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Abstract: In this study, newly sprouted shoots of Zanthoxylum armatum (Z. armatum), which were collected after the harvesting period, were used as the primary experimental specimens. A randomized block design and paraffin sectioning method were used to investigate the flower bud differentiation process and the quantity and vitality of buds. Furthermore, the study examined the response of flowering and fruiting to cultivation methods for shoot growth, including layering and plant growth regulator application. The results showed that (a) layering and application of plant growth regulators for Z. armatum accelerated the process of flower bud differentiation by approximately 20 days compared to the control group. Additionally, both shoot control methods generated more and larger bud primordia and perianth primordia during the same differentiation phase. (b) The application of plant growth regulators resulted in well-developed buds, exhibiting higher levels of flower bud differentiation than the layering method. The quality of flower bud formation for both shoot control methods was superior to that of the control group. (c) The flowering phenological period was relatively consistent between the two cultivation methods, but the fruit maturity phase for shoot-controlled trees occurred 20 days earlier than the control group. (d) Both layering and the application of plant growth regulators significantly decreased the rates of unfertilized flower shedding and fruit shedding. However, no significant difference was noted in fruit setting per inflorescence and per flower between the two methods and the control. The effect of altitude for both methods on the fruit setting was not significant. Under both shoot control methods, the Z. armatum exhibited earlier morphological differentiation of flower buds, faster differentiation process, improved flower bud quality, and significantly decreased rates of flower and fruit shedding. Thus, these cultivation methods demonstrated the potential to promote flowering, improve fruit setting, and reduce fruit shedding in Z. armatum.
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1  Introduction

Zanthoxylum armatum DC (Z. armatum), belonging to the family Rutaceae, is a small tree commonly known as “green pepper” [1,2]. The fruit peel of this plant is a high-quality aromatic spice, and its seeds are used as raw material for premium edible oils in China [3]. With the adjustment of rural industrial structure in mountainous areas in recent years, Z. armatum has been extensively cultivated in Yunnan, Guizhou, Sichuan, and Chongqing of China, and the planting area is expanding. However, the current cultivation and management practices for Z. armatum lack specificity, resulting in excessive shoot elongation, poor flower bud formation quality, and severe flower and fruit shedding. These issues lead to low yield per unit area and low quality, which, to some extent, affect the enthusiasm of Z. armatum cultivators.

Previous studies on Z. armatum have primarily focused on cultivation and management practices [4], control of diseases and insect pests [5–7], genetics and breeding [8–11], medicinal properties [12–14], and processing and utilization [15–18]. With regards to flower bud differentiation of Z. armatum, Chang et al. [19] have made significant contributions by categorizing the process into six different stages for the first time. Additionally, a subsequent study by Hu et al. [20] expanded the classification of Z. armatum flower bud morphology into seven stages, effectively improving the understanding of the biological characteristics underlying the process of flower bud morphological differentiation in Z. armatum. Lv undertook a comparative study on flower bud differentiation between Dahongpao in Fengxian County and Dahongpao in Hancheng [21] further adding to our knowledge in this area. In recent years, multiple studies have focused on exploring the hormonal balance in the context of regulating flower bud differentiation, with a notable emphasis on the interaction between cytokinin (CK), indole-3-acetic acid (IAA), abscisic acid (ABA), and gibberellic acid (GA) [22–26]. The application of growth regulators could inhibit branch elongation, enhance lignification, elevate rates of flower bud differentiation and fruit setting, and increase the yield of “Hanyuan PutaoQingjiao” [27]. Moreover, growth regulators have demonstrated the capability to regulate the flowering period of various plant species [28,29]. Several studies have suggested that hormone treatment could regulate the sex differentiation of flower buds in certain plant species [30,31]. However, the concentration and treatment time of growth regulators confer different effects on different plants, and the underlying regulatory mechanisms are complicated [32]. In terms of flowering and fruit setting, Zeng et al. [33] conducted a study on the topping (removing the unproductive leafy tips) of Zanthoxylum schinifoliumin in dry and hot environmental conditions. Notably, these practices played a role in preventing the shedding of flowers and fruits, thereby promoting flower budding and fruit retention. The impact of varied nutrient ratios and dosages of nitrogen (N), phosphorus (P), and potassium (K) on the flowering and fruit abscission of Z. armatum was explored by Meng et al. [34]. The results unveiled that the spraying of boron fertilizer increased the fruit-setting rate of Z. armatum by 6.73%, with notable significance observed in the effects of different fertilizer treatments on the fruit-setting rate. In addition, the application of a 0.33% micronutrient soluble fertilizer through spraying during the early fruit stage, specifically 20 days after flowering exhibited a remarkable improvement in the fruit set and quality of Z. armatum. The process of fruit shedding is common among various plant species in nature, serving as an adaptive response to the external environment. Extensive research has focused on reducing the plant fruit drop rate to improve agricultural yield and productivity [35]. In numerous plant species, the thinning of flowers and fruits is often practiced, as it has been observed that excessive fruit load tends to compromise overall quality. Of note, Z. armatum is one such plant species frequently affected by fruit shedding [36]. The results showed a noticeable occurrence of fruit drop, accompanied by the withering of most stigmas towards the end of the flowering period. This phenomenon was attributed to the asynchronous fruit setting in the inflorescence, leading to the early shedding of fruits that had been set earlier during the flowering period [37]. There are different periods of fruit-shedding in Z. armatum. In the initial phase, fruits detach from their stalk, which primarily occurs in the early stage of fruit shedding. In the subsequent phase, the fruits detach without stalk, mainly occurring in the later stage of fruit abscission. Some studies have indicated that the shed fruits exhibit significantly lower content of N, P, K, soluble sugars, and other physiological indexes than the retained fruits.

Presently, a common practice in Z. armatum fruit harvesting involves the pruning of all the primary fruit-bearing branches. In the following year, newly-formed branches during the summer season are used as fruit-bearing branches. It is crucial for these new branches to attain a certain length in a short time to ensure sufficient flower bud differentiation and foster buds with robust vigor and vitality. Striking a balance becomes critical as excessively rapid growth of new branches can lead to broader spacing between nodes and poor differentiation of flower buds. On the other hand, if the branch length remains excessively short, the resulting yield will be compromised. Therefore, this issue exhibits dual outcomes, highlighting the need for precision in cultivation management practices to achieve an optimal balance for maximizing fruit production.

There are two main cultivation methods to control the shoot growth of Z. armatum, namely shoot layering and application of plant growth regulators. Shoot layering, also known as branch bending, is a technique of manipulating and adjusting the branches by changing the angles, thereby modifying the growth angle and nutrient balance to promote reproductive growth of Z. armatum [38]. Alternatively, the use of plant growth regulators, for example uniconazole, offers a chemical-controlled method to control branching and facilitate flowering in Z. armatum [39–41]. The growth and flowering of Z. armatum are affected by the altitude and microclimate, leading to different growth and development characteristics in different areas. The effects of the two shoot control methods are also different. In light of the concerns of excessive tree density and the overuse of plant growth regulators in production setting, this study was undertaken to evaluate the aforementioned two methods and investigate the flower bud differentiation process, quantity and vitality of flowering buds, and the changes in flowering and fruit setting. This study also aims to provide a scientific basis for developing effective techniques and practices for shoot regulation to promote the rapid and sustainable development of the Z. armatum industry.

2  Materials and Methods

2.1 Experimental Site and Conditions

The experiment was conducted in Daguan County, Zhaotong City, Yunnan Province, China, specifically located at coordinates of 27°36′~28°15′N,103°43′~104°07′E. The altitude ranges between 492 to 2,785 m, with higher altitudes in the north-south direction and lower altitudes in the central region. The site has a subtropical monsoon climate, with relatively consistent temperature variations and notable changes in altitudes. The annual average temperature is 14.5°C, the average annual sunshine duration is 966.3 h, and the average precipitation is 991.3 mm. The soil type in this area is classified as lime soil.

The specimens selected for experimentation were 4–6-year-old trees in the fruiting period and acclimatized to the local environment. The variety used was Z. armatum. Standardized management practices were employed across different altitudes to ensure consistency in the cultivation practices.

2.2 Experimental Methods

2.2.1 Selection of the Experimental Plot and Sampling of the Branches

The experimental plot was set up at altitudes of 600 and 800 m in the Tianxing Town Daguan County. Each experimental plot covered an area of approximately 0.2 hm2. The experiment adopted a random block design with single-plant plots and three replicates. In the two plots, three treatments were carried out including layering, application of plant growth regulators, and a control group (CK; no layering or application of plant growth regulators). At each altitude, three plants were assigned to each treatment, resulting in a total of 18 samples. After the harvesting, the new shoots of Z. armatum were selected as the sampled branches. From each plant and treatment, six shoots were sampled from the central region of the tree canopy, which were distributed in all four cardinal directions.

The cultivation methods for experiments are designated as follows:

Treatment 1 (T1): shoot layering. In mid-September, the sprouting shoots in the central region of the canopy were gently pressed at the base of the branch. After shoot layering, the branches displayed an opening angle of about 80°.

Treatment 2 (T2): plant growth regulator application (uniconazole + brassinosteroids). Following the harvest of Z. armatum, the initial application of plant growth regulators was administered when the new branches reached a length of approximately 30 cm. The whole plant was uniformly sprayed, ensuring complete coverage of the canopy. Subsequently, as the new branches attained a length of about 60 cm, a second round of plant growth regulators was sprayed. A third application occurred when the new branches reached a length of about 90 cm. The concentration of the plant growth regulator during the first application was 1000 mg/L, which was increased to 3000 mg/L during the second application and further escalated to 5000 mg/L during the third application. The concentration of plant growth regulators used at different times was determined based on the growth of the branches. As their growth advanced, the concentration of plant growth regulators was increased accordingly.

Control group (CK): No layering or application of plant growth regulators was conducted.

2.2.2 Bud Collection and Fixation

Buds were collected from the 6th–10th nodes of branches. Bud sampling began in early September, with a frequency of every 30 days. One bud was collected from each sample branch, resulting in a total of five collections. The first bud collection was performed at the 6th node, and the subsequent collection focused on the 7th node. The collected buds were fixed in an FPA70 solution, transported to the laboratory, and stored in a refrigerator at 4°C. The preserved buds were then subjected to microscopic sectioning and morphological observations.

2.2.3 Observation of Flowering and Fruiting Characteristics and the Phenological Stage

From November 2021 to November 2022, the main indicators pertaining to the flowering biological characteristics of Z. armatum were assessed. These indicators included the number of inflorescences on fruiting branches (on all the sampled branches), number of flowers per inflorescence (12 inflorescences per sampled plant), rate of flower shedding (12 inflorescences per sampled plant), rate of fruit shedding (12 inflorescences per sampled plant), fruit setting rate per inflorescence (on all the sampled branches), fruit setting rate of the flowers (12 inflorescences per sampled plant). The calculation formulas for the flower shedding rate, fruit shedding rate, fruit setting rate of inflorescences, and fruit setting rate of flowers are as follows:

Flower shedding rate% = (total number of flowers−number of flowers after flower shedding)/total number of flowers × 100%

Fruit shedding rate% = (total number of fruits after flower shedding−number of fruits before harvest)/total number of fruits after flower shedding × 100%

Fruit setting rate of inflorescences% = number of inflorescences with fruit setting after flower shedding/total number of inflorescences × 100%

Fruit setting rate of flowers% = number of flowers with fruit setting after flower shedding/total number of flowers × 100%

The observation criteria for the phenological stages of Z. armatum are presented in Table 1.
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2.2.4 Paraffin Section Preparation

With reference to the protocol detailed by Li et al. [42] and Xiong et al. [43], the experimental methodology involved the utilization of conventional paraffin sections. The stepwise procedure included a series of steps, such as sample, collection, specimen fixation, dissection, dehydration, vacuum impregnation, permeabilization, wax immersion, embedding, block trimming, slicing, slide spreading, fixation, dewaxing, staining, sealing microscopic observation, and image acquisition. The sections of flower buds were observed and photographed under the Axio Vision system.

2.2.5 Data Processing

Statistical analysis and graphical illustrations were performed using Microsoft Excel. Furthermore, the SPSS 26.0 software was used for data processing and analysis. One-way analysis of variance (ANOVA) was used to statistically analyze the data among multiple groups, enabling the comparison of the mean values. What test did you use to compare the mean values? The probability level was set at p < 0.05.

3  Results

3.1 Effects of Different Shoot Control Methods on Flower Bud Differentiation

Under the treatments of shoot layering or plant growth regulators, Z. armatum, situated at an altitude of 600 m, entered the bud differentiation stage in early November. The bud primordia were visible on the inflorescence axis (Figs. 1A and 1B). Conversely, the control plants were still in the inflorescence axis differentiation stage (Fig. 1C). At an altitude of 800 m, the process of flower bud differentiation in early November was similar to that at 600 m. The protrusions on each node of Z. armatum buds increased gradually in response to the layering and plant growth regulators treatments. The bud primordium and the apical bud primordium were clearly visible, indicating that the flower buds entered the blossom bud differentiation stage (Figs. 1D and 1E). In contrast, the control plants remained at the stage of inflorescence axis differentiation (Fig. 1F).
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Figure 1: Structural characteristics of flower buds of Z. armatum at different altitudes in response to different treatments (November 5th)
Note: The left panels (A, D) display the visible bud primordium at the blossom bud differentiation phase under layering treatment, the middle panels (B, E) show the visible bud primordium at the blossom bud differentiation phase under Gr treatment, and the right panels (C, F) demonstrate the inflorescence axis differentiation phase under the CK treatment. FP, flower primordium; IP, inflorescence primordium; Gr, growth regulator.

Following the application of plant growth regulators, the differentiated flower buds at altitudes of 600 and 800 m exhibited a noticeable increase in the bud base size compared to the layering method. These treated buds also displayed increased vitality in comparison to the thin and small buds observed in response to layering treatment (Figs. 1A, 1B, 1D, 1E).

In early December, the flower buds at the base of the Z. armatum flower buds on the inflorescence axis gradually protruded towards the periphery under the layering and plant growth regulators treatments at an altitude of 600 m. The formed apical perianth primordium bent and elongated upward in an arc-like shape, suggesting that the flower buds entered the perianth differentiation stage (Figs. 2A and 2B). In contrast, the control plants remained in the flower bud differentiation stage (Fig. 2C). At an altitude of 800 m, the process of flower bud differentiation in early December reached a similar stage as observed at 600 m. The Z. armatum was also in the perianth differentiation stage in response to layering and plant growth regulator application (Figs. 2D and 2E). The control plants were still in the flower bud differentiation stage (Fig. 2F).
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Figure 2: Structural characteristics of flower buds of Z. armatum at different altitudes in response to different treatments (December 7th)
Note: The left panels (A, D) display the visible PP at the flower bud differentiation phase under layering treatment, the middle panels (B, E) show the visible PP at the flower bud differentiation phase under Gr treatment, and the right panels (C, F) demonstrate the inflorescence axis differentiation phase under the CK treatment. FP, flower primordium; PP, perianth primordium; Gr, growth regulator.

During the flower bud differentiation stage under control conditions at an altitude of 800 m, a size increase was observed in the flower primordia when compared to plants cultivated at 600 m. Consistently, both layering and plant growth regulator application at 800 m resulted in larger flower primordia than the corresponding flowers grown at 600 m (Figs. 1 and 2).

In the early stages of March in the subsequent year, the flowering process of Z. armatum gradually sprouted under the cultivation methods of layering and plant growth regulator application. This approach resulted in notable changes within the flower ovary, including its enlargement and the progressive encasement of nucellar cells by integument cells. Moreover, two distinct ovules were observed in the ovary, which commenced division and growth during the female gametophyte developmental stage (Figs. 3A, 3B, 3D, 3E). In contrast, the ovule primordia were differentiated in the ovary of the pistil in the control group (Figs. 3C and 3F). The ovule primordia commenced division and differentiation, thereby resulting in a smaller ovary size in the control group compared to the two treatments at the developmental stage of ovule development.
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Figure 3: Structural characteristics of flower buds of Z. armatum at different altitudes in response to different treatments (March 9th)
Note: The left panels (A, D) display the visible OP at the developmental phase of the female gametophytes under layering treatment, the middle panels (B, E) show the visible OP at developmental phase of the female gametophytes under Gr treatment, and the right panels (C, F) demonstrate the ovule development phase under the CK treatment. OP, ovary primordium; Gr, growth regulator.

3.2 Phenological Stages of Flowering and Fruiting in Z. armatum DC.

A comprehensive one-year phenological observation was conducted to analyze the effects of different altitudes and treatments during the phenological period of Z. armatum. The findings regarding the timing of the flowering and fruiting phenological stages at different altitudes and under different treatments are presented in Table 2.
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The phenological stages of flowering and fruiting in response to the cultivation methods of layering and plant growth regulator application in Z. armatum were observed to occur earlier and have shorter durations compared to the control group. The initial flowering period for both altitudes of 600 and 800 m under the treatments of layering and plant growth regulator application was in mid-March, about 10 days earlier than the control group. Additionally, the subsequent flowering and fruiting phenological stages under the two treatments occurred 10 days earlier than the control group. In the actual cultivation practices, the application of fertilizers to the Z. armatum trees promotes the preservation of flowers and fruits based on the phenological stages of flowering and fruiting as well as the external climate conditions. An appropriate application of fertilizer for flower and fruit protection effectively promotes the preservation of flowers and fruits in Z. armatum.

There was no significant difference in the phenological stages of Z. armatum between the control treatment and the cultivation methods of layering and plant growth regulator application. No significant differences were noted in the plants cultivated at 600 and 800 m altitudes. The fruit maturity phenological stage of Z. armatum is characterized by specific changes, such as the softening of the fruit peel, translucency in the oil cells, transition into a red color, and the development of good flavor and quality. In Daguan County, at or below an altitude of 800 m, fruit maturity typically occurs in early July. However, mature fruits were observed as early as mid-to-late June in response to the layering method.

3.3 Effects of Shoot Control Methods on Flowering and Fruiting of Z. armatum DC.

3.3.1 Fruit Number and Flowers Number per Inflorescence

The number of fruits set in the inflorescence and the total number of flowers in the inflorescence serve as direct indicators of the quality of flower bud differentiation. The average number of fruits set in the inflorescence and the average number of flowers per inflorescence of sample branches at 600 and 800 m altitudes were statistically analyzed (Table 3).
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At an altitude of 600 m, both layering and plant growth regulator application resulted in a larger number of flowers and fruits set than the control group. Specifically, the average number of flowers per inflorescence was 68.61 in the control branches, 78.75 in the layering treatment, and 94.42 in the plant growth regulator application. The number of flowers formed under the layering and plant growth regulator treatments was significantly larger than that in the control group. Moreover, the number of flowers formed after the application of plant growth regulators was significantly larger than that of the layering method. The average number of fruits set per inflorescence was 44.22 in the control branches, 48.64 in the layering treatment, and 58.50 after the application of plant growth regulators. Thus, the number of fruits set after the application of plant growth regulators showed a significant increase compared to the control and the layering treatment. Still, there was no significant difference between layering and control treatments (Table 3).

At an altitude of 800 m, the number of flowers and fruit set under the two treatments was significantly higher than the control group. The average number of flowers per inflorescence was 68.83 in the control branches, 83.56 in the layering treatment, and 90.83 in the plant growth regulator treatment. Likewise, the number of flowers formed after both the layering and plant growth regulator treatments was significantly increased relative to that in the control group, and the application of plant growth regulators led to a significantly larger number of flowers compared to the layering method. The average number of fruits set per inflorescence was 41.67 in the control branches, 52.67 in the layering treatment, and 57.81 in the plant growth regulator treatment. The number of fruits set per flower in the layering and plant growth regulator treatments was significantly larger compared to the control. Nevertheless, no significant difference was witnessed between the layering and plant growth regulator treatments.

Collectively, the flower buds of both treatments exhibited greater vitality in comparison to the control group at both altitudes. This effect resulted in a higher yield of flowers and fruits during the flowering and fruiting stages. During different stages of flower bud differentiation, the number of flower primordia formed in response to the two treatments was also larger compared to that of the control group. From the above analysis, it can be concluded that the flower bud quantity and vitality in Z. armatum followed the order of plant growth regulators > layering > control. Therefore, the two treatments proved to be effective and feasible in promoting flower development and flower preservation in Z. armatum.

3.3.2 Rate of Flower-Shedding and Number of Fruits Set per Inflorescence or Flower

This study proceeded to examine the effects of cultivation methods of layering and plant growth regulator application on the fruit setting rate per inflorescence or flower, as well as the rates of flower-shedding and fruit-shedding of Z. armatum (Figs. 4, 5). At an altitude of 600 m, the flower-shedding rates in the control group, layering method, and plant growth regulator application were 70.10%, 66.07%, and 65.47%, respectively. Similarly, the fruit-shedding rate was 63.21% for the control, 58.08% for layering, and 57.46% for plant growth regulator application. It was observed that both flower shedding and fruit shedding rates were considerably high in Z. armatum. However, the rates of flower shedding and fruit shedding in response to the two treatments were significantly lower compared to the control group (p = 0.01), with no significant differences detected between the two treatments. In addition, the fruit setting rates per inflorescence of the control group, layering method, and plant growth regulator application were 64.55%, 62.271%, and 61.9306%, respectively. There was no significant difference in the fruit setting rates per inflorescence or flower between the control group and the two treatments. Meanwhile, the fruit setting rate per flower of the control was slightly higher compared to the use of plant growth regulators (Fig. 4).
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Figure 4: Comparison of the effects of different treatments on the fruit setting rate of inflorescence or flower and the rates of flower-shedding and fruit-shedding of Z. armatum at an altitude of 600 m
Note: Multiple comparisons were performed between the means using the Duncan method at a significance level of p = 0.05. The letters a, b, and c indicate statistically significant differences among the groups.
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Figure 5: Comparison of the effects of different treatments on the fruit setting rate of inflorescence or flower and the rates of flower-shedding and fruit-shedding of Z. armatum at an altitude of 800 m
Note: Multiple comparisons were performed between the means using the Duncan method at a significance level of p = 0.05. The letters a, b, and c indicate statistically significant differences among the groups.

At an altitude of 800 m, there was no significant difference between the control group and the two treatments in the fruit setting rate per inflorescence or flower. The rates of flower shedding for the control group, layering method, and plant growth regulator application were 69.57%, 64.78%, and 63.54%, respectively. Although the flower shedding rate was higher than 60%, both treatments led to a significantly lower flower shedding rate than the control group (p = 0.01), with no significant differences between the two treatments. In terms of fruit-shedding, the control group, layering method, and plant growth regulator application demonstrated rates of 65.56%, 58.84%, and 57.74%, respectively. Furthermore, the fruit shedding rate of the control group was significantly higher than that observed in the two treatments (p = 0.01).

The rates of flower and fruit shedding at an altitude of 600 m were found to be comparable to those observed at 800 m. Notably, the different treatments had no significant effect on the fruit setting rate per inflorescence or flower. The physical control approach (layering) and the chemical control approach (plant growth regulator application) conferred protective effects on the preservation and vitality of flowers and fruits.

4  Discussion

The quantity and percentage of flower bud differentiation in Z. armatum have been found to correlate with the length, coarseness or fineness, quantity, and maturity time of the branches [44–46]. It is noteworthy that the layering method and plant growth regulator application stimulated earlier flower bud differentiation of Z. armatum than the control group. The flower bud differentiation percentage of the two treatments surpassed that of the control group at the same differentiation stage. In addition, when subjected to the plant growth regulator application, the bud primordium exhibited a higher level of flower bud differentiation, along with larger buds compared to those treated with layering. In Daguan County, Yunnan Province, China, the primary plant growth regulator is uniconazole, which functions as a growth retardant for plants. Its inhibitory effect on gibberellin. synthesis allows for the control of vegetative growth, cell elongation suppression, node spacing reduction, induction of branch wood senescence, enhancement of stress resistance, and stimulation of flower bud differentiation. After the application of plant growth regulators, the branches of Z. armatum quickly transition from the vegetative growth to the reproductive growth phase. The underlying causes of flower and fruit shedding in Z. armatum are complex. Previous studies have suggested that fruit abscission is a normal biological characteristic of Z. armatum and can be affected by inclement weather conditions, such as prolonged precipitation and high humidity, which subsequently contribute to the falling of the flowers. In the dry-hot valley area, the high temperatures in May and June can cause the loss of leaf moisture, resulting in fruit shedding. The flowering and fruit setting stages of Z. armatum need a substantial intake of nutrients. Insufficient nutrient supply, especially during the initial stages, may lead to early leaf senescence and subsequent nutrient depletion, thereby causing extensive flower and fruit shedding. The flowering and fruiting periods of Z. armatum are in spring. Dry weather conditions can impede nutrient transportation in the tree, resulting in the production of abnormal flowers. Both mechanical shedding and natural shedding are primary factors responsible for fruit shedding in Z. armatum. Natural shedding is mainly attributed to genetic regulation of hormones control of cell wall degradation enzymes, such as pectinases and cellulases [47,48]. Multiple factors affect fruit shedding, including external environmental conditions such as temperature, light, and water stress, which contribute to fruit shedding in plants. During the peak fruiting period, the removal of the entire inflorescence is often necessary.

In this experimental study, the flower and fruit shedding rates of Z. armatum were significantly reduced by cultivation methods of layering and plant growth regulator application at two different altitudes. However, there was no notable effect on fruit setting rate per inflorescence and per flower. The plant growth regulators applied in the experiment contain brassinosteroids, which act as natural plant hormones. These hormones can affect the nutrients transport to the fruits, regulate plant growth, and provide protection to flowers and fruits. Interestingly, it was found that an appropriate concentration of plant growth regulators could promote flowering and fruit set, while high concentrations had the potential to hinder flowering or cause fruit shedding [49]. In the present study, the plant growth regulators were applied through foliar spraying, with concentrations of 1000 mg/L in the first application, 3000 mg/L in the second application, and 5000 mg/L in the third application. A previous study by Gui et al. [50] revealed that the application of 400 mg/L eneazole was the most effective approach in stimulating the flowering of Z. armatum “Hanyuan PutaoQingjiao.” Furthermore, the most favorable treatment for increasing the yield of a single plant was 300 mg/L eneazole azole. Therefore, different concentrations of plant growth regulators were applied to different varieties of Z. armatum, resulting in varying effects. In the current investigation, we skillfully increased the concentration of plant growth regulators as the new branches developed. Future research should involve gradient tests using growth regulators application at different concentrations to determine the optimal concentration for flowering promoting and fruit preservation in Z. armatum. Additionally, this study evidenced that the layering method induced earlier differentiation of flower buds in Z. armatum, although its effect on bud differentiation was inferior to that of plant growth regulator application. The key management techniques for Z. armatum at different growth stages were studied by Mu et al. [51]. Their findings proposed that the layering method should apply pressure at the base to prevent the formation of an arch. After the formation of lateral branches, it is advisable to promptly conduct layering in Z. armatum to maintain the apical dominance of the main branch, ultimately promoting its development. This layering technique exhibited similar effects to the application of plant growth regulators. Essentially, it modulates the growth direction of shoots in Z. armatum, thereby reducing the apical dominance, retarding shoot growth, and promoting reproductive growth by altering the angle of the branches. Moreover, the effects of layering endured longer than that of plant growth regulator application. However, its effect on flower bud differentiation, especially in terms of the percentage and vitality of flower bud formation, was not as prominent as that of plant growth regulators. To effectively manage trees or varieties with robust vegetative growth and easily-grown branches, a combination of techniques targeting the apical meristems involving layering method and plant growth regulator application can be employed, as their combined effect surpasses that of individual approaches. Future studies should consider combined techniques of shoot layering and plant growth regulator application for different varieties of Z. armatum. Moreover, a comprehensive evaluation of the effects on flower bud differentiation, flowering, and fruit setting in different branches should be conducted. Such investigations may establish scientific foundations for the appropriate strategies in branch and shoot manipulation to achieve optimal flower and fruit yield.

In this study, certain limitations should be taken into consideration. The evaluation of the two cultivation methods regarding shoot control on the flower bud differentiation was confined to Z. armatum plants at altitudes of 600 and 800 m in a dry, hot valley, characterized by low altitude and high temperatures. This particular setting facilitated easy regrowth of branches after pruning. In contrast, it was observed that the quality of flower bud differentiation was negatively affected by temperature variations at higher altitude areas, resulting in a slower growth rate of branches compared to low-altitude regions. Nonetheless, no definitive conclusions were derived from this study. In the future, it will be necessary to conduct experiments on shoot regulation in areas above 800 m in Daguan County, Yunnan Province, China, to enhance our understanding of the effects of two shoot regulation treatments.

5  Conclusion

In summary, the utilization of layering and plant growth regulators for shoot control accelerated the process of flower bud differentiation of Z. armatum. Notably, the flower bud differentiation period occurred about 20 days earlier than the control group, while the plant growth regulator application led to a higher percentage and vitality in flower bud formation compared to the layering treatment. The phenological stage of flowering and fruiting in the two treatments in Daguan County, below or at 800 m altitude, were observed to commence about 10 days earlier than the control by promoting flower bud differentiation. Typically, fruit maturity occurs in early July. Whereas, with such flowering control methods, it can occur as early as the mid to late June. In addition, the shoot control method significantly reduced the rates of flower and fruit shedding in Z. armatum. Therefore, the layering and plant growth regulator treatments can effectively promote flower bud differentiation, improve the yield and quality of Z. armatum, and hold promising prospects in cultivation practices.
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Table 1: Criteria for the determination of the flowering and fruiting phenological stages of Z. armatum in

Daguan County

Phenological stage

Physical criteria

Early flowering stage
Peak flowering stage
End of flowering stage
Fruit coloring stage
Ripening stage

Flower buds of 1%—25% of the flowers are open.
Flower buds of 26%—60% of the flowers are open.
More than 61% of the flower buds are open.

Fruit peel begins to turn turquoise.

Fruit peel turns green.
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Table 3: Statistics results of fruit set and flowers in the inflorescence in response to different altitudes and
treatments in Z. armatum

Altitude Treatments Total Average number of  Total Average number of
number of  fruit sets per number of flowers per
fruit sets inflorescence flowers inflorescence
600 m  Control 1592 44.22 + 3.394b 2470 68.61 +£4.121c
Layering 1751 48.64 + 3.394b 2835 78.75 £ 4.121b
Plant growth 2106 58.50 £ 3.3%4a 3399 94.42 +4.121a
regulator application
800 m  Control 1500 41.67 +2.816b 2298 63.83 + 3.429¢
Layering 1896 52.67 +2.816a 3008 83.56 + 3.429b
Plant growth 2081 57.81 £2.816a 3270 90.83 + 3.429a

regulator application

Note: Multiple comparisons were performed between the means using the Duncan method at a significance level of p = 0.05. The
letters a, b, and ¢ indicate statistically significant differences among the groups.
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Table 2: Timing of the flowering and fruiting phenological stages in response to different altitudes and
treatments in Z. armatum

Characteristic Altitude of 600 m Altitude of 800 m

Layering Plant growth regulator Control Layering Plant growth regulator Control

application application

Early flowering Mid-March Late March Mid-March Late March
stage
Peak flowering In early to Mid-April Mid-to-late In early to Mid-April Mid-to-late
stage April April
End of flowering Mid-to-late April Early May Mid-to-late April Early May
Fruit coloring Mid-May Late May  Mid-May Late May
stage
Ripening stage = Mid-to-late June Late June  Mid-to-late June Late June

Note: The above-mentioned stages represent the peak periods of each phenological stage.
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