. Some tea varieties exhibit a self-pollination rate of up to 20% [31]. A previous study has used SSR markers to confirm selfing, indicating that the variety “Ziyan” is self-compatible [32].



Pollen viability is very important for successful pollination, where in vitro pollen germination testing can be used to determine the germination rate of pollen [33]. Pollen germination ability has been correlated with temperature [34] and the concentration of certain ions, such as Ca2+, H+, and so on [35,36]. In practical agricultural applications, chemical staining can be used to distinguish between viable pollen grains [37]. Triphenyl tetrazolium chloride (TTC) can stain the cells of many plants [38], and a TTC staining test can be conducted to determine the viability of plant pollen, as the results of the TTC test are close to the actual germination rate [39,40].



In a natural environment, many types of insects visit and pollinate flowers in tea gardens [41]; however, other research has rarely considered whether insects are affected by flower shape traits when they come into contact with tea flowers. In southern China, wild bees and flies aid in the pollination of Camellia plants. The activity of visiting insects peaks between 10:00 and 14:00. In a previous study, insect cross-pollination significantly improved the fruit yields of three Camellia species; namely, C. osmantha, C. vietnamensis, and C. oleifera [42].



Tea fruit contains two seeds on average and matures between eight and nine months after pollination. Periods of more than one month and four months are required for the development of the zygote and embryo of tea plants, respectively [15]. Tea seeds have different sizes [43]. Oil is extracted from tea seeds in many parts of the world, and tea seed oil is primarily composed of unsaturated fatty acids—mainly oleic acid—and other fatty acids in small proportions [44]; as such, tea seed oil may be a potential source of natural antioxidants [45,46]. The oil content of tea seeds ranges from 16 to 25% [45,47].



The tea fruit yield directly affects the yield of the seeds, and the yield varies greatly between tea varieties. Furthermore, the shape of the tea flowers may vary, depending on the variety. To address whether flower morphology affects the reproductive growth of tea plants, we examined the relationship between flower morphology and fruit yields to identify early breeding selection indicators.




2. Methods


2.1. Plant Materials


A total of 106 tea varieties, with 20 individual plants for each variety, were examined for this study. These plants were planted with a spacing of 50 and 180 cm between plants and rows, respectively, in 1994, in the germplasm garden (at an altitude, longitude, and latitude of 200 m, 121.186, and 24.909, respectively) established by the Tea Research and Extension Station in Taiwan, with the exception of TTES Nos. 19–20 (which were planted in 2004) and TTES No. 21 (which was planted in 2008). The plants were planted following the same cultivation method, which involved watering once a week and fertilizing every March with 3000 kg/ha of organic fertilizer (produced by Lv Lin Biotechnology Co., Ltd., Changhua, Taiwan) with an N:P:K ratio of 5:2:2. The location of pollen collection for tea varieties was the Taitung branch of TRES (at an altitude, longitude, and latitude of 175 m, 121.130, and 22.908, respectively).




2.2. Flower Morphology


In November 2019, a total of 10 fresh and fully open flowers of each tea variety were collected every morning. The flower picking period covered when flowers had just fully opened and they were picked at the opportune moment. According to the study of Ariyarathna et al. [17], the flowers we picked belonged to stage S3. Within 2 weeks, 106 varieties of flowers were collected every morning, sealed in plastic bags, and taken to be measured indoors immediately. After collection, the characteristics of the tea flowers were determined indoors using a cursor ruler. These characteristics included the length of the pistil (the highest point), the length of the stamen (the highest point), the inner and outer widths of the stamen bundle, and the width of the style. We classified the varieties in which the length of the pistil was shorter than that of the stamen into the anther superior group, and those in which the length of the pistil was longer than or equal to that of the stamen into the stigma superior group (Table 1). Figure 1 presents a morphological diagram of the floral apparatus of the tea plants used in this study.




2.3. Pollen Viability Test of Tea Varieties


Pollen viability is highly important for fruiting. When plants are pollinated by insects or self-pollinated, the viability of the pollen affects the outcome of the pollination. To understand the viability of tea pollens in different varieties, pollen was obtained from the 75 tea varieties at the Taitung branch of TRES. The flowers used for the test were obtained between 8:00 and 10:00 a.m. On the same day, the pollen from three opened flowers was mixed and shaken onto a microscope slide for observation. The staining solution used in this experiment was 100 g L−1 sucrose + 5 g L−1 2,3,5-triphenyl tetrazolium chloride (TTC), and the prepared solution was secondary water with an adjusted pH of 5.5 (secondary water is filtered once more than deionized water; as this water is close to neutral, we adjusted the pH to 5.5 using citric acid). The TTC staining solution was pipetted onto the microscope slide containing the tea pollen, then covered with a cover slip. After 4 h, the pollen staining was observed (Microtech D1500) at a magnification of 100× and photographed with camera equipment through the eyepiece by randomly moving the slide to obtain five different views of the pollen. After the test, the image was displayed on a computer screen, and the total number of pollen grains and the number of stained pollen grains were counted manually. In the TTC staining test, pollen grains that turn red or pink are considered viable. The pollen viability for each view of the pollen was calculated according to the count of (stained pollens/total pollens) × 100% for each of the five views.




2.4. Fruit Yield


In mid-October of 2013 and 2015, we collected and weighed fresh fruits immediately from 20 trees of a single variety, and then calculated the average fruit yield per tree. In 2012, the plants were pruned (medium) to a height of 70 cm in late January, and the shoots were kept in cultivation to ensure that the flower buds in 2012 fully bloomed, retaining the fruit yield for harvest in 2013. In order to ensure consistency over the two years of investigations, in 2014, the plants were pruned again to the same height as in 2012. Therefore, we do not have data for the 2014 yield, instead retaining the fruit yield for harvest in 2015.




2.5. Statistical Analysis


Continuous data, including yield and phenotypic traits, are presented as the median and interquartile range (IQR). Yield and phenotypic traits between the two groups of “pistil length shorter than stamen length” and “pistil length longer than stamen length” were compared using the non-parametric Mann–Whitney test. The non-parametric statistical hypothesis test was considered preferable due to the skewed yield distribution and the small sample size in the anther superior group, having pistil length < stamen length (N = 16).



Correlations between yield and phenotypic traits were evaluated by determining Spearman’s correlation coefficients (Spearman’s ρ, a non-parametric measure of rank correlation). Logistic linear regression models were used to determine the effects of phenotypic traits on yield (likelihood of high yield greater than the median). Additionally, the phenotypic trait variables with p-values of <0.2 in the univariate models were included in the model selection process. Then, the final multivariate model was determined by the conditional backward method. The corresponding odds ratios for the likelihood of higher yield in logistic regression models and weighting coefficients in general linear models with 95% confidence intervals were summarized and tabulated. A two-sided p-value less than 0.05 was considered statistically significant. All statistical analyses were performed using the IBM SPSS Statistics 25.0 software (IBM Corporation, Armonk, New York, NY, USA).





3. Results


3.1. Evaluation for the Homogeneity of Phenotypic Traits within Species


The homogeneity of phenotypic traits within the varieties was evaluated by calculating the intraclass correlation coefficient (ICC). The Cronbach’s alpha model of internal consistency was used, based on the average inter-item correlation. The interpretation of the ICC was based on the guidelines reported by Koo and Li (2016) [48]; namely, ICC values of <0.5, 0.5–0.75, 0.75–0.9, and >0.9 indicate poor, moderate, good, and excellent homogeneity, respectively.



Table 1 presents the homogeneity of phenotypic traits within the varieties, based on the ICC values. The ICCs of all varieties were >0.9, indicating the presence of excellent homogeneity within each set of 10 flowers for the 106 varieties of C. sinensis. Thus, the averaged phenotypic traits were directly used in subsequent statistical analyses.




3.2. Differences in Phenotypic Traits between Groups


In this study, the average length and width measurements of certain phenotypic traits of tea plants, including pistil length, stamen length, stamen bundle inner width, stamen bundle outer width, and stigma width, were 11.8, 10.9, 2.5, 15.0, 3.7 mm, respectively. The stamen length in the anther superior group was comparable to that in the stigma superior group (median value: 10.7 vs. 10.9 mm). Furthermore, the pistil length and stigma width in the anther superior group were significantly shorter and lower than those in the stigma superior group, respectively (median value: 10.1 vs. 12.2 mm and 3.0 vs. 4.0 mm, respectively; p < 0.001). In addition, the anther superior group had a significantly lower stigma width minus stamen bundle inner width than the stigma superior group (median values: 0.6 vs. 1.4 mm; p = 0.023); see Table 2.




3.3. Pollen Viability


The pollen viability of 75 tea varieties was evaluated according to the average count of (stained pollens/total pollens) × 100% for the five views in the TTC staining test, where pollen grains that turned red or pink in the test were considered to be viable (Figure 2). About half of the tea cultivars had pollen viability over 90% (50.7%), one-third (33.3%) of the tea cultivars had pollen viability in the range of 70–90%, and 12% of the tea cultivars had pollen viability in the range of 50–70%. Additionally, only three (4.0%) of the tea cultivars had pollen viability less than 50% (Figure 3). This indicates that most of the tested tea pollen possessed the ability to germinate normally after contact with a cross-pollinated stigma.




3.4. Yield Distribution of Test Tea Varieties within Two Years


The average fruit yield per plant for each tea variety exhibited a positively skewed distribution (Figure 4). The findings indicated that over half of the plants had low yields (of 0–200 g), accounting for 83.0% (59.0 + 17.0 + 7.0 = 83.0%) and 52.2% (27.8 + 17.4 + 7.0 = 52.2%) in 2013 and 2015, respectively. The plants that had higher yields (over 400 g) accounted for 8.0% (3.0 + 1.0 + 1.0 + 2.0 + 1.0 = 8.0%) and 26.2% (8.7 + 3.5 + 3.5 + 2.6 + 2.6 + 2.6 + 0.9 + 0.9 + 0.9 = 26.2%) in 2013 and 2015, respectively. Additionally, the yields of individual plants in 2015 were significantly improved, when compared to those in 2013 (median of 39.4 g in 2013 vs. 175.0 g in 2015; p < 0.001).




3.5. Distribution of Fruit Yield between the Anther and Stigma Superior Groups


A total of 106 tea varieties (with 20 individual plants per variety) were examined in this study. Among the 106 varieties, the average length of the pistil was shorter than that of the stamen for 16 (15.1%) varieties, with a median difference of −0.3 mm. These 16 varieties formed the anther superior group. The remaining 90 (84.9%) varieties, with a median difference of 1.0 mm between the length of the pistil and that of the stamen, were included in the stigma superior group (Table 1). In 2013, the fruit yield of the anther superior group was significantly lower than that of the stigma superior group (median of 19.1 vs. 62.0 g; p = 0.031; Figure 5A). Notably, the same difference was not statistically significant in 2015 (median of 132.3 vs. 215.9 g; p = 0.122; Figure 5B).




3.6. Monotonic Correlations between Phenotypic Traits and Yield


Next, we sought to understand the effect of tea plant flower traits on the average yield of tea plants at two years. As presented in Table 3, for the total group, yield was significantly negatively correlated with stamen length, stamen bundle outer width, and stamen bundle outer width minus stamen bundle inner width (Spearman’s ρ = −0.196, −0.243, and −0.254 and p = 0.044, 0.012, and 0.008, respectively). Meanwhile, yield was significantly positively correlated with the stigma width minus the stamen bundle inner width (Spearman’s ρ = 0.202; p = 0.038).



Similar results were observed in the stigma superior group. Yield was negatively correlated with the stamen length, stamen bundle outer width, and stamen bundle outer width minus stamen bundle inner width (Spearman’s ρ = −0.228, −0.303, and −0.301 and p = 0.031, 0.004, and 0.004, respectively). Furthermore, a positive correlation was observed between yield and stigma width minus the stamen bundle inner width (Spearman’s ρ = 0.216, p = 0.041). In the anther superior group, yield was negatively correlated with the stigma width minus the stamen bundle inner width (Spearman’s ρ = −0.556, p = 0.025).




3.7. Effects of Phenotypic Traits on Yield in 2013 and 2015


Logistic regression models were chosen to assess the effects of phenotypic traits on yield. As shown in Table 4, the plants were classified into two groups according to the 2013 yield data: higher yield (yield greater than the median yield of 39.4 g in 2013) and lower yield (yield less than the median yield of 39.4 g in 2013). Each phenotypic trait data point was included in a univariate logistic regression model, in order to test its effects on the likelihood of a higher yield. Additionally, three phenotypic trait variables showed significant effects on yield. Higher stamen bundle outer width was correlated with a lower likelihood of a higher yield, with the odds of a higher yield decreasing with each mm increase in the stamen bundle outer width, with an odds ratio of 0.82 (p = 0.024). Higher stigma width was correlated with a greater likelihood of higher yield: the odds of a higher yield increased with each mm increase in stigma width, with an odds ratio of 1.47 (p = 0.021). A higher stigma width minus stamen bundle inner width was correlated with a greater likelihood of a higher yield: the odds of a higher yield increased with each mm increase in the difference between the stigma width and the stamen bundle inner width, with an odds ratio of 1.53 (p = 0.007). After the model selection process, two variables (stigma width and stamen bundle outer width) were included in the final multivariate model. The results of the final multivariate model were consistent with those of the univariate models: when controlling the stamen bundle outer width under the same conditions, the odds of a higher yield increased with each mm increase in the stigma width, with an odds ratio of 1.72 (p = 0.003). Furthermore, when controlling the stigma width under the same conditions, the odds of a higher yield decreased with each mm increase in the stamen bundle outer width, with an odds ratio of 0.74 (p = 0.005); see Table 4.



As shown in Table 5, the plants were also classified into two groups according to the 2015 yield data: higher yield (yield greater than the median yield of 175.0 g) and lower yield (yield less than the median yield of 175.0 g). Each phenotypic trait datapoint was included in a univariate logistic regression model to test its effects on yield. Only one of the phenotypic trait variables had a significant effect on the yield: a higher stamen bundle outer width was correlated with a lower likelihood of a higher yield, as the odds of a higher yield decreased with each mm increase in the stamen bundle outer width, with an odds ratio of 0.81 (p = 0.013). After the model selection process, the two variables of stamen bundle outer width and the difference between the pistil length and the stamen length were included in the final multivariable model. The results indicated that the odds of a high yield decreased with each mm increase in the stamen bundle outer width, with an odds ratio of 0.78 (p = 0.006), when fixing the difference between the pistil length and stamen length. However, the effect of the difference between pistil length and stamen length on the likelihood of a higher yield was not statistically significant (OR = 1.55; p = 0.053); see Table 5.





4. Discussion


The fruiting ability of a tea plant is obviously determined by the success rates of pollination and fertilization, which are influenced by the success of pollination and self-incompatibility. Therefore, the difference in fruiting ability among tea populations, with their own anther epistatic flowers, should derive from the strength of their self-incompatibility. This phenomenon has obtained sufficient evidence in a bagging test of C. oleifera and C. brevistyla (or C. tenuifolia) (currently in the process of publishing). Therefore, self-compatible tea varieties should be explored in the future, in order to facilitate tea plant breeding for tea seed oil.



In our experiment, tea plant flower traits were assessed in order to explore their effects on fruit yields. We determined the intraclass correlation coefficients (ICC) of flowers, representing the consistency of tea flowers (Table 1). After determining the high homogeneity of flower traits in the study, many flower traits were related to the probability of pollination and, in fact, factors that are positively or negatively correlated seem to favor the stigma in obtaining pollen. From actual observations of the behavior of bees in the field, Figure 6A shows the case when the stigma is higher than the anther and opening, while Figure 6B shows the case when the stigma is lower than the anther. In Figure 6B, when the bees collect pollen, they are less likely to contact the stigma, as it is hidden under the anther. In Figure 6A, when the stigma is higher than the anther and has a larger width, the pollen carried by bees will more easily come into contact with the stigma. This point can be validated by looking at the obtained statistics: the fruit yield was higher with a larger width of stigma (Table 4). The results indicated that there exists a significant negative correlation between stamen bundle outer width and higher yield (Table 3, Table 4 and Table 5). It seems that bees collecting from flowers with a smaller stamen bundle outer width are more likely to touch the stigma in the middle of the flower, resulting in an increased pollination rate.



It can be seen, from Table 3, that the effect of stigma width minus stamen bundle inner width on fruit yield reached a statistically significant level in all three groups; however, the anther superior group and stigma superior group presented completely opposite results. When the stigma was hidden under the anther, the wider the width of the stigma, the lower the yield; presumably due to the lower ease of contact for pollinating bees. When the stigma was above the anthers, the wider the stigma, the easier it is to contact the pollen carried by bees.



The difference in tea tree fruit yields between 2013 and 2015 is presumed to be due to the moderate pruning in 2012 and 2014 (the years before the yield survey), in order to homogenize the experiment. The difference may be due to spring pruning being conducted in early 2014, allowing for better shoot growth, which may have led to the yield difference between the two years. From Figure 4, it can be seen that the fruit yield of most tea tree varieties was not high, which may be due to the fact that tea tree varieties were selected to produce leaves rather than fruits in the past, resulting in a positively skewed yield distribution. The fruit yield measurements were taken in 2013 and 2015. If possible, in the future, using the flower traits from the previous year may lead to better results.




5. Conclusions


The results of this study indicated that the flowers collected from a single variety of tea plant typically present a high degree of homogeneity. In the described experiment, most tea varieties had higher stigmas than anthers, and most tea varieties presented pollen vitality exceeding 70%. In terms of the correlation between flower traits and yield, although we assumed that the relative position of the anthers and stigmas would affect fruit yield, the comparative results were not significant. From the results of the experiments on flower traits that significantly affect fruit yield, it can be speculated that different anther and stamen traits affect the difficulty of insects (e.g., bees) with respect to contacting the stigma, which affects the pollination results and, consequently, fruit yield. The main factor influencing flower traits is the stamen bundle outer width (negative), while the secondary influencing trait is the stigma width. However, the efficacy of the stigma width may be affected by the position of the stigma relative to the anther and the stamen bundle inner width as well. In the future, these flower traits can be used as early indicators for reference in breeding programs.
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Figure 1. Morphological diagram of the tea (C. sinensis) plant’s floral apparatus. (A) The measured flower organ; (B) the anther superior morphology; and (C) the stigma superior morphology. The positions for measurement of pistil length and stamen length are shown. 
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Figure 2. TTC (2,3,5-triphenyl tetrazolium chloride) staining test of tea pollen. Pollen grains that turned red or pink (indicated by red arrows) were considered viable. Pollen grains lacking red color (indicated by white arrows) were classified as inactive. Magnification, 100×. 
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Figure 3. Pollen viability distribution for 75 tea varieties. 
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Figure 4. Distribution of the average fruit yield per plant of tea varieties in 2013 and 2015. 
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Figure 5. Distribution of fruit yields between the anther and stigma superior groups of the tea varieties. (A) Fruit yield distribution in 2013; and (B) fruit yield distribution in 2015. The p-values in the figure were obtained based on the non-parametric Mann–Whitney test. * p < 0.05 indicates that the difference between the groups was statistically significant. 
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Figure 6. Bee pollination. (A) Anther superior flower; and (B) stigma superior flower of C. sinensis. 
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Table 1. Intraclass correlation coefficients (ICCs) of flowers and the anther versus stigma position of the tea varieties.
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	No.
	Tea Varieties
	ICC of Flowers
	Anther vs. Stigma Position
	Position Gap (mm)





	1
	Chun-Ho-Sheng
	0.992
	Anther superior
	−0.86



	2
	Han-Kou
	0.996
	Anther superior
	−0.34



	3
	Hsiao-Tsu-Keng
	0.992
	Anther superior
	−0.49



	4
	Lin-Kou-Ta-Yeh-Wu
	0.998
	Anther superior
	−0.03



	5
	Manipuri
	0.997
	Anther superior
	−0.12



	6
	Niu-Pu
	0.996
	Anther superior
	−0.11



	7
	Pai-Mao-Hou
	0.995
	Anther superior
	−0.35



	8
	Shan-Cha
	0.992
	Anther superior
	−0.58



	9
	Shen-Man-Chung
	0.993
	Anther superior
	−0.31



	10
	Sou-Pei
	0.996
	Anther superior
	−1.26



	11
	Ssu-Chi-Chun
	0.993
	Anther superior
	−0.06



	12
	Ta-Hu-Wei
	0.998
	Anther superior
	−0.51



	13
	TTES No. 4
	0.992
	Anther superior
	−1.56



	14
	TTES No. 5
	0.990
	Anther superior
	−0.17



	15
	TTES No. 8
	0.993
	Anther superior
	−0.20



	16
	Yu-Chih
	0.995
	Anther superior
	−0.77



	17
	Hei-Mien-Tsao-Chung
	0.996
	Stigma superior
	1.61



	18
	Pu-Chih-Chun
	0.993
	Stigma superior
	1.13



	19
	Tao-Jen-Chung
	0.993
	Stigma superior
	0.08



	20
	Assam indigenous
	0.995
	Stigma superior
	1.35



	21
	Chih-Lan
	0.989
	Stigma superior
	1.10



	22
	Chi-Lan
	0.986
	Stigma superior
	2.26



	23
	Chi-Lung-Chin-Kuei
	0.994
	Stigma superior
	0.39



	24
	Chi-Lung-Pai-Chung
	0.989
	Stigma superior
	2.30



	25
	Chi-Men
	0.991
	Stigma superior
	0.15



	26
	Ching-Hsin-Ta-Mou
	0.996
	Stigma superior
	1.41



	27
	Ching-Hsin-Tsao-Chung
	0.992
	Stigma superior
	1.57



	28
	Ching-Hsin-Wu-Lung
	0.996
	Stigma superior
	0.51



	29
	Chin-Kuei
	0.991
	Stigma superior
	0.89



	30
	Chu-Yeh
	0.997
	Stigma superior
	1.38



	31
	Feng-Lin-Tsai
	0.995
	Stigma superior
	0.18



	32
	Fu-Chou
	0.996
	Stigma superior
	0.60



	33
	Han-Hsiao
	0.994
	Stigma superior
	1.24



	34
	Hei-Mao-Hou
	0.989
	Stigma superior
	1.08



	35
	Heng-Che-Ta-Yeh
	0.992
	Stigma superior
	1.69



	36
	Hsiao-Yeh-Tieh-Kuan-Yin
	0.994
	Stigma superior
	0.36



	37
	Huang-Chih
	0.994
	Stigma superior
	0.54



	38
	Huang-Chin-Kuei
	0.987
	Stigma superior
	1.02



	39
	Huang-Hsin-Wu-Lung
	0.995
	Stigma superior
	0.24



	40
	Huang-Kan
	0.990
	Stigma superior
	0.38



	41
	Hu-Nan
	0.978
	Stigma superior
	1.58



	42
	Hung-Hsin-Ta-Mou
	0.994
	Stigma superior
	0.96



	43
	Hung-Hsin-Wu-Lung
	0.993
	Stigma superior
	0.65



	44
	Hung-Hsin-Wu-Yi
	0.997
	Stigma superior
	1.51



	45
	Hung-Wei-Tsai
	0.993
	Stigma superior
	0.83



	46
	Jaipuri
	0.993
	Stigma superior
	0.57



	47
	Jou-Kuei
	0.989
	Stigma superior
	0.27



	48
	Kan-Tsai
	0.993
	Stigma superior
	3.29



	49
	Kan-Tsai (Yellow)
	0.995
	Stigma superior
	0.72



	50
	Kuei-Hua
	0.994
	Stigma superior
	0.61



	51
	Kyang
	0.998
	Stigma superior
	0.78



	52
	Mao-Hsieh
	0.995
	Stigma superior
	0.31



	53
	Mao-Tsai
	0.991
	Stigma superior
	0.41



	54
	Mei-Chan
	0.990
	Stigma superior
	2.37



	55
	Mien-Tien
	0.994
	Stigma superior
	1.53



	56
	Niu-Shih-Wu
	0.990
	Stigma superior
	2.25



	57
	Pa-Hsien
	0.995
	Stigma superior
	1.27



	58
	Pai-Hsin-Wu-Lung
	0.996
	Stigma superior
	2.23



	59
	Pai-Hsin-Wu-Yi
	0.995
	Stigma superior
	2.02



	60
	Pai-Yeh
	0.986
	Stigma superior
	1.21



	61
	Ping-Shui
	0.993
	Stigma superior
	0.18



	62
	Po-Yeh
	0.989
	Stigma superior
	1.45



	63
	San-Cha-Chih-Lan
	0.996
	Stigma superior
	0.27



	64
	Shan
	0.996
	Stigma superior
	0.47



	65
	Shih-Cha
	0.987
	Stigma superior
	0.10



	66
	Shui-Hsien
	0.995
	Stigma superior
	1.79



	67
	Ssu-Chi-Chun-Pien-Chung
	0.995
	Stigma superior
	0.06



	68
	Ta-Chi-Ling
	0.993
	Stigma superior
	1.27



	69
	Ta-Ching-Tsao-Sheng
	0.993
	Stigma superior
	1.02



	70
	Ta-Mou
	0.995
	Stigma superior
	1.98



	71
	Ta-Nan-Wan-Hei-Mao-Hou
	0.986
	Stigma superior
	0.75



	72
	Tan-Shui-Ching-Hsin
	0.993
	Stigma superior
	0.51



	73
	Ta-Teng
	0.996
	Stigma superior
	2.45



	74
	Ta-Yeh-Wu-Lung
	0.995
	Stigma superior
	3.67



	75
	Tieh-Kuan-Yin
	0.995
	Stigma superior
	1.01



	76
	Tien-Kung
	0.992
	Stigma superior
	1.06



	77
	Tsao-Chung
	0.996
	Stigma superior
	1.21



	78
	TTES No. 1
	0.990
	Stigma superior
	1.14



	79
	TTES No. 10
	0.992
	Stigma superior
	0.09



	80
	TTES No. 11
	0.991
	Stigma superior
	2.94



	81
	TTES No. 12
	0.989
	Stigma superior
	1.75



	82
	TTES No. 13
	0.993
	Stigma superior
	2.07



	83
	TTES No. 14
	0.989
	Stigma superior
	1.81



	84
	TTES No. 15
	0.996
	Stigma superior
	1.04



	85
	TTES No. 16
	0.996
	Stigma superior
	3.40



	86
	TTES No. 17
	0.988
	Stigma superior
	2.45



	87
	TTES No. 19
	0.997
	Stigma superior
	0.57



	88
	TTES No. 2
	0.996
	Stigma superior
	0.27



	89
	TTES No. 20
	0.991
	Stigma superior
	0.91



	90
	TTES No. 21
	0.990
	Stigma superior
	1.07



	91
	TTES No. 3
	0.995
	Stigma superior
	0.49



	92
	TTES No. 6
	0.991
	Stigma superior
	1.16



	93
	TTES No. 7
	0.991
	Stigma superior
	0.38



	94
	TTES No. 9
	0.987
	Stigma superior
	0.54



	95
	Tu-Tsai-Keng-Pai-Mao-Hou
	0.995
	Stigma superior
	1.45



	96
	Tzu-Chung
	0.995
	Stigma superior
	0.22



	97
	Wan-Chung
	0.991
	Stigma superior
	1.54



	98
	Wen-Shan-Chih-Lan
	0.992
	Stigma superior
	1.01



	99
	Wen-Shan-Ta-Yeh-Wu
	0.995
	Stigma superior
	0.61



	100
	Wu-Chin
	0.994
	Stigma superior
	0.40



	101
	Wu-Ku-Tsai
	0.963
	Stigma superior
	0.15



	102
	Wu-Yi
	0.995
	Stigma superior
	0.17



	103
	Wu-Yi-Pien-Chung (Yellow leaves)
	0.990
	Stigma superior
	0.30



	104
	Yen-Chuan
	0.993
	Stigma superior
	0.16



	105
	Ying-Chih-Hung-Hsin
	0.992
	Stigma superior
	2.15



	106
	Ying-Chih-Tsao-Chung
	0.990
	Stigma superior
	0.53
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Table 2. Comparison of phenotypic traits between the anther and stigma superior groups.
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	Phenotypic Trait
	Total

(N = 106)
	Anther Superior (Pistil Length < Stamen Length) (N = 16)
	Stigma Superior (Pistil Length ≥ Stamen Length) (N = 90)
	p-Value





	Pistil length (mm)
	11.8 (10.3, 13.3)
	10.1 (9.5, 10.9)
	12.2 (11.0, 13.5)
	<0.001 **



	Stamen length (mm)
	10.9 (10.1, 11.9)
	10.7 (10.1, 11.5)
	10.9 (10.1, 12.0)
	0.308



	Pistil length minus stamen length (mm)
	0.7 (0.2, 1.5)
	−0.3 (−0.7, −0.1)
	1.0 (0.4, 1.5)
	<0.001 **



	Stamen bundle inner width (mm)
	2.5 (2.1, 3.1)
	2.4 (1.8, 2.6)
	2.5 (2.2, 3.2)
	0.073



	Stamen bundle outer width (mm)
	15.0 (14.0, 17.0)
	14.6 (13.3, 15.6)
	15.1 (14.0, 17.1)
	0.123



	Stamen bundle outer width minus stamen bundle inner width (mm)
	12.4 (14.2, 11.5)
	12.3 (13.5, 11.0)
	12.5 (14.3, 11.5)
	0.215



	Stigma width (mm)
	3.7 (2.9, 4.9)
	3.0 (2.3, 3.5)
	4.0 (3.0, 5.2)
	<0.001 **



	Stigma width minus stamen bundle inner width (mm)
	1.2 (0.2, 2.3)
	0.6 (0.2, 1.2)
	1.4 (0.5, 2.6)
	0.023 *







Data are presented as the median and IQR (interquartile range: the range from 25th percentile to 75th percentile); ** p < 0.01 and * p < 0.05 indicate statistically significant differences between the groups. The p-values in the table were obtained based on the non-parametric Mann–Whitney test.
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Table 3. Correlations of yield versus phenotypic traits by group on the average yield of tea plants at two years.
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Phenotypic Traits

	

	
Total (N = 106)

	
Anther Superior (Pistil Length < Stamen Length) (N = 16)

	
Stigma Superior (Pistil Length ≥ Stamen Length) (N = 90)






	
Pistil length

	
Spearman’s ρ

	
−0.054

	
−0.135

	
−0.167




	
p value

	
0.584

	
0.617

	
0.117




	
Stamen length

	
Spearman’s ρ

	
−0.196

	
−0.200

	
−0.228




	
p value

	
0.044 *

	
0.458

	
0.031 *




	
Pistil length minus stamen length

	
Spearman’s ρ

	
0.189

	
0.147

	
0.075




	
p value

	
0.053

	
0.587

	
0.485




	
Stamen bundle inner width

	
Spearman’s ρ

	
−0.058

	
0.138

	
−0.121




	
p value

	
0.555

	
0.610

	
0.256




	
Stamen bundle outer width

	
Spearman’s ρ

	
−0.243

	
−0.138

	
−0.303




	
p value

	
0.012 *

	
0.610

	
0.004 **




	
Stamen bundle outer width minus stamen bundle inner width

	
Spearman’s ρ

	
−0.254

	
−0.129

	
−0.301




	
p value

	
0.008 **

	
0.633

	
0.004 **




	
Stigma width

	
Spearman’s ρ

	
0.170

	
−0.432

	
0.156




	
p value

	
0.081

	
0.094

	
0.141




	
Stigma width minus

stamen bundle inner width

	
Spearman’s ρ

	
0.202

	
−0.556

	
0.216




	
p value

	
0.038 *

	
0.025 *

	
0.041 **








** p < 0.01 and * p < 0.05 indicate statistically significant differences between groups. The correlation coefficients are presented as Spearman’s ρ (a non-parametric measure of rank correlation).
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Table 4. Effects of phenotypic traits on the yield of tea varieties in 2013.
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	Model
	Odds Ratio

(95% CI)
	p-Value





	Univariate models
	
	



	Pistil length ≥ stamen length
	1.55 (0.52, 4.60)
	0.429



	Pistil length < stamen length
	Reference group
	



	Pistil length minus stamen length
	1.42 (0.90, 2.23)
	0.129



	Pistil length (mm)
	0.95 (0.77, 1.17)
	0.630



	Stamen length (mm)
	0.79 (0.59, 1.05)
	0.105



	Stamen bundle inner width (mm)
	0.77 (0.45, 1.31)
	0.327



	Stamen bundle outer width (mm)
	0.82 (0.69, 0.97)
	0.024 *



	Stigma width
	1.47 (1.06, 2.03)
	0.021 *



	Stigma width minus stamen bundle inner width
	1.53 (1.12, 2.09)
	0.007 **



	Final multivariate model
	
	



	Stamen bundle outer width (mm)
	0.74 (0.59, 0.91)
	0.005 **



	Stigma width
	1.72 (1.20, 2.47)
	0.003 **







** p < 0.01 and * p < 0.05 indicate a significant effect on yield. The p-values in the table were obtained based on the univariable logistic regression models.
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Table 5. Effects of phenotypic traits on the yield of tea varieties in 2015.
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	Model
	Odds Ratio

(95% CI)
	p-Value





	Univariate models
	
	



	Pistil length ≥ stamen length
	1.41 (0.48, 4.10)
	0.533



	Pistil length < stamen length
	Reference group
	



	Pistil length minus stamen length
	1.35 (0.89, 2.04)
	0.157



	Pistil length (mm)
	0.94 (0.76, 1.15)
	0.532



	Stamen length (mm)
	0.78 (0.59, 1.03)
	0.079



	Stamen bundle inner width (mm)
	0.77 (0.46, 1.28)
	0.309



	Stamen bundle outer width (mm)
	0.81 (0.68, 0.96)
	0.013 *



	Stigma width
	1.17 (0.88, 1.54)
	0.280



	Stigma width minus stamen bundle inner width
	1.24 (0.95, 1.63)
	0.118



	Final multivariate model
	
	



	Pistil length minus stamen length
	1.55 (0.99, 2.41)
	0.053



	Stamen bundle outer width (mm)
	0.78 (0.65, 0.93)
	0.006 **







** p < 0.01 and * p < 0.05 indicate a significant effect on yield. The p-values in the table were obtained based on the univariate logistic regression models.
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