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Camellia yuhsienensis was used to cross with Camellia oleifera to improve the resistance of oil camellia anthracnose. However, unilateral cross-incompatibility (UCI) between C. oleifera and C. yuhsienensis was found during the breeding process. Five C.oleifera cultivars and four C. uhsienensis materials were tested to confirm the UCI between C. oleifera and C. yuhsienensis. ‘Huashuo’ (HS) and ‘Youza 2’ (YZ2) were used to represent these two species to characterize the UCI, including pollen tube growth, fertilization and fruit development. The results demonstrated that UCI was prevalent between C. oleifera and C. yuhsienensis. The asynchronous flowering period was a pre-pollination barrier that limited mating between these two species under natural conditions. Interspecific pollen tubes were observed through the styles of these two plants, though the growth rates differed considerably. At 96 hours after pollination, the pollen tube of YZ2 barely entered the ovule, but remained at the base of the style and became swollen. However, the HS pollen tube entered the ovule 48 hours after pollination, double fertilization was observed, and the fruit and seeds developed commonly. Relative to compatible combinations, most unfertilized ovules in incompatible combinations failed to grow, turned brown 150 days after pollination, and the fruits were smaller than expected with uneven enlargement. Investigations on both semi-in vivo and in vitro pollen tubes gave us new idea for thought: the HS style has a stronger inhibitory effect on the interspecific pollen tubes, while calcium alleviates the inhibitory of styles but failed to prevent the appearance of abnormal pollen tube morphology. This study provides useful information on interspecific hybridization between C. oleifera and C. yuhsienensis for understanding reproductive isolation mechanisms and breeding programs in genus Camellia.
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1 Introduction

Camellia oleifera Abel, belongs to Sect. oleifera of the genus Camellia, whose seeds can produce oil with economic benefit, is one of the dominant woody oil crops widely cultivated in southern China. C. oleifera has large fruits with rich oil content but is sensitive to anthracnose (Wang et al., 2017; Li et al., 2021; Quan et al., 2022). Camellia yuhsienensis Hu, a relative of C. oleifera in the genus Camellia, is characterized by high oil quality and strong resistance to anthracnose, a source of natural resistance for use in elite cultivars (Chen et al., 2021; Li et al., 2021). Crossbreeding is a crucial part of the C. oleifera tree breeding program because of its self-incompatibility (Liao et al., 2014; Goulet et al., 2017; Lenzi et al., 2021).

Interspecific hybridization enables the introduction of new valuable traits and is an effective means of breeding new varieties, but is limited by reproductive specificity. Cross incompatibility is a mechanism of reproductive isolation categorized as unilateral or bilateral (Maune et al., 2018). Unilateral cross-incompatibility(UCI) is defined as asymmetric reproductive isolation, manifested by successful crosses in one direction and unsuccessful crosses in the other (Muñoz-Sanz et al., 2020). Currently, UCI has been observed in banana shrub (Xu et al., 2017), jacaranda tree (Bittencourt, 2019), azalea (Okamoto and Ureshino, 2015), etc. However, no studies have been reported on the cytological mechanism of interspecific asymmetric hybridization in the genus Camellia between Camellia oleifera and Camellia yuhsienensis.

Hybrid incompatibility is generally classified into pre- and post-pollination barriers (Moyle et al., 2014). Pre-pollination barriers consist of differences in flowering period, flower morphology, and pollinators formed by the interaction between the environment and the species (Muñoz-Sanz et al., 2020). The post-pollination barriers are divided into pre- and post-zygotic barriers based on whether they are fertilized or not, which triggers the accumulation of genetic differences during the process of speciation (Baack et al., 2015). Both post-pollination barriers reduce the fruit set, even though the potential mechanisms are distinct (Lowry et al., 2008). Pre-zygotic barriers after pollination are related to pollen-pistil interactions, including the inability of pollen to germinate on the stigma and the inability of the pollen tube to reach the embryo sac to complete fertilization successfully (Moyle et al., 2014). Even after completing double fertilization, plants face post-zygotic barriers such as embryo abortion, embryo developmental failure, and offspring sterility (Chen et al., 2016).

Calcium is essential for the germination and growth of pollen tubes, whose role during pollination and fertilization has received particular attention (Zheng et al., 2019). Previous studies reported that a specific calcium distribution existed at the tip of the fast-growing pollen tube (Miller et al., 1992). Moreover, the semi-in vivo technique has recently been widely used to study pollen-pistil interactions (Hafidh et al., 2014; Claessen et al., 2022). However, it has not been applied to interspecific cross-compatibility within the genus Camellia.

In this study, UCI was found in C. oleifera and C. yuhsienensis. C. oleifera cultivar ‘Huashuo’ (HS) and C. yuhsienensis cultivar ‘Youza 2’ (YZ2) were used as representatives to identify the cytological mechanisms of UCI. Besides, the exploration of interspecific semi-in vivo system clarified that the inhibition of interspecific pollen tube was mainly due to the style. Based on the results, we discussed the possibility of improving C. oleifera cultivars by interspecific hybridization, which provides a reference for overcoming the incompatibility of genus Camellia crosses.




2 Materials and methods



2.1 Plant materials

Five C. oleifera cultivars ‘Huajin’(HJ), ‘Huaxin’(HX), ‘Huashuo’ (HS), ‘Xianglin’ (XLC15), ‘Changlin18’(CL18) were selected. Similarly, a cultivar ‘Youza 2’(YZ2), and three superior individual plants YZ1, W1, and W2 were selected among C. yuhsienensis. The above nine plant materials were used for interspecific hybridization. C. oleifera cultivars are five-year-old grafted seedlings and C. yuhsienensis are ten-year-old natural trees, which were mature trees with stable characteristics. The plant material was planted and grown at the Central South University of Forestry Science and Technology (lat. 28°05′N, long. 113°21′E), in a humid subtropical monsoon climate zone with an average annual temperature of 18.2°C and annual precipitation of 1715.8 mm.




2.2 Characteristics of pre-pollination barriers

Single plants of five cultivars of C. oleifera were randomly selected for flowering investigation with four individual plant materials of C. yuhsienensis to investigate the flowering period. The flowering periods of C. oleifera and C. yuhsienensis in 2021-2022 were recorded, and the flowering status was described by three periods: the beginning of flowering, full flowering, and end of flowering, indicating that the flowering amount reached 5%, 25%, and 95% of the plant (Wei et al., 2021).




2.3 Characteristics of post-pollination barriers



2.3.1 Artificial pollination

Artificial pollination included interspecific crosses between C. oleifera and C. yuhsienensis. Two interspecific hybrid combinations “C. oleifera × C. yuhsienensis” and “C. yuhsienensis × C. oleifera” were set up. A fixed pollen parent was employed in each combination and pollinated separately with a different variety of the other species, with each combination pollinating 50 flowers. Flowers were selected at the bud stage, emasculated before pollination, then the viable pollen was manually applied to the stigma. After completing pollination, the flowers were covered with sulfate paper bags until 7 days after pollination (DAP). The fruit set rate was counted every 30 d within 270 DAP, dividing the number of expanded ovaries by the number of pollinated flowers. And the cross-compatibility index was calculated by dividing the seed number by the number of pollinated flowers.




2.3.2 Pollen tube observation

In situ: Two cross-pollinated combinations, “HS × YZ2” and “YZ2 × HS”, were used as representatives for the histological observation. Pistils were collected after 3, 6, 12, 18, 24, 36, 48, 72, 96, 120, 144, and 168 hours after pollinations (HAP), treated with NaClO solution (active chlorine 9000 mg·L-1) for 0.5 h, softened with 8 mol·L-1 NaOH for 1 h, and stained with 0.3% (w/v) aniline blue and observed by fluorescence microscopy (Olympus BX51, Japan). Observation on pistils was at least 5 in each period, and the number of pollen tubes in situ observed was n ≥ 45.

In vitro: Collected pollen from HS and YZ2 was removed from -80°C and placed at normal temperature (25°C) for 1 h. Pollen was incubated on solid medium, consisted of 10% sucrose, 0.01% boric acid, 1% agar (w/v).Pollen tube lengths were counted and recorded at 0-12 h every 2 h and at 12-48 h every 4 h. The number of pollen tubes in vitro observed was n ≥ 20.




2.3.3 Embryology observation

Ovules were stained with eosin for 1 h, dehydrated by ethanol gradient, and transparent with methyl salicylate (Gao et al., 2018). Confocal laser scanning microscope(CLSM) obtained images with an excitation wavelength of 512 nm (Leica SP8, Germany), combined with conventional observation of 9 μm paraffin sections, for investigating the double fertilization of each ovule.





2.4 Pollen tube growth inhibition mechanism



2.4.1 Semi-in vivo trial

Semi-in vivo culture conditions were explored containing style and ovary factors. Styles of different lengths were cut and divided into three groups: top, middle, and bottom, indicating the top third of the style, half of the style, and the entire style separately. The presence or absence of ovary below the style incision were the two treatments explored for the ovary factor.

Pistils were retrieved immediately after pollination and treated as previously reported (Chang et al., 2023). The treated styles and ovaries were placed on a solid medium for culture. The medium composition was the same as pollen culture in vitro with the addition of an additional 50 mg·L-1 CaCl2. The film separated the pollinated stigma from the medium, and the style incision was placed tightly against the medium. After incubation in the dark at 25°C, the style was observed microscopically. The length and number of pollen tubes growing out of the style incision were observed and recorded.




2.4.2 Ca2+ fluorescent probe loading

[Ca2+]cyt of pollen tubes grown in vitro (HX and YZ2 pollen cultured in 10% sucrose, 0.01% boric acid) and semi-in vivo were labeled with Fluo-4/AM ester at -80 kPa, 4°C, in the dark for 30 min (Li et al., 2018), and then washed three times with basic culture solution. After that, the labeled pollen tubes were left at room temperature for 30 min and observed at 488 nm excitation wavelength under the CLSM.





2.5 Statistical analysis

Statistical scores were recorded and analyzed using Microsoft Excel 2019 and GraphPad Prism 8.0. Significance analysis of differences between two samples was assessed using a Student’s t-test or Duncan’s test, and p < 0.05 was considered statistically significant.





3 Results



3.1 Comparison of flowering periods and the fruit set of interspecific hybridization

The five C. oleifera cultivars bloomed from October to December (Figure 1A-(a-e)), and the four C. yuhsienensis cultivars bloomed from February to April (Figure 1A-(f-i)). Plants from these two species differed in the distribution of the beginning, full, and end of flowering stages but not in the total length of the flowering period. The total flowering period of C. oleifera was significantly extended than that of C. yuhsienensis on average 35 d and 32.5 d, respectively (Figure 1B).




Figure 1 | Blooming flower morphology and flowering periods. (A) Flowering morphology of five C oleifera cultivars and four C yuhsienensis plants used as cross-pollinated parents. (a) ‘Huajin’ (HJ). (b) ‘Huaxin’(HX). (c) ‘Huashuo’(HS). (d) ‘Xianglin’ (XLC15). (e) ‘Changlin18’(CL18). (f) YZ1. (g) YZ2. (h) W1. (i) W2. (B) Flowering period of C oleifera and C yuhsienensis. Among them, (a–e) are of C. oleifera, and (f–i) are of C. yuhsienensis.



Based on the survey of fruit set rate every 30 days, the fruit set rate of these two cross combinations was found to remain stable after 90 DAP (Figure 2). Few fruits were obtained in the hybrid combinations with C. oleifera as the pollen recipient, with fruit set rates of 4.0%, 4.0%, 2.0%, 8.0%, and 6.0%, respectively. While in the hybrid combination with C. yuhsienensis as the pollen recipient, the compatibility was better by 56.0%, 46.0%, 78.0%, and 88.0% fruit set rates, respectively. Besides, the cross-compatibility index also showed better compatibility of C. yuhsienensis as the recipient parent rather than the pollen donor (Table 1).




Figure 2 | Investigation of fruit set rate in interspecific crosses between C. olefera and C. yuhsienensis. Error bars show ± SD. Different lowercase letters indicate significant differences by Duncan’s test (p<0.05).




Table 1 | The fruit set rate and seed production in different cross combinations between C. oleifera and C. yuhsienensis.






3.2 Characterization of pollen tube growth and ovule penetration

The growth patterns of pollen tubes of these two hybrid combinations were compared, with “HS × YZ2” and “YZ2 × HS” as representatives. Within the selected period, pollen tubes were observed in all parts of the style of both species (Figure 3A). At 24 HAP, the pollen tubes of HS grew to about one-half of the style of YZ2 (Figure 3A-a), while the pollen tubes of YZ2 only grew to one-fifth of the style of HS (Figure 3A-h). The pollen tubes in YZ2 reached the base of the style at 48 HAP (Figure 3A-b), while the pollen tubes in the HS style only grew to a quarter of the whole style (Figure 3A-i). The pollen tubes of HS grew to half of the YZ2 style at 72 HAP and reached the base of the style at 96 HAP (Figure 3A-j-k).




Figure 3 | Pollen tube growth in the interspecific reciprocal cross of HS and YZ2. (A) Pollen tube growth pattern in interspecific crosses at 24, 48, 72, 96, 120, 144, and 168 hours after pollination (HAP). The red arrows indicate the maximum length of pollen tube growth in each period. (B) Dynamic growth of pollen tubes. (a–c) The pollen tube of HS on the stigma of YZ2, in the style, and growing at the base of the style. (d) The pollen tube of HS penetrated the ovule via the micropyle. (e–g) The pollen tube of YZ2 on the stigma of HS, in the style, and growing at the base of the style. (H) The enlarged view of the red box in (g) demonstrates the abnormal pollen tube morphology. (C) Comparison of growth rates at different periods before pollen tubes reached the base. Pollen tubes in situ were observed and counted in each period n=45. Error bars show ± SD. Significant differences at *p<0.05, **<0.01, and ***<0.001. “ns” indicates no significant difference. (D) Measurement of pollen tube length in HS and YZ2 grown in vitro. The growth rates of these species had similar trends. Pollen tubes in situ were observed and counted in each period n=30. Error bars show ± SD. Significant differences at  ***p <0.001. “ns” indicates no significant difference. aPT, abnormal pollen tube; PT, pollen tube.



Pollens from HS and YZ2 were able to germinate on the interspecific stigma (Figure 3B-(a-e)) and grew to the base of the style, although at different times. Remarkably, when the pollen tubes grew to the base of the style, the pollen tubes of the HS continued to grow down to the ovary in the YZ2 style (Figure 3B-c). In contrast, the pollen tubes of the YZ2 stagnated at the base of the style in HS (Figure 3B-g), and the tip of pollen tube became swollen (Figure 3B-h). At the time after the pollen tube reached the base of the style (“HS × YZ2” after 96 HAP and “YZ2 × HS” after 48 HAP), the ovules of all pistils were treated transparently to observe whether the pollen tube penetrated. In the bottom style of YZ2, pollen tubes of HS grew along the hollow placenta toward the ovule and penetrated the ovule through the micropyle (Figure 3B-d). However, most pollen tubes of YZ2 reach only the base of the HS style (Figure 3A-(k-n)), with almost no pollen tubes entering the ovule, although the fruit set rate suggested this possibility.

The velocity variation of the pollen tube before reaching the base of the style was refined (Figure 3B-(b-f)) and the growth rate of the pollen tube in situ was compared between the two cross combinations (Figure 3C). At 3 HAP, the HS pollen tubes were already fast-growing. In comparison, the speed of YZ2 pollen tubes rose rapidly after 12 HAP, but they both grew in a conventional pattern in style. The velocity of the HS pollen tube diminished at 48 HAP due to reaching the base of the style, while the YZ2 pollen tube did not reach the base of the style, but the velocity started to decrease. Compared to the HS pollen tubes produced in YZ2, the high-speed growth period for the ones grown in HS was delayed. However, HS and YZ2 pollen tubes culture in vitro showed the same trend of increasing velocity until 24 h (Figure 3D), suggesting that the growth of YZ2 pollen tubes grown in HS styles may be restricted.




3.3 Observation of double fertilization and fruit development of interspecific hybridization by mass pollination

Mass pollination was performed to observe double fertilization and to obtain fruits of incompatible combinations. Ovule fertilization observations after pollination with HS and YZ2 were made when the pollen tube reached the style base. The ovules of both recipient pistils developed usually, and the embryo sac structure was intact (Figure 4A-(a-e)). At 48 HAP, the pollen tube of HS entered the ovule of YZ2. One of the released sperm fused firstly with the two polar nuclei to form the primary endosperm nucleus (Figure 4A-b), and the other sperm subsequently fused with the egg cell to form the zygote (Figure 4A-(c-d)). No characteristic fertilization was observed in the investigated ovules of 168 HAP from five pistils. Unfertilized ovules were found to have a complete embryo sac structure, including the egg apparatus and the central cell (Figure 4A-(f–h)).




Figure 4 | Fertilization and fruit development in the interspecific reciprocal cross of HS and YZ2. (A) Observations on the embryo sacs of two hybrid combinations. (a) The embryo sac of a single ovule of YZ2 was shown under the fluorescence field. (b) After 48 HAP, the primary endosperm nucleus with conidia was formed in the embryo sac of YZ2. (c) A sperm entering the egg cell in the embryo sac of YZ2 was undergoing fusion to form a zygote. (d) Paraffin sections of ovule from YZ2 showed zygote after sperm-egg fusion, observed at 60-72 HAP. (e) The embryo sac of a single ovule of HS was shown under the fluorescence field. (f) After 96 HAP, the two synergids were morphologically normal in the HS embryo sac, and the central cell with two polar nuclei was above it. (g) An unfertilized egg cell in the HS embryo sac. (h) Paraffin sections of unfertilized ovule from HS observed at 120-168 HAP. (B) Comparison of fruit-setting rates between intraspecific and interspecific pollination combinations. (a) Fruit set and morphological development of the two interspecific combinations ranged from 30-240 DAP. (b) Comparison of the final fruit set rate of interspecific and intraspecific pollinated combinations. “YZ2 × YZ1” and “HS × HX” are intraspecific compatible pollination combinations with C. yuhsienensis and C. oleifera as the female parent, respectively. (C) Comparison of fruit morphological traits of two hybrid combinations. (a) Comparison of YZ2 × HS and YZ2 compatible-pollinated fruits at 150 DAP. (b) Cross-sectional comparison of YZ2 × HS and YZ2 compatible-pollinated fruits at 180 DAP. (c) Comparison of HS × YZ2 and HS compatible-pollinated fruits at 150 DAP. Comparison of normal and abnormal seeds inside the fruit at 150 DAP. (d) Cross-sectional comparison of HS × YZ2 and HS compatible-pollinated fruits compatible pollinated fruits at 180 DAP. Red arrows indicate abnormal and fertile seeds. PEN, primary endosperm nuclei; Zy: zygote; S, synergid; CC, central cell; EC, egg cell; CPF, compatible-pollination fruit; AS, aborted seed; FS, fertile seed.



Fruit development of the two crosses was followed. Even with heavy pollination, “HS × YZ2” produced few fruits, and the few remaining fruits enlarged unevenly (Figure 4B-a). To further characterize the interspecific fruit, fruit from compatible intraspecific pollination “YZ2 × YZ1” and “HS × HX” were introduced for comparison (Figure 4B-b). “YZ2 × HS” harvested many available fruits that were essentially indistinguishable in appearance from those obtained from its intraspecific compatible pollination. The remaining fruits of “HS × YZ2” had significantly smaller fruits than intraspecific hybridization with HS as a receptor (Figure 4C(-a-c)). At 150 DAP, “YZ2 × HS” fruit seeds were creamy white and usually developed, indistinguishable from intraspecific hybrid fruits (Figure 4C-b). Correspondingly, of the few left “HS × YZ2” fruits, only one ovule was fertilized and developed, slightly larger than any fertilized ovule from HS intraspecific pollination. All the rest of the “HS × YZ2” unfertilized ovules turned brown with no increase in size (Figure 4C-d).




3.4 Analysis of the causes of incompatible combination



3.4.1 Exploration of interspecific semi-in vivo pollination experimental system

An attempt in vivo was made to analyze the reason why the pollen tubes of YZ2 were inhibited by the HS pistil. To simulate the pollen tube growth in situ of “HS × YZ2”, an exploration of semi-in vivo culture was conducted. Semi-in vivo culture conditions were explored containing style and ovary factors. Style factors were explored by examining the length and number of pollen tubes grown in three different lengths of style incisions (Figure 5A). After 12 HAP, pollen tubes emerged from the incision of the “Top” style, while after 24 HAP, pollen tubes appeared in both the “Top” and “Middle” styles. A clear distinction exists among the pollen tubes growing from the incision of the three styles’ lengths, with the shortest having the most pollen tubes and growing longer. However, no pollen tubes grew out of the incision in the “bottom” style, even after extending to 96 HAP. Moreover, the presence of the ovary seemed to have no noticeable effect on the pollen tube growth (Figure 5B).




Figure 5 | Exploration of semi-in vivo pollination assay of “HS × YZ2”. (A) Illustration of three style lengths used in the experiments. Top: the upper third of the style; Middle: half of the style, Bottom: complete style. (B) The number and length of pollen tubes growing out of each group of incisions. “+” and “−” represent the presence and absence of ovaries below the incision, respectively. At least n=30 styles were examined in each group. Error bars show ± SD. Significant differences at ***p <0.001. “ns” indicates no significant difference. (C) Diagram of the major steps of the semi-in vivo pollination test. The medium supplemented with 50 mg·L-1 CaCl2 alleviated the inhibition of the style and allowed the pollen tubes to grow out at the incision of the intact style.



The above device was incompletely simulated, as the YZ2 pollen tube grew in situ at the base of the HS’s style, the upper end of the ovary. Adding calcium to the medium became an approach, as the proper amount catalyzes pollen tube growth. The final determination was achieved by comparing different concentration gradients and adding 50 mg·L-1 CaCl2 (Supplementary Table 1) to the medium to ensure that the pollen tube of YZ2 grows out of the incision of the “bottom” style. The entire procedure of the semi-in vivo experiment is illustrated in Figure 5C.




3.4.2 Calcium ion gradients at the tips of pollen tubes in vitro or semi-in vivo

To observe the growth of interspecific incompatible combination “HS × YZ2” in vivo, Fluo-4/AM was loaded into pollen tubes with compatible combination “HS × HX” and HX and YZ2 pollen tubes cultured in vitro as controls.

A gradient-changing [Ca2+]cyt fluorescence was seen in the cytoplasm of the in vitro cultured HX pollen tubes after the subapical region, and YZ2 pollen tubes in vitro were similar (Figure 6A). However, the tips of YZ2 pollen tubes passing through the HS style developed an abnormal distribution of [Ca2+]cyt. Likewise, semi-in vivo cultured YZ2 pollen tubes exhibited a curled appearance that distinguished them from the smooth HX (Figure 6B). The fluorescence intensity of the pollen tube tips for the four treatments was recorded mentioned above, and the semi-in vivo cultured YZ2 pollen tube was distinguished from the other three pollen tubes (Figure 6C). The [Ca2+]cyt gradient disappeared at the tips of YZ2 pollen tubes grown through HS styles, suggesting a strong inhibition effect of styles on pollen tubes.




Figure 6 | Characterization of calcium ion distribution at the tip of pollen tubes in vitro or semi-in vivo. (A) Calcium ion gradient distribution at the tip of HX and YZ2 pollen tubes in vitro. From left to right were the fluorescent field, bright field, and merged image. (B) Distribution of calcium ion gradients at the tips of HX and YZ2 pollen tubes and pollen tube morphology in semi-in vivo system. From left to right, the fluorescence field, bright field, merged image, and aniline blue fluorescence image. (C) Fluorescence intensity of HX and YZ2 pollen tube tips in vitro and in semi-in vivo. The measurement distance was about 40 μm from the tip of the pollen tube.








4 Discussion

Pre-pollination barriers under natural conditions may be due to time, space, and availability of pollinators (Moyle et al., 2014). One of the main differences between the C. oleifera and C. yuhsienensis is flowering phenology, which hinders genetic exchange, despite the similarity of their pollinators and geographical location (Maekawa et al., 2022; Yuan et al., 2022). Artificial pollination overcame the flowering asynchronism between C. oleifera and C. yuhsienensis and facilitated the genetic exchange between them. C. yuhsienensis is highly resistant to anthracnose and possesses many excellent traits, such as flowering in spring, the higher unsaturated fatty acid content of its seeds, and fragrance of the flowers (Nie et al., 2020), which offer us the possibility of improving flowering time, oil quality, and ornamental properties. Gene exchange between C. oleifera and C. yuhsienensis can be facilitated through artificial crosses, and the favorable traits of both can be effectively combined to further breed premium quality oil in genus Camellia. Combining abilities also differ among different genotypes with the same species in the present study. The hybrids of crosses with different genotypes in these two species will be expanded, to further elucidate the genetic mechanism of UCI, which is of great significance in C. oleifera tree production and breeding.

After pollination, the pre-zygotic barrier is mainly characterized by pollen tubes. The rate of pollen germination in different pistils, as well as pollen tube growth, varies widely. In the style of Nicotiana longiflora, the pollen tube growth rate of interspecific hybrids was higher than that of self-crosses, while in N. plumbaginifolia, the growth rates of the two pollen tubes were not significantly different (Figueroa-Castro and Holtsford, 2009). In Petunia, pollen tubes for intraspecific pollination grow more rapidly than those for interspecific growth (Kato et al., 2022). In interspecific hybrids of the tomato clade, pollen tubes of distinct species have different growth rate in the pistil of the same species (Baek et al., 2015). Self-incompatibility is prevalent in the genus Camellia, and the pollen tube of cross-pollination grew faster in the style than self-pollination (Liao et al., 2014). Both cross- and self-pollinated pollen tubes reached the base of the style at 48 HAP (Liao et al., 2014), whereas in our work in interspecific crossed with C. yuhsienensis pollen tubes reach only 30% of the style. The growth rate of pollen tubes is related to the mating system of the species, with interspecific pollen tubes will be suppressed at a high level in the pistil (Tonnabel et al., 2021). The HS pollen tubes growing in the style of C. yuhsienensis were bright and numerous under the fluorescence microscope, while those growing in the style of C. oleifera were relatively small and dark, which correlated with the characteristics of the pollen itself (Shivanna, 1982). In this study, the incompatible pollen tubes of interspecific crosses of the genus Camellia exhibited morphologies distinct from the compatible pollen tubes, such as swelling, branching, and twisting (Nikolic and Milatovic, 2010), which were similar to the abnormal pollen tubes of its self-pollination (Liao et al., 2014). UCI and SI are potentially linked in some flowering plants (Lewis and Crowe, 1958; Hancock et al., 2003), but it is unknown in genus Camellia. Many species have yielded such findings on the mechanism of hybridization disorder recently of UCI and SI (He et al., 2019; Takada et al., 2021; Wang et al., 2022), but the molecular mechanism of cross-incompatibility in genus Camellia still requires further elucidation to provide insights for overcoming the reproductive barriers among genus Camellia species, and to propose reliable methods to overcome as well.

Post-zygotic barriers usually lead to fertilization or stagnation at various stages of development (Chen et al., 2016). Even though double fertilization and globular embryos have been observed in the embryo sacs of interspecies-pollinated Chimonanthus, the embryos were eventually aborted due to undeveloped endosperm (Wang et al., 2014). The structure of unfertilized ovules and the double fertilization process we observed are consistent with the previous research (Gao et al., 2015). The fertilized ovules of the hybrid combination “C. oleifera × C. yuhsienensis” were successfully developed, albeit rather sparsely, suggesting that the failure of the pollen tube entering the embryo sac is a key point leading to its incompatibility. Unfertilized ovules were distinguished from fertilized ovules by turning brown and aborted (Liao et al., 2014; Hu et al., 2020). In the above cross combinations, the volume difference between the sparsely fertilized ovules and the unfertilized ovules became progressively larger during maturation, giving rise to uneven fruit enlargement. Even though “C. oleifera × C. yuhsienensis” overcame a strong pre-zygotic barrier to obtain fruit, only one fertile seed was likely available (Supplementary Figure 2).

Semi-in vivo pollination assays provide an effective method for studying pollen tubes in vivo. In exploring the conditions of this experiment, we found that style length had a remarkable effect on pollen tube growth, as evidenced by the extraordinary ability of interspecific pollen tubes to grow after the top-style. Due to the short length of YZ2’s style, physical isolation may be a factor (Lee et al., 2008). No pollen tubes could be visualized at the incision of the intact style before modified medium at any time after 24 HAP. Dissecting the styles for staining revealed that many pollen tubes had grown to the base at 36 HAP, but failed to grow outside the incision. After adding exogenous calcium, the pollen tubes were allowed to grow out of the incision, implying that calcium alleviated the inhibition of HS styles to the interspecific pollen tubes. Pollen tube growth is regulated by dynamic calcium ion concentration, promoted by certain calcium concentrations (Steinhorst and Kudla, 2013). The reason for inhibition of incompatible pollen tube growth is hypothesized to be a large influx of extracellular calcium suppressing growth, resulting in abnormal pollen tube tip morphology (Guan et al., 2013). Consequently, the ion changes were measured before and after pollination of pistils from oil camellia cross combinations, similar to the tea tree pollination studies (Ma et al., 2018). The calcium content of the pistil showed an irregular change after pollination compared to compatible pollination (Supplementary Figure 3). However, no further evidence is available to suggest that the variation in calcium content is the main cause of UCI and additional research is still requested.

The ovary factor in the semi-in vivo experiment exploration was set up to clarify whether the ovary affects the pollen tube growing to the base in pollen-pistil interactions, like affecting self-incompatible pollen tubes (Chang et al., 2023). Although the inhibition of the pollen tube by the style was more pronounced in this assay, the ovary should not be considered without an effect, which needs to be determined by further experiments. In conclusion, the semi-in vivo pollination test plays a role in pollination compatibility study. It allows trials on more species and genotypic materials. This research provides new guidance and reference for overcoming the barriers to hybridization in oil tea and the mechanism of interspecific hybrid incompatibility.




5 Conclusion

UCI was prevalent between C. oleifera and C. yuhsienensis, and artificial pollination overcame the spatial and temporal barriers. The growth of pollen tubes in vivo revealed that UCI in C. oleifera and C. yuhsienensis was a pre-zygotic barrier, manifested by the slowed growth rate of pollen tubes in C. yuhsienensis when C. oleifera was the recipient parent, and the swelling appeared at the base of the style. Semi-in vivo system clarified further that the style inhibited interspecific pollen tube growth and disrupt the intracellular calcium gradient in the pollen tube. To our knowledge, this is the first time that the cytological mechanism of UCI is reported in C. oleifera and C. yuhsienensis.
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The cross-compatibility index was calculated by dividing the total number of seeds by the total number of pollinated flowers. The data on fruit set rate are means ( + standard deviation). Different
lowercase letters indicate significant differences by Duncan’s test (p<0.05).
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