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Abstract

:

Ecological shading fueled by maize intercropping in tea plantations can improve tea quality and flavor, and efficiently control the population occurrence of main insect pests. In this study, tea plants were intercropped with maize in two planting directions from east to west (i.e., south shading (SS)) and from north to south (i.e., east shading (ES) and west shading (WS)) to form ecological shading, and the effects on tea quality, and the population occurrence and community diversity of insect pests and soil microbes were studied. When compared with the non-shading control, the tea foliar nutrition contents of free fatty acids have been significantly affected by the ecological shading. SS, ES, and WS all significantly increased the foliar content of theanine and caffeine and the catechin quality index in the leaves of tea plants, simultaneously significantly reducing the foliar content of total polyphenols and the phenol/ammonia ratio. Moreover, ES and WS both significantly reduced the population occurrences of Empoasca onukii and Trialeurodes vaporariorum. Ecological shading significantly affected the composition of soil microbial communities in tea plantations, in which WS significantly reduced the diversity of soil microorganisms.
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1. Introduction


Tea, Camellia sinensis (L.), is a subtropical perennial evergreen crop, and it is one of the main cash crops in China [1] and commercially cultivated in more than 60 countries worldwide [2]. Tea plants are prominent sciophytes, and are suitable for growing under diffused light conditions. Due to the frequent high temperatures and intense light weather in hilly tea plantations, the photo-inhibition of tea plants occurs, resulting in the decline of tea quality [3]. Intercropping systems, such as rubber–tea, chestnut–tea and other tea–forest intercropping can reduce the strong light and temperature in tea plantations, and thus the produced green tea is exotic in taste and more desirable [4]. Shading can affect the photosynthesis and metabolites of tea plants, and change the tea quality, which would affect the occurrence of herbivorous insects in the tea plantation [3,5]. Teng et al. (2021) indicated that the shading of tea by tall trees was beneficial to reduce lignin synthesis and improve tea quality [3]. Qin et al. (2011) documented that the use of shading increased the foliar contents of amino acids (AAs) and caffeine, while it reduced the foliar contents of tea polyphenol (TP) and the TP/AA ratio [5]. It is generally believed that a high content of amino acids significantly improves the freshness and aroma of tea leaves, and that an appropriate phenol/ammonia ratio is a necessary condition for the production of high-quality tea [6,7].



Intercropping is one of the main measures for habitat management and pests’ control in tea plantation [4,8,9,10]. Many studies have shown that intercropping in tea plantations is beneficial to improve the leaf yield and quality of tea plants. De and Surenthran (2005) indicated that the incorporation of contour hedgerows had the potential to regenerate soil fertility and sustain tea yields on sloping terrains [11]. Farooq et al. (2021) revealed that groundnut–tea intercropping could enhance soil nutrients’ status and positively impact soil conservation, and was also beneficial for increasing biological diversity and ecological stability [12]. Diverse studies showed that the ecosystem of the artificial compound intercropping in tea plantations had higher biodiversity and a more stable insect community structure than that of the pure tea plantation [13,14]. The higher the community diversity is, the stronger the stability of the entire tea plantation ecosystem will be. The high biodiversity of the compound tea plantation can effectively improve the anti-interference capability of the whole tea plantation ecological system, and the predator abundance of insect pests in intercropping tea plantation was much higher than that in pure tea plantations, which was a favorable effect [8]. In addition, ecological shading could cause changes in soil microbial communities [15].



Here, we designed the ecological shading experiment by intercropping maize in two planting directions from east to west (i.e., forming south shading) and from north to south (i.e., forming east shading and west shading, in order to find a more economical and high-quality cultivation mode with the adoption of sustainable ecological management tactics for the production of an enhanced quality of tea. Moreover, the effects of ecological shading by intercropping maize on tea quality and flavor, as well as the population abundances and community diversity of insect pests and the soil microbes in the tea plantation, were studied vividly.




2. Materials and Methods


2.1. Experimental Site Description


The experimental tea plantation was located in Hongqi Village, Jiangning District, Nanjing City, Jiangsu Province of China (31.72° N, 118.75° E). The selected tea species was Camellia sinensis cv. Huangshan zhong. This tea plantation has been continuously produced for more than 10 years. The average annual temperature in this area is about 16 °C, the average annual precipitation is about 1073 mm, and the average annual frost-free period is 224 days.




2.2. Maize Intercropping Setup


The tea plants were planted in two directions in the tea plantation, i.e., east–west rowing direction and south–north rowing direction, with a row spacing of 1.5 m and a plant spacing of 0.5 m. In June of 2019 and 2020, two rows of maize plants (cv., Yunong Jingtiannuo from Jiangxi Yufeng Seed Industry Co., Ltd. Xinyu, China) were intercropped between two rows of tea plants, with a row spacing of 0.10 m and a plant spacing of 0.20 m to form an ecological shade in tea plantations. Two rows of corn were planted alternately, and the close distance between the two corn plants of these two rows was 0.14 m. For the tea plants in the north–south rowing direction, the intercropped maize plants formed an east shading (i.e., ES) and a west shading (i.e., WS) for the tea plants on the west and east side of the intercropped maize plants, respectively. For the tea plants in the east–west rowing direction, the intercropped maize plants formed a south shading (i.e., SS) for the tea plants on the north side of the intercropped maize plants. The tea plants in the north–south rowing direction without intercropped maize were used as the control for the ecological shading treatments of ES and WS (i.e., EWCK), and those in the east–west rowing direction without intercropped maize were used as the control for the ecological shading treatment of SS (i.e., SSCK). There were a total of five treatments of ecological shading (i.e., ES, WS and their control of EWCK, and SS and its control of SSCK), and each ecological shading treatment was repeated five times (Figure 1). A total of 25 investigation plots were randomly set in the area suitable for the experimental conditions in the tea plantation. Each plot comprised two 6 m in length rows of tea trees and two 6 m in length rows of maize corresponding to the tea trees (or without maize).



After the maize plants grew higher than tea plants, the ecological shading experiment began, and the uppermost tender leaves of tea plants were collected on 15 August, 15 September, and 15 October of 2019 and 2020. Additionally, the field layout of the ecological shading treatments by intercropping maize plants in the tea plantation is shown in Figure 1. During the whole period of the experiment, no additional farming operations were carried out in the experimental plots. A photometer (Model: 1801C; Delixi Electric LTD, Leqing, Zhejiang Province of China) was used to measure the light intensity on the tea canopy of different ecological shading treatments and the respective control treatments on three sunny days in order to show the effects of intercropped maize ecological shading on the light intensity on the canopy of the tea plants (a supplemental measurement in that early stage of shade formation; the light intensities of the shading treatment and control were measured every 30 min. The measuring point was the top leaf of the tea tree, the detection points were random, and the number was 9). According to the actual observed shading time, the measurement was carried out in different time periods. The light intensity of the tea canopy for the treatments of ES and its control, EWCK, was measured from 6:00 a.m. to 10:30 a.m. (i.e., from the sun rise to straight-lighting time), that of the treatments of WS and its control, EWCK, was measured from 2:00 a.m. to 6:00 p.m. (i.e., the sun straight-lighting time to sundown), and that of the treatments of SS and its control, SSCK, was measured from 11:00 a.m. to 1:30 p.m. The ecological shading treatment significantly reduced the light intensity on the canopy of the tea plants (ES: F = 1625.21, p < 0.001; WS: F = 679.97, p < 0.001; SS: F = 56.53, p < 0.001; Appendix A Table A1).




2.3. Determination of Nutritional and Functional Components in Tea Leaves


2.3.1. Foliar Nutrient Contents


Soluble sugar content The test kit of plant soluble sugar contents (No. A145-1-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to measure the foliar soluble sugar content of the tested tea leaves. The determination principle is that after the sugar is mixed with concentrated sulfuric acid solution, the obtained product, furfural or hydroxymethyl furfural, could react with anthrone, and the color of the furfural derivative is in direct proportion to the sugar content. Therefore, the absorbance value can then be determined at 630 nm to determine the content of soluble sugar in the sample.



Soluble protein content The total protein quantitative assay kit (No. A045-2; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to measure the foliar soluble protein content of the tested tea leaves. The principle is that a protein molecule has an amino group; when Coomassie brilliant blue is added into a protein standard solution or a sample, anions on the Coomassie brilliant blue dye can be combined with the protein amino group to change the solution into blue, and the protein content can be calculated by measuring the absorbance at 595 nm.



Free fatty acid content The non-esterified free fatty acids assay kit (A042-1-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used to measure the foliar free fatty acids’ content of the tested tea leaves. The free fatty acids can combine with copper ions to form a copper salt of fatty acid and can be dissolved in chloroform, and the content of free fatty acids can be calculated by determining the content of copper ions in the copper reagent.




2.3.2. Foliar Functional Component Contents


Polyphenols content The phenolic content of the tea leaf extracts was determined by using the Folin–Ciocalteu colorimetric method [16]. All sample extracts were diluted 1:20 with distilled water to obtain readings within the standard curve ranges of 0.0–600.0, 1 g of gallic acid per milliliter. Tea leaf extracts were oxidized with the Folin–Ciocalteu reagent, and the reaction was neutralized with sodium carbonate. The absorbance was measured at 760 nm after 90 min at room temperature by an MRX II Dynex plate reader (Dynex Technologies, Inc., Chanilly, VA, USA) (Li et al., 2019). The absorbance values were then compared with those of standards with known gallic acid concentrations.



Caffeine content The foliar caffeine content of the tea plants was quantified using an HPLC-based method [17]. The leaf samples were dried at 80 °C for 24 h for the determination of caffeine content in the tea leaves. Then, the caffeine was extracted and purified from the drying tea leaves.



Theanine content Theanine was determined by adding 5 mL of the tea extract and 5 mL of sulfo-salicylic acid, and the mixture was centrifuged at 13,000 rpm for 5 min to promote the reaction and then filtered using a 0.20 µm nylon membrane filter followed by an amino acid analyzer (Hitachi L-8900, Tokyo, Japan) [18,19].



Catechin content Catechin in tea leaf samples was extracted with a 70% methanol aqueous solution in a 70 °C water bath. The determination of catechins was performed on a C18 column with a detection wavelength of 278 nm, gradient elution, HPLC analysis [20].




2.3.3. Leaf Quality Indexes


Two leaf quality indexes were measured, including the catechin quality index and phenol/ammonia ratio. The relative correction factor of catechins and caffeine in the results of ISO international environmental test was used for quantification, i.e., the formula of catechin quality index = [EGCG (%) + ECG (%)]/EGC (%) × 100 (here, EGCG—Epigallocatechin gallate; EGC—Epigallocatechin; ECG—Epicatechin gallate) [21]. The phenol/ammonia ratio, i.e., the ratio of tea polyphenols to amino acids, is an important indicator for evaluating the quality of green tea, and the formula of the phenol/ammonia ratio = total polyphenol content (mg/g)/amino acid content (mg/g).





2.4. Insect Investigation


The field investigation was conducted every 10 days after the intercropped maize plants were taller in height than tea plants, i.e., from the last ten days of July to the last ten days of October in 2019 and 2020, respectively. Three tea plants were randomly selected for each treatment of the ecological shading (including ES, WS and SS) and its respective control (WECK for ES and WS and SSCK for SS) to count the number of insects, and the species of collected insects were also identified and classified. Cameras, insect nets, and suction-implements were used as methods of insect collection and statistics. In this experiment, two key insect pests, Empoasca onukii and Trialeurodes vaporariorum, as being the main insect pests in the tea plantation, were selected to assess the effects of ecological shading by intercropping maize on the population occurrences of insect pests. Moreover, the Shannon–Wiener index (H), Pielou evenness index (E), Margalef richness index (D) and Simpson dominance index (C) of the insect community were calculated based on the species and numbers of sampled insects on tea plants. The formulas are as follows:



Shannon–Wiener diversity index:


   H = −   ∑  i = 1  S    P i  × ln (  P i  )        P i  =  N i  / N   



(1)







Pielou evenness index:


   E = H /  H  max        H  max   = ln S   



(2)







Margalef richness index:


  D = ( S − 1 ) / ln N  



(3)







Simpson dominance index:


  C =   ∑  i = 1  S     (  P i  )  2       P i  =  N i  / N  



(4)







Pi: relative abundance of insect species i; Ni: number of individuals for species i; N: the total number of individuals of all species in the community; S: the number of species in the community; Hmax: Maximum species diversity index.




2.5. Composition and Diversity of Soil Microbial Community in the Tea Plantation


On 2 October 2020, three sampling sites were randomly selected in each treatment of ES, WS, SS, WECK and SSCK, and the surface soil (depth: 0–20 cm) near the tea tree plants was collected. The collected soil samples were sent to Shanghai Personal Biotechnology Co., Ltd. for the 16S rRNA gene sequencing study. Initial screening was performed on the original off-board data of high-throughput sequencing based on sequence quality and retested the problem samples. The library and samples were divided according to the index and barcode information of the original sequence of an initial quality screening, and then the barcode sequence was removed. We performed sequence denoising or operational taxonomic units (OTUs) clustering, according to the QIIME2 DADA2 analysis process or V-search software analysis process. The specific composition of each sample (group) at different taxonomic levels was displayed to understand the overall situation. In order to compare the differences in microbial composition among the samples and display the distribution trend of species abundance of each sample, a heat map was used for species’ composition analysis. The heat map was drawn using abundance data from the top 20 genera with an average abundance. The horizontal and vertical coordinates of the heat map plotted the clustering tree ordering according to the correlation between the samples, i.e., plotted the clustering heat map. The diversity indices of soil microbial communities for different samples were counted, including the Chao1 index, Shannon–Wiener diversity index (H), Pielou evenness index (E), and Simpson dominance index (C). The latter three formulas were same as in Section 2.4. In addition, for the Chao1 indices (Chao1 = S + F12/2F2), F1 and F2 are the count of singletons and doubletons, respectively.




2.6. Data Analysis


SPSS 25.0 (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA) were used for the statistical analysis. The latter was used for making line and column charts. A two-way repeated measures ANOVA was used to analyze the effects of sampling year (2019 vs. 2020), ecological shading treatment (SS, ES, WS, SSCK and EWCK) and their interaction (with sampling time as repeated measures) on the measured indexes of foliar soluble nutrients, functional components and quality indexes of the tea leaves, the population dynamics (individuals per plants) of the key species of E. onukii and T. vaporariorum, and the dynamic values of the community diversity indexes (H, E, D and C) for the insects in the tea plantations. Additionally, one-way ANOVAs were used to analyze the effects of ecological shading treatment on the diversity indices of soil microbial communities in the tea plantation. Furthermore, the significant differences between/among treatments were analyzed by the LSD test or t-test at p < 0.05.





3. Results


3.1. Effects of Intercropped Maize Ecological Shading on Foliar Soluble Nutrients of Tea Plants


The ecological shading treatment and sampling year both had significant effects on the foliar contents of soluble sugars and free fatty acids, while it had no significant effect on the foliar content of the soluble protein in tea plants (Table 1). When compared with the respective control, the no-shading treatment (SSCK or EWCK), south shading (SS), east shading (ES) or west shading (WS) did not significantly affect the foliar content of soluble sugar, while ES and WS both significantly decreased the foliar content of the free fatty acids of the tea plants (Figure 2).



There were no significant differences in the contents of the foliar soluble nutrients of the tea plants among the three ecological shading treatments of SS, ES and WS (Figure 2). Additionally, the foliar contents of soluble sugars and free fatty acids of tea plants in the control no-shading treatment of SSCK (i.e., the east–west rowing direction) were significantly lower than those in the control no-shading treatment of EWCK (i.e., the north–south rowing direction) (Figure 2).




3.2. Effects of Intercropped Maize Ecological Shading on Foliar Functional Components of Tea Plants


Ecological shading treatment, sampling year and their interaction had significant effects on the foliar contents of the functional components (including polyphenols, caffeine and theanine) of tea plants. When compared with the respective control no-shading treatment (i.e., SSCK or EWCK), the ecological shading treatments of SS, ES and WS significantly reduced the foliar content of polyphenols, and significantly enhanced the foliar contents of caffeine and theanine in the tea plants (Figure 3).



The foliar polyphenol content of the tea plants in the control no-shading treatment of EWCK was significantly higher than that in the control no-shading treatment of SSCK, and the trend was just opposite for the foliar theanine content, while there was no significant difference in the foliar caffeine content of tea plants between the two control no-shading treatments of SSCK and EWCK (Figure 3). Moreover, the foliar contents of polyphenols and caffeine of tea plants in the ecological shading treatments of ES and WS were significantly higher than those in the ecological shading treatment of SS, and the tendency was just opposite for the foliar theanine contents, which in the ecological shading treatment of ES were significantly higher than in the ecological shading treatment of WS (Figure 3).




3.3. Effects of Intercropped Maize Ecological Shading on the Leaf Quality Indexes of Tea Plants


Ecological shading treatment, sampling year and their interactions had significant effects on the leaf quality indexes (i.e., catechin quality index and phenol/ammonia ratio) of tea plants, except for the effect of sampling years on the phenol/ammonia ratio of tea leaves. When compared with the respective control no-shading treatment (SSCK or EWCK), the ecological shading treatments of SS, ES and WS significantly increased the catechin quality index, and significantly decreased the phenol/ammonia ratio in the leaves of the tea plants (Figure 4). Moreover, the values of the catechin quality index and phenol/ammonia ratio in the leaves of the tea plants in the control no-shading treatment of EWCK were significantly higher than those in the control no-shading treatment of SSCK (Figure 4). Furthermore, the values of these two leaf quality indexes of the tea plants in the ecological shading treatments of ES and WS were significantly higher than those in the ecological shading treatment of SS respectively, and the phenol/ammonia ratio in the leaves of tea plants in the ecological shading treatment of WS was significantly lower than that in the ecological shading treatment of ES (Figure 4).




3.4. Effects of Intercropped Maize Ecological Shading on Population Dynamics of Key Tea Pests and Community Diversity in Tea Plantations


3.4.1. Population Dynamics of Key Insect Species


Overall, the ecological shading treatment, sampling year and their interaction had significant effects on the population dynamics of T. vaporariorum and E. onukii on tea plants, except for the effect of sampling year on the population dynamics of E. onukii fed on tea plants. When compared with their respective control no-shading treatment (SSCK or EWCK), the ecological shading treatments of ES and WS significantly reduced the population dynamics of T. vaporariorum and E. onukii on tea plants, while the ecological shading treatment of SS significantly increased the population dynamics of T. vaporariorum on tea plants (Figure 5). Additionally, the population dynamics of T. vaporariorum and E. onukii on tea plants in the ecological shading treatments of ES and WS were significantly lower than those in the ecological shading treatment of SS, respectively (Figure 5). Moreover, the population dynamics of T. vaporariorum and E. onukii on tea plants in the control no-shading treatment of SSCK were significantly lower than those in the control no-shading treatment of EWCK (Figure 5).




3.4.2. Community Diversity of Insects


Ecological shading treatments and sampling year both significantly affected the values of the Shannon–Wiener index (H). Additionally, the ecological shading treatment significantly influenced the values of the Margalef richness index (D), and the sampling year significantly impacted the values of the Simpson dominance index (C), describing the insect community in tea plantation (Table 1).



When compared with their respective control no-shading treatment (SSCK or EWCK), the ecological shading treatments of ES significantly enhanced the value of the Shannon–Wiener index (H), and the ecological shading treatments of ES and WS both significantly increased the value of the Margalef richness index (D) of the insect community in the tea plantation (Figure 6). Additionally, the value of the Shannon–Wiener index (H), describing the insect community in the ecological shading treatment of ES, was significantly higher than that in the ecological shading treatment of SS (Figure 6). There were no significant differences in the values of all four community diversity indexes of insects between the controls (no-shading treatments of SSCK and EWCK) (Figure 6).





3.5. Effects of Intercropped Maize Ecological Shading on the Community Structure and Diversity of Soil Microorganisms in Tea Plantation


3.5.1. Taxonomic Composition of Soil Microorganisms


Figure 7 is a heat map showing the average abundance data of the top 20 genera in the soil samples from the ecological shading treatments (SS, ES and WS) and their respective control no-shading treatment (SSCK and EWCK), and it indicated a distinct soil bacterial composition between/among the ecological shading treatments and their control no-shading treatment (i.e., SS vs. SSCK; ES and WS vs. EWCK). Burkholderia-Caballeronia–Paraburkholderia, KF-JG30-C25, Bradyrhizobium and Rhodanobacter were the four dominant bacterial genera in the ecological shading treatments (SS), and Acidothermus, Acidibacter, AD3, Subgroup_2, WPS-2 and IMCC26256 were the six dominant bacterial genera (Figure 7); Granulicella, Saccharimonadales, Psdudolabrys, Acidipila, and Chujaibacter were the five dominant bacterial genera in the ecological shading treatment of WS, and Bryobacter, Candidatus_Solibacter, Subgroup_6, Haliangium, and Ellin6067 were the five dominant bacterial genus in the control non-shading treatment of EWCK, and there were no dominant bacterial genus in the ecological shading treatment of ES (Figure 7).



The relative abundance of soil microorganisms at the phylum level was analyzed in Figure 8. The relative abundance of Proteobacteria, Bacteroidetes and Verrucomicrobia was significantly increased by 116.2, 490.4 and 599.7%, respectively, and that of Acidobacteria, Actinobacteria, Gemmatimonadetes and WPS-2 was significantly decreased by 54.3, 50.7, 31.2 and 94.4% in the ecological shading treatment of SS when compared with the control no-shading treatment of SSCK, respectively (Figure 8). Moreover, the relative abundance of Bacteroidetes, Firmicutes and Patescibacteria was significantly increased by 1.6, 4.3 and 10.3 times in the ecological shading treatment of WS, and the relative abundance of WPS-2 was significantly increased by 11.1 and 7.6 times in the ecological shading treatments of ES and WS when compared with the control no-shading treatment of EWCK, respectively (Figure 8). There were no significant differences in the relative abundances of the soil microorganisms at the phylum level in the ecological shading treatment of ES when compared with that in the control no-shading treatment of EWCK, respectively (Figure 8).




3.5.2. Community Diversity of Soil Microbial Microorganisms


The ecological shading treatment significantly affected the community diversity indexes of soil microbial microorganisms (including Chao1 index, Shannon–Wiener index (H), Pielou evenness index (E) and Simpson dominance index (C)) in the tea plantation (p < 0.01 or 0.001; Table 2). When compared with the respective control no-shading treatment (SSCK or EWCK), the ecological shading treatment of WS significantly decreased the Chao1 index, Shannon–Wiener index (H), Pielou evenness index (E) and Simpson dominance index (C) of the soil microbial microorganisms, while the ecological shading treatments of SS and ES did not significantly affect the community diversity indexes of the soil microbial microorganisms in the tea plantation (Table 2). Moreover, the values of the Shannon–Wiener index (H), Pielou evenness index (E) and Simpson dominance index (C) of the soil microbial microorganisms in the control no-shading treatment of EWCK were significantly higher than those in the control no-shading treatment of SSCK (Table 2).



The Chao1 index of soil microbial microorganisms in the ecological shading treatment of ES was significantly higher than that in the ecological shading treatment of WS; the Shannon–Wiener index (H), Pielou evenness index (E) and Simpson dominance index (C) of the soil microbial microorganisms in the ecological shading treatment of ES were significantly higher than those in the ecological shading treatments of SS and WS, and these three community diversity indexes of soil microbial microorganisms in the ecological shading treatment of SS were significantly higher than those in the ecological shading treatment of WS (Table 2).






4. Discussion


4.1. Effects of Ecological Shade by Intercropping Maize on Foliar Soluble Nutrients of Tea Plants


The growth of plants depends on photosynthesis, and the synthesis of plants’ nutrients is inhibited under the condition of insufficient light. However, strong light is one of the environmental factors that leads to a decline in photosynthetic efficiency; the degradation of photosynthetic pigments, photo-oxidative damage, and inactivation of the PSII reaction center which will ultimately lead to the decrease in yield [22,23,24,25,26]. Proper shading could increase the net photosynthetic rate of tea trees and increase the accumulation of photosynthetic products [27]. Although shading reduced the photosynthetic rate of tea for some time, it could alleviate the light inhibition of tea under strong light in summer, which is beneficial to the production of tea [28]. Studies have shown that severe shading reduced the synthesis of carbohydrates in tea and affected the quality of tea. This effect was more severe in the early stage of tea budding [29]. However, in our intercropping design, the shading of corn was a weak effect. In this study, the shading had no significant effect on the contents of soluble sugar and protein in tea. It can be inferred that the maize intercropping had little impact on tea yield. When compared with the maize shading treatment, the differences in tea planting direction were more significant, where the concentrations of soluble sugars and FFA of EWCK were significantly higher than those of SSCK. Maize has a shading effect on tea trees. If the conditions allow, we should measure the illumination of the tea tree crown during the whole growth period of maize, so as to explain the experimental results more reasonably. We failed to measure the light intensity of the tea tree crown throughout the experiment, and only conducted the light intensity measurements in a short period (3d, 6:00 am–6:00 p.m.), which was a weakness of the experiment.




4.2. Effects of Maize Intercropped Ecological Shading on Foliar Functional Components and Leaf Quality of Tea Plants


Theanine, caffeine, tea polyphenols and catechins are the key components that affect the bitterness, astringency and freshness taste of tea as a beverage [30]. Studies showed that shading augmented the contents of free amino acids i.e., arginine, glutamic acid and theanine, which are the vital quality determinants of tea [28]. The isotope labeling method showed that dark treatment caused the slow metabolism of theanine and an effective accumulation of theanine [31]. Previous studies found that shading reduced the light intensity and enhanced the activities of enzymes related to the theanine synthesis pathway [32]. The shading environment is dominated by scattered light, and the proportion of blue light was elevated in the tea plantation [32]. The dark respiration of mitochondria is enhanced in blue light, and most flavonoid metabolites decreased significantly in the shading treatments, while the contents of chlorophyll, β-carotene, neoxanthin and free amino acids, caffeine, benzoic acid derivatives and phenylpropanoids increased [33,34].



In the chestnut–tea intercropping, it was found that the foliar contents of amino acids and caffeine were significantly increased, which generally played a positive role in the yield and tea quality [4]. Similarly, it was found that the moderate shading degree of about 50% in summer and autumn had the most positive effect on tea quality, and the foliar contents of amino acids and caffeine increased the most, while the foliar content of tea polyphenols and the phenol/ammonia ratio decreased the most [5]. The ecological shading treatment of SS, WS and ES significantly reduced the tea polyphenol content and increased the caffeine content. The phenol/ammonia ratio and the catechin quality index are crucial indicators for evaluating the quality of green tea and are usually used to determine the suitability for the manufacturing of tea. A low phenol-ammonia ratio and high catechin quality index are more suitable for making green tea [5,30]. In this study, the ecological shading treatment significantly increased the foliar content of theanine and the quality index of catechin in leaves, while decreasing the TP/AA ratio, which had a positive significance for improving the quality of summer and autumn tea.




4.3. Effects of Maize Intercropped Ecological Shading on Population Dynamics and the Community Diversity of Key Tea Pests in Tea Plantations


A large number of studies have found that the incidence of plant diseases and insect pests in the compound cultivation mode of tea plantation was relatively mild [35]. When compared with pure tea plantations, ecological tea plantations expand the ecological space and change the ecological environment of tea plantations due to the allocation of multiple species [36]. The existing studies show that the reasonable planting of shading trees in tea plantations is conducive to improving species diversity and the natural control ability of tea plantations, and the ratio of the total number of natural enemies to the total number of pests in shaded tea plantations is higher than that of unshaded tea plantations [35,37]. In the loquat–tea intercropping and citrus–tea intercropping tea plantations, the individual populations of E. onukii Matsuda were smaller than those in the pure tea plantations, and intercropping could increase the predatory mite Anystis baccarum [14]. Our findings were similar to those of previous studies: as shown in Schedule 1, when compared with the control no-shading treatment, the occurrence of E. onukii Matsuda and T. vaporariorum (Westwood) in the shade treatments (ES and WS) decreased and the insect diversity index increased. It is speculated that the shading effect of maize might have caused the changes of the content of secondary metabolites in tea leaves, and indirectly affected the occurrence of pests. Studies have shown that secondary metabolites affect insects’ food selection, feeding and utilization, and thus affect insects’ growth, behavior, and population biology [38]. Prior studies mentioned that polyphenols, caffeine and catechins are pest deterrents. Polyphenols have a bitter taste, astringency, and form complexes with soluble protein and are difficult to digest, which can help tea trees resist insect feeding and inhibit insect growth [39,40,41]. On the other hand, maize intercropping increased the number of natural enemy insects.




4.4. Effects of Maize Intercropped Ecological Shading on Community Structure and Diversity of Soil Microorganisms in Tea Plantations


Soil microbes decompose organic matter, participate in soil nutrient cycling and plant nutrient supply, and the composition of their community structure is a major indicator for assessing soil quality and fertility [42]. Some scholars believe that the determinants affecting the structural diversity of soil microbial communities include soil type, plant type and soil management measures [43,44]. Current studies shows that when compared with the monoculture system, the alpha diversity of soil bacterial and fungal communities, beta diversity and abundance of the bacterial community were increased in the intercropping system [45], and intercropping can regulate the structural proportion of soil microbial communities [46,47]. An appropriate soil microbial community is beneficial to the sustainable production of tea [48].



The results of this experiment showed that the Chao1 index, Shannon–Wiener index, Pielou evenness index and Simpson dominance index of soil microbial community were decreased by the western shading of maize, i.e., the richness, diversity, evenness and dominance of the soil microbial community were decreased. Proteobacteria, Acidobacteria, and Actinobacteria were the relatively large microflora in farmland soil, and intercropping had an effect on their proportion in the community. In this experiment, the ecological shading of maize affected the composition and distribution of the soil microbial community.



It must be mentioned that the shade was the most intuitive feeling for people when intercropping with corn in tea plantation. However, the causes for the changes of tea detection indexes and quality were closely related to the changes in the soil microbial structure and field temperature, the occurrence of plant diseases and insect pests, and the changes of tea garden biodiversity after the shade formation. The changes in tea quality were the combined result of shading, pest reduction and changes in soil structure. This is an important point in pastoral landscape design: it is not a separate existence but a mutual influence. Agroforestry combines the use of trees with annual crops or fodder plants on the same piece of land that build up synergies, which leads to a higher resilience and allows crops to maintain long-term productivity [49].





5. Conclusions


The effects of the ecological shading formed by intercropping maize on tea foliar soluble nutrients, foliar functional components, quality indicators, insect occurrence in tea plantation, and soil microbial diversity were summarized from different planting directions (Appendix A Table A2). The results showed that maize shading in a tea plantation would have little influence on the soluble nutrients of the tea, but would be beneficial to improving the quality of tea. The schematic model also indicates that the eastern and western shading inhibited the occurrence of major pests in tea gardens, which was conducive to enhancing the biodiversity of tea gardens (Figure 9). In addition, ecological shading changed the micro-ecological composition of the soil, and western shading decreased the diversity of soil microorganisms. Thus, intercropping maize in tea plantations is an effective production mode, which affects the field environment from pest occurrence and soil properties, and is advantageous to the tea quality promotion. Further, maize forming the eastern shade is a better choice.
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Table A1. One-way repeated measures ANOVAs of light intensity on the tea canopy of the ecological shading treatments of ES, WS, and SS, and their respective control treatments of EWSS and SSCK (values were Means ± sd, *** p < 0.001).
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	Treatments
	Measuring Time
	Ecological Shading Treatment (klx)
	The Control (klx)
	F/p





	ES vs. EWCK
	6:00 a.m. to 10:30 a.m.
	13.90 ± 9.3
	103.91 ± 50.9
	1625.21/<0.001 ***



	WS vs. EWCK
	2:00 p.m. to 6:00 p.m.
	18.73 ± 13.83
	98.15 ± 58.09
	679.97/<0.001 ***



	SS vs. SSCK
	11:00 a.m. to 1:30 p.m.
	28.46 ± 12.99
	170.13 ± 10.83
	56.52/<0.001 ***
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Table A2. Summary about the effects of ecological shading treatment (SS vs. SSCK; ES and WS vs. EWCK; SS vs. ES vs. WS) and rowing direction (SSCK vs. EWCK) on the foliar contents of soluble nutrients, functional components and leaf quality indexes of tea plants, and population dynamics of two key insect species of E. onukii and T. vaporariorum, and community indexes of insects and soil microbial microorganisms in tea plantation.






Table A2. Summary about the effects of ecological shading treatment (SS vs. SSCK; ES and WS vs. EWCK; SS vs. ES vs. WS) and rowing direction (SSCK vs. EWCK) on the foliar contents of soluble nutrients, functional components and leaf quality indexes of tea plants, and population dynamics of two key insect species of E. onukii and T. vaporariorum, and community indexes of insects and soil microbial microorganisms in tea plantation.





	
Measured Indexes

	
SS/SSCK

	
ES/EWCK

	
WS/EWCK

	
SSCK/EWCK

	
SS/ES

	
SS/WS

	
ES/WS

	
Ecological Shading Effects

	
Rowing-Direction Effects






	
Foliar soluble

nutrients

	
Soluble sugars (mg/g)

	

	

	

	

	

	

	

	
/

	
/




	
Soluble proteins (mg/g)

	

	

	

	

	

	

	

	
/

	
/




	
Free fatty acids (mmol/L)

	

	

	

	

	

	

	

	
−(ES & WS)

	
−(ES & WS)




	
Foliar functional

components

	
Polyphenols (mg/g)

	

	

	

	

	

	

	

	
−(ES & WS > SS); ES & WS > SS

	
−(ES & WS > SS); ES & WS > SS




	
Caffeine (mg/g)

	

	

	

	

	

	

	

	
+(ES & WS > SS); ES & WS > SS

	
+(ES & WS > SS); ES & WS > SS




	
Theanine (μg/g)

	

	

	

	

	

	

	

	
+(SS > ES > WS); SS > ES > WS

	
+(SS > ES > WS); SS > ES > WS




	
Leaf quality

	
Catechin quality index

	

	

	

	

	

	

	

	
+(ES & WS > SS); ES & WS > SS

	
+(ES & WS > SS); ES & WS > SS




	
Phenol/ammonia ratio

	

	

	

	

	

	

	

	
−(ES, WS, SS); ES > WS > SS

	
−(ES, WS, SS); ES > WS > SS




	
Population dynamics

	
E. onukii

	

	

	

	

	

	

	

	
−(ES & WS); SS > ES & WS

	
−(ES & WS); SS > ES & WS




	
T. vaporariorum

	

	

	

	

	

	

	

	
+(SS); −(ES & WS); SS > ES & WS

	
+(SS); −(ES & WS); SS > ES & WS




	
Community diversity

of insects

	
Shannon-Wiener index (H)

	

	

	

	

	

	

	

	
+(ES); ES > SS & WS

	
+(ES); ES > SS & WS




	
Pielou evenness index (E)

	

	

	

	

	

	

	

	
/

	
/




	
Margalef richness index (D)

	

	

	

	

	

	

	

	
+(ES & WS)

	
+(ES & WS)




	
Simpson dominance index (C)

	

	

	

	

	

	

	

	
/

	
/




	
Community diversity

of soil microbial microorganisms

	
Shannon-Wiener index (H)

	

	

	

	

	

	

	

	
−(WS); ES & SS > WS

	
−(WS); ES & SS > WS




	
Pielou evenness index (E)

	

	

	

	

	

	

	

	
−(WS); ES > SS > WS

	
−(WS); ES > SS > WS




	
Chao1 index

	

	

	

	

	

	

	

	
−(WS); ES > SS > WS

	
−(WS); ES > SS > WS




	
Simpson dominance index (C)

	

	

	

	

	

	

	

	
−(WS); ES > SS > WS

	
−(WS); ES > SS > WS








Note: [image: Plants 11 01883 i001] Significant decrease;  [image: Plants 11 01883 i002] Significant increase;  [image: Plants 11 01883 i003] No significant difference; + Increase; − Decrease; / no effect.













References


	



Yang, T.; Xie, Y.; Lu, X.; Yan, X.; Wang, Y.; Ma, J.; Cheng, X.; Lin, S.; Bao, S.; Wan, X.; et al. Shading promoted theanine biosynthesis in the roots and allocation in the shoots of the tea plant (Camellia sinensis L.) Cultivar Shuchazao. J. Agric. Food Chem. 2021, 69, 4795–4803. [Google Scholar] [CrossRef] [PubMed]

	



Drew, L. The growth of tea. Nature 2019, 566, S2–S4. [Google Scholar] [CrossRef] [PubMed]

	



Teng, R.-M.; Wang, Y.-X.; Li, H.; Lin, S.-J.; Liu, H.; Zhuang, J. Effects of shading on lignin biosynthesis in the leaf of tea plant (Camellia sinensis (L.) O. Kuntze). Mol. Genet. Genom. 2020, 296, 165–177. [Google Scholar] [CrossRef]

	



Wu, T.; Zou, R.; Pu, D.; Lan, Z.; Zhao, B. Non-targeted and targeted metabolomics profiling of tea plants (Camellia sinensis) in response to its intercropping with Chinese chestnut. BMC Plant Biol. 2021, 21, 55. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.M.; Tanui, J.; Feng, W.Y.; Wang, Y.H.; Xiao, R.L.; Li, X.H. Efects of shading on yield index and biochemical components of tea in hilly tea plantation. J. Nanjing Agric. Univ. 2011, 34, 47–52. [Google Scholar]

	



Wang, Y.; Yang, X.; Li, K.; Li, C.; Li, L.; Li, J.; Huang, H.; He, Y.; Ye, C.; Song, X. Simultaneous determination of theanine, gallic acid, purine alkaloids, catechins, and theaflavins in black tea using HPLC. Int. J. Food Sci. Technol. 2010, 45, 1263–1269. [Google Scholar] [CrossRef]

	



Cheng, S.; Fu, X.; Wang, X.; Liao, Y.; Zeng, L.; Dong, F.; Yang, Z. Studies on the Biochemical Formation Pathway of the Amino Acid l-Theanine in Tea (Camellia sinensis) and Other Plants. J. Agric. Food Chem. 2017, 65, 7210–7216. [Google Scholar] [CrossRef]

	



Gurr, G.M.; Wratten, S.D.; Landis, D.A.; You, M. Habitat Management to Suppress Pest Populations: Progress and Prospects. Annu. Rev. Entomol. 2017, 62, 91–109. [Google Scholar] [CrossRef]

	



Roy, S.; Muraleedharan, N.; Mukhopadhyay, A. The red spider mite, Oligonychus coffeae (Acari: Tetranychidae): Its status, biology, ecology and management in tea plantations. Exp. Appl. Acarol. 2014, 63, 431–463. [Google Scholar] [CrossRef]

	



De Costa, W.A.J.M.; Surenthran, P. Tree-crop interactions in hedgerow intercropping with different tree species and tea in Sri Lanka: 1. Production and resource competition. Agrofor. Syst. 2005, 63, 199–209. [Google Scholar] [CrossRef]

	



Farooq, T.; Kumar, U.; Mo, J.; Shakoor, A.; Wang, J.; Rashid, M.; Tufail, M.; Chen, X.; Yan, W. Intercropping of Peanut–Tea Enhances Soil Enzymatic Activity and Soil Nutrient Status at Different Soil Profiles in Subtropical Southern China. Plants 2021, 10, 881. [Google Scholar] [CrossRef]

	



Dingha, B.N.; Jackai, L.E.; Amoah, B.A.; Akotsen-Mensah, C. Pollinators on Cowpea Vigna unguiculata: Implications for Intercropping to Enhance Biodiversity. Insects 2021, 12, 54. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.L.; Yuan, P.; Pozsgai, G.; Chen, P.; Zhu, H.; You, M.S. The impact of cover crops on the predatory mite Anystis baccarum (Acari, Anystidae) and the leafhopper pest Empoasca onukii (Hemiptera, Cicadellidae) in a tea plantation. Pest. Manag. Sci. 2019, 75, 3371–3380. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Zhou, Y.; Zhou, B.; Tang, H.; Chen, Y.; Qiao, X.; Tang, J. Habitat management as a safe and effective approach for improving yield and quality of tea (Camellia sinensis) leaves. Sci. Rep. 2019, 9, 433. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.; Luo, Y.; Sun, P.; Gao, J.; Zhao, D.; Yang, P.; Hu, T. Effects of shade stress on turfgrasses morphophysiology and rhizosphere soil bacterial communities. BMC Plant Biol. 2020, 20, 92. [Google Scholar] [CrossRef] [PubMed]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M.; Lester, P. Analysis of total phenols and other oxidation substrates and antioxidants by means of Folin-Ciocalteu reagent. In Methods in Enzymology; Elsevier: Amsterdam, The Netherlands, 1999; Volume 299, pp. 152–178. [Google Scholar]

	



Kim, Y.-S.; Sano, H. Pathogen resistance of transgenic tobacco plants producing caffeine. Phytochemistry 2008, 69, 882–888. [Google Scholar] [CrossRef]

	



Su, Y.L.; Leung, L.K.; Huang, Y.; Chen, Z.-Y. Stability of tea theaflavins and catechins. Food Chem. 2003, 83, 189–195. [Google Scholar] [CrossRef]

	



Wang, H.F.; Tsai, Y.S.; Lin, M.L.; Ou, A.S.-M. Comparison of bioactive components in GABA tea and green tea produced in Taiwan. Food Chem. 2006, 96, 648–653. [Google Scholar] [CrossRef]

	



Vuong, Q.V.; Golding, J.B.; Nguyen, M.; Roach, P.D. Extraction and isolation of catechins from tea. J. Sep. Sci. 2010, 33, 3415–3428. [Google Scholar] [CrossRef]

	



Li, X.; Ahammed, G.J.; Li, Z.-X.; Zhang, L.; Wei, J.-P.; Shen, C.; Yan, P.; Zhang, L.-P.; Han, W.-Y. Brassinosteroids Improve Quality of Summer Tea (Camellia sinensis L.) by Balancing Biosynthesis of Polyphenols and Amino Acids. Front. Plant Sci. 2016, 7, 1304. [Google Scholar] [CrossRef]

	



Tikkanen, M.; Nurmi, M.; Kangasjärvi, S.; Aro, E.M. Core protein phosphorylation facilitates the repair of photodamaged photosystem II at high light. Biochim. Biophys. Acta 2018, 1777, 1432–1437. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.-E.; Liu, W.-J.; Su, Y.-Q.; Cui, J.-M.; Zhang, Z.-W.; Yuan, M.; Zhang, H.-Y.; Yuan, S. Different response of photosystem II to short and long-term drought stress in Arabidopsis thaliana. Physiol. Plant. 2016, 158, 225–235. [Google Scholar] [CrossRef]

	



Asada, K. Production and Scavenging of Reactive Oxygen Species in Chloroplasts and Their Functions. Plant Physiol. 2006, 141, 391–396. [Google Scholar] [CrossRef] [PubMed]

	



Mittler, R.; Vanderauwera, S.; Gollery, M.; Van Breusegem, F. Reactive oxygen gene network of plants. Trends Plant Sci. 2004, 9, 490–498. [Google Scholar] [CrossRef] [PubMed]

	



Nixon, P.J.; Michoux, F.; Yu, J.; Boehm, M.; Komenda, J. Recent advances in understanding the assembly and repair of photosystem II. Ann. Bot. 2010, 106, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Sano, S.; Takemoto, T.; Ogihara, A.; Suzuki, K.; Masumura, T.; Satoh, S.; Takano, K.; Mimura, Y.; Morita, S. Stress Responses of Shade-Treated Tea Leaves to High Light Exposure after Removal of Shading. Plants 2020, 9, 302. [Google Scholar] [CrossRef] [PubMed]

	



Mohotti, A.; Lawlor, D. Diurnal variation of photosynthesis and photoinhibition in tea: Effects of irradiance and nitrogen supply during growth in the field. J. Exp. Bot. 2002, 53, 313–322. [Google Scholar] [CrossRef]

	



Toshikazu, S.; Takashi, I.; Akio, M. The effect of shading in winter on the carbohydrate content of tea plants and productivity of first crop of tea. Jpn. J. Crop Sci. 2013, 82, 345–352. [Google Scholar]

	



Li, Y.; Chen, C.; Li, Y.; Ding, Z.; Shen, J.; Wang, Y.; Zhao, L.; Xu, M. The identification and evaluation of two different color variations of tea. J. Sci. Food Agric. 2016, 96, 4951–4961. [Google Scholar] [CrossRef]

	



Kito, M.; Kokura, H.; Izaki, J.; Sasaoka, K. Theanine, a precursor of the phloroglucinol nucleus of catechins in tea plants. Phytochemistry 1968, 7, 599–603. [Google Scholar] [CrossRef]

	



Deng, W.-W.; Fei, Y.; Wang, S.; Wan, X.-C.; Zhang, Z.-Z.; Hu, X.-Y. Effect of shade treatment on theanine biosynthesis in Camellia sinensis seedlings. Plant Growth Regul. 2013, 71, 295–299. [Google Scholar] [CrossRef]

	



Zhang, Q.; Shi, Y.; Ma, L.; Yi, X.; Ruan, J. Metabolomic Analysis Using Ultra-Performance Liquid Chromatography-Quadrupole-Time of Flight Mass Spectrometry (UPLC-Q-TOF MS) Uncovers the Effects of Light Intensity and Temperature under Shading Treatments on the Metabolites in Tea. PLoS ONE 2014, 9, e112572. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Hu, R.; Sreedasyam, A.; Garcia, T.M.; Lipzen, A.; Wang, M.; Yerramsetty, P.; Liu, D.; Ng, V.; Schmutz, J.; et al. Light-responsive expression atlas reveals the effects of light quality and intensity in Kalanchoë fedtschenkoi, a plant with crassulacean acid metabolism. Gigascience 2020, 9, giaa018. [Google Scholar] [CrossRef] [PubMed]

	



Beillouin, D.; Ben-Ari, T.; Malézieux, E.; Seufert, V.; Makowski, D. Positive but variable effects of crop diversification on biodiversity and ecosystem services. Glob. Chang. Biol. 2021, 27, 4697–4710. [Google Scholar] [CrossRef]

	



Das, S.; Sarker, M.; Mukhopadhyay, A. Changing diversity of hymenopteran parasitoids from organically and conventionally managed tea-ecosystem of North Bengal, India. J. Environ. Biol. 2005, 26, 505–509. [Google Scholar]

	



Rojas, L.; Godoy, C.; Hanson, P.; Hilje, L. A survey of homopteran species (Auchenorrhyncha) from coffee shrubs and poró and laurel trees in shaded coffee plantations, in Turrialba, Costa Rica. Rev. De Biol. Trop. 2002, 49, 1057–1065. [Google Scholar]

	



Song, Y.; Liu, J.; Chen, F. Azotobacter chroococcum inoculation can improve plant growth and resistance of maize to armyworm, Mythimna separata even under reduced nitrogen fertilizer application. Pest. Manag. Sci. 2020, 76, 4131–4140. [Google Scholar] [CrossRef]

	



Tian, Y.; Zhao, Y.; Zhang, L.; Mu, W.; Zhang, Z. Morphological, Physiological, and Biochemical Responses of Two Tea Cultivars to Empoasca onukii (Hemiptera: Cicadellidae) Infestation. J. Econ. Entomol. 2018, 111, 899–908. [Google Scholar] [CrossRef]

	



Liao, Y.; Yu, Z.; Liu, X.; Zeng, L.; Cheng, S.; Li, J.; Tang, J.; Yang, Z. Effect of Major Tea Insect Attack on Formation of Quality-Related Nonvolatile Specialized Metabolites in Tea (Camellia sinensis) Leaves. J. Agric. Food Chem. 2019, 67, 6716–6724. [Google Scholar] [CrossRef]

	



Kim, Y.-S.; Uefuji, H.; Ogita, S.; Sano, H. Transgenic tobacco plants producing caffeine: A potential new strategy for insect pest control. Transgenic Res. 2006, 15, 667–672. [Google Scholar] [CrossRef]

	



Zelles, L. Fatty acid patterns of phospholipids and lipopolysaccharids in the characterization of microbial communities in soil, a review. Biol. Fert. Soils 1999, 29, 111–129. [Google Scholar] [CrossRef]

	



Neal, A.L.; Hughes, D.; Clark, I.M.; Jansson, J.K.; Hirsch, P.R. Microbiome Aggregated Traits and Assembly Are More Sensitive to Soil Management than Diversity. Msystems 2021, 6, e01056-20. [Google Scholar] [CrossRef] [PubMed]

	



Shigyo, N.; Umeki, K.; Hirao, T. Plant functional diversity and soil properties control elevational diversity gradients of soil bacteria. FEMS Microbiol. Ecol. 2019, 95, fiz025. [Google Scholar] [CrossRef]

	



Li, N.; Gao, D.; Zhou, X.; Chen, S.; Li, C.; Wu, F. Intercropping with Potato-Onion Enhanced the Soil Microbial Diversity of Tomato. Microorganisms 2020, 8, 834. [Google Scholar] [CrossRef]

	



Dang, K.; Gong, X.; Zhao, G.; Wang, H.; Ivanistau, A.; Feng, B. Intercropping Alters the Soil Microbial Diversity and Community to Facilitate Nitrogen Assimilation: A Potential Mechanism for Increasing Proso Millet Grain Yield. Front. Microbiol. 2020, 11, 601054. [Google Scholar] [CrossRef] [PubMed]

	



Tang, X.; Jiang, J.; Huang, Z.; Wu, H.; Wang, J.; He, L.; Xiong, F.; Zhong, R.; Liu, J.; Han, Z.; et al. Sugarcane/peanut intercropping system improves the soil quality and increases the abundance of beneficial microbes. J. Basic Microbiol. 2021, 61, 165–176. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Li, T.; Zheng, Z.; Chen, H.Y. Soil aggregate-associated bacterial metabolic activity and community structure in different aged tea plantations. Sci. Total Environ. 2018, 654, 1023–1032. [Google Scholar] [CrossRef]

	



Jeanneret, P.; Aviron, S.; Alignier, A.; Lavigne, C.; Helfenstein, J.; Herzog, F.; Kay, S.; Petit, S. Agroecology landscapes. Landsc. Ecol. 2021, 36, 2235–2257. [Google Scholar] [CrossRef]








[image: Plants 11 01883 g001 550] 





Figure 1. Field layout model of the ecological shading treatments by intercropping maize plants in tea plantation (Note: ES—east shading; WS—west shading; EWCK—control of the WS and ES shading treatments; SS—south shading; SSCK—control of the SS shading treatment). 
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Figure 2. Foliar soluble nutrients of tea plants under intercropped maize ecological shading (Note: SSCK, SS, EWCK, ES, WS with at least one identical letter are not significant different from each other by the LSD test at p > 0.05. The same as in the following figures). 
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Figure 3. Foliar contents of the functional components of tea plants under intercropped maize ecological shading in a tea plantation. 
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Figure 4. Catechin quality index and phenol/ammonia ratio in the leaves of tea plants under intercropped maize ecological shading in tea plantation. 
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Figure 5. Population dynamics of two key species of insect pests, Empoasca onukii and Trialeurodes vaporariorum under the intercropped maize ecological shading in tea plantation. 
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Figure 6. Community diversity indexes of the collected insects under the intercropped maize ecological shading in tea plantation. 
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Figure 7. Heat map of the soil microbial composition at genus level under the intercropped maize ecological shading in tea plantation. 
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Figure 8. Relative abundance of soil microorganisms at the phylum level under the intercropped maize ecological shading in tea plantation (Note: *, **, and *** show significantly different by the t test at p < 0.05, p < 0.01 or p < 0.001). 
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Figure 9. Effects of ecological shading by maize intercropping on foliar soluble nutrients and functional components of tea plants, and population abundances and community diversity of insect pests and soil microbes in tea plantation. 
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Table 1. Two-way repeated-measures ANOVAs of ecological shading treatments (including SS, SSCK, ES, WS, EWCK) (S), sampling year (Y) and their interaction (with sampling time as repeated measures) on the foliar contents of soluble nutrients, the functional components and leaf quality indexes of tea plants, and the population dynamics of two key insect species of Empoasca onukii and Trialeurodes vaporariorum, as well as the community indexes of the collected insects in the tea plantation (values were F/p) (* p < 0.05; ** p < 0.01; *** p < 0.001).
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Measured Indexes

	
Ecological Shading Treatments (S)

	
Sampling Years (Y)

	
S × Y






	
Foliar soluble

nutrients

	
Soluble sugars (mg/g)

	
3.83/0.02 *

	
32.56/<0.001 ***

	
1.66/0.20




	
Soluble proteins (mg/g)

	
1.73/0.18

	
2.09/0.16

	
1.75/0.18




	
Free fatty acids (μmol/L)

	
5.39/0.004 **

	
53.80/<0.001 ***

	
0.45/0.77




	
Foliar functional

components

	
Polyphenols (mg/g)

	
24.20/<0.001 ***

	
2331.38/<0.001 ***

	
13.29/<0.001 ***




	
Caffeine (mg/g)

	
118.21/<0.001 ***

	
51.33/<0.001 ***

	
97.48/<0.001 ***




	
Theanine (μg/g)

	
379.93/<0.001 ***

	
168.34/<0.001 ***

	
54.42<0.001 ***




	
Leaf quality

	
Catechin quality index

	
151.57/<0.001 ***

	
171.59/<0.001 ***

	
35.33/<0.001 ***




	
Phenol/ammonia ratio

	
148.85/<0.001 ***

	
0.06/0.80

	
16.06/<0.001 ***




	
Population dynamics

	
Empoasca onukii

	
30.61/<0.001 ***

	
52.62/<0.001 ***

	
0.73/0.58




	
Trialeurodes vaporariorum

	
37.00/<0.001 ***

	
514.35/<0.001 ***

	
9.04/<0.001 ***




	
Community diversity

of insects

	
Shannon-Wiener index (H)

	
2.76/0.04 *

	
5.15/0.03 *

	
1.44/0.25




	
Pielou evenness index (E)

	
2.64/0.05

	
1.08/0.31

	
0.46/0.77




	
Margalef richness index (D)

	
2.86/0.04 *

	
0.25/0.62

	
0.19/0.94




	
Simpson dominance index (C)

	
2.51/0.06

	
6.34/0.01 *

	
2.57/0.06
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Table 2. Community diversity indexes of soil microbial microorganisms under the intercropped maize ecological shading in a tea plantation.






Table 2. Community diversity indexes of soil microbial microorganisms under the intercropped maize ecological shading in a tea plantation.





	Diversity Indices
	SSCK
	SS
	EWCK
	ES
	WS
	F/P





	Chao1 index
	6539 ± 61 ab
	6556 ± 150 ab
	7900 ± 805 a
	7784 ± 242 a
	5078 ± 222 b
	8.42/0.003 **



	Shannon-Wiener index (H)
	10.38 ± 0.07 b
	10.23 ± 0.19 b
	11.18 ± 0.22 a
	11.45 ± 0.03 a
	9.31 ± 0.10 c
	52.78/<0.001 ***



	Pielou evenness index (E)
	0.840 ± 0.004 b
	0.829 ± 0.010 b
	0.887 ± 0.104 a
	0.898 ± 0.001 a
	0.873 ± 0.005 c
	43.26/<0.001 ***



	Simpson dominance index (C)
	0.995 ± 0.002 b
	0.995 ± 0.001 b
	0.999 ± 0.001 a
	0.999 ± 0.001 a
	0.991 ± 0.001 c
	27.43/<0.001 ***







Note: ** and *** indicate p < 0.01 and p < 0.001 by one-way ANOVAs to analyze the effects of ecological shading treatment on the diversity indices of soil microbial communities in the tea plantation, respectively. Means with at least one identical letter are not significant different from each other by the LSD test at p > 0.05.
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