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Abstract

:

This study presents a comprehensive examination of Pinus kesiya var. langbianensis (Pinus kesiya var. langbianensis), the primary resin-extraction tree species in Yunnan Province, China. In this study, we formulated different concentration gradients of 0.25%, 0.5%, 1%, and 2% of diquat solution as tapping stimulant to test the effect of different concentrations on the resin gain rate of Pinus kesiya, and analyzed the relationship between anatomical structure, major chemical composition of turpentine and resin yield by methods such as wood anatomy and chemical composition analysis of turpentine. The primary focus of the investigation was on exploring the interrelationships among resin-tapping stimulants, anatomical structures, turpentine components, and resin yield. Research findings demonstrate a significant enhancement in resin production due to the application of stimulants, with the highest increase rate reaching 55% in a specific group, while others achieved approximately 30% increments. Moreover, measurement data about resin duct dimensions indicate a noteworthy increase in resin duct area for the stimulant-treated group compared to the control group. However, it should be noted that the impact on resin duct area by varying stimulant concentrations was relatively minor. Furthermore, continuous observation of resin extraction from different resin-yield classes of P. kesiya revealed insignificant variation in resin yield over time for the low and moderate resin-yield groups. In contrast, the high resin-yield group exhibited a gradual increase in resin production. Interestingly, the high resin-yield group exhibited the smallest resin duct area, but the highest resin duct density, indicating an interconnectedness of resin duct-related data that influences resin yield. Additionally, correlative investigations between anatomical structures and resin yield demonstrate a positive correlation between resin duct area and resin yield, total resin production, and average resin yield. This underscores the importance of resin duct area as a significant factor in resin production. On the other hand, the influence of stimulant concentrations on the turpentine components was found to be negligible. Overall, the correlation results suggest that turpentine components cannot reliably predict or differentiate between high and low resin-yield trees. This study provides a comprehensive analysis of the interrelationships among stimulants, anatomical structures, and turpentine components, offering a theoretical foundation for the resin extraction and resin processing industries in Yunnan Province.
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1. Introduction


P. kesiya var. langbianensis (Pinus kesiya var. langbianensis), a tropical coniferous tree species, is widely distributed in Southeast Asia, growing between the latitudes of 12° and 30° N [1]. This species naturally occurs in northeastern India, Myanmar, China, Thailand, Laos, Cambodia, Vietnam, and the Philippines. It primarily thrives in mountainous regions at altitudes ranging from 350 to 2900 m, particularly above 1000 m [1]. In Yunnan Province, it is extensively found in southern regions such as Malipo, Simao, Puer, Jinghong, and western areas. It serves as one of the prominent fast-growing timber and resin-producing tree species in Yunnan [2]. P. kesiya var. langbianensis is known for its high resin yield, with an average resin content of 20% and a maximum of 32% [3]. According to the 2012 continuous forest resource survey data in Yunnan Province, the area covered by P. kesiya var. langbianensis is approximately 56.63 × 104 hectares, with a resin storage capacity of around 27.3 × 104 tons [4,5].



Resin is produced and stored in the vertical and horizontal duct systems of the phloem and xylem in trees [6]. Resin ducts exist in trees before insect attacks as an induced defense mechanism, producing resin when injured or infected [7,8]. Different characteristics of the resin duct network are correlated with resin yield [9,10]. Some research results have shown a high correlation between resin duct dimensions and resin production. In some cases, resin duct density is also positively correlated with resin yield. However, the significance of these relationships varies across studies [11,12,13,14,15]. In summary, although previous research has confirmed the general notion that larger resin ducts are associated with higher resin production, the relationship is not as strong as expected. Therefore, further investigation into the correlation between resin ducts and resin production is necessary. Furthermore, despite being a high-resin-yielding tree species unique to Yunnan Province, there is limited academic research on P. kesiya var. langbianensis. Studying the anatomical structure of P. kesiya var. langbianensis not only advances our understanding of the relationship between resin production and anatomy in the Pinaceae family, but also provides a theoretical basis for efficient resin extraction and breeding of P. kesiya var. langbianensis.



Resin is a mixture of various terpenoid compounds, and it can be fractionated into turpentine (monoterpenes and sesquiterpenes) and rosin (diterpenes) through simple distillation processes [16,17]. Rosin primarily consists of various resin acids isomers (such as abietic acid, neoabietic, palustric and levopimaradiene acids, etc.) [18]. It finds wide applications in industries such as ink production, adhesives, papermaking, food additives, pharmaceuticals, and other industrial sectors [19]. Turpentine, on the other hand, is mainly composed of monoterpenes (such as α-pinene, β-pinene, limonene, etc.) and sesquiterpenes (such as longifolene, caryophyllene, etc.). It is widely used in the fields of food, biomedicine, agriculture, and functional materials [19].



The collection of resin plays a crucial role in the production of rosin and turpentine. Over the past three decades, due to rising labor costs in Europe, the focus of resin collection has gradually shifted to China [20]. In recent years, China has emerged as a major player in resin production, benefiting from its abundant labor force and the natural advantages of tree species such as P. kesiya var. langbianensis, Masson Pine (Pinus massoniana Lamb), and Slash Pine (Pinus elliottii var. elliottii) [21]. The annual resin production in China has reached 600,000 tons, accounting for 60% of the national gum resin production and 50% of the global resin trade [21,22].



Stimulating pastes can significantly increase turpentine production and economics. These chemical stimulants, applied after mechanical trauma, promote resin production by inducing slow necrosis of living cells and prolonging the exudation process [23]. Parham, M.R. et al. [24] developed a viscous paste-like stimulus. Currently, the primary adhesives used include sulfuric acid, potassium, salicylic acid, Ethephon, Ethrel, benzoic acid, neftalene acetic acid, paraquat, copper, and 2-Chloroethyl phosphonic Acid (CEPA) [25,26,27,28,29,30,31]. Among the above compounds, salicylic acid is a phytohormone involved in signaling the induced response to biotic damage, and Ethephon, Ethrel, and CEPA are synthetic precursors of ethylene, which is also a phytohormone involved in the signaling of defensive responses to mechanical and biotic stimuli. Studies have compared the yields of these stimulating compounds, and have shown a tendency to reduce the use of sulfuric acid, opting for alternative components such as citric acid or methyl jasmonate. The latter is another plant hormone involved in signal transduction for injury-induced responses. Plant hormones are naturally pure and uncontaminated, but their prices are considerably high, which has hindered the widespread adoption of resin collection practices. In this experiment, Diquat is employed as a stimulant due to its low cost.




2. Materials and Methods


2.1. Study Area and Selection of Sample Trees


In May 2023, a 20-year-old P. kesiya var. langbianensis plantation located in Mengda County, Puer City, Yunnan Province, China, was selected as the experimental site (longitude: 100°48′16″, latitude: 24°8′1″, altitude: 1326 m). The site falls within a subtropical monsoon climate, with an average annual temperature of 17.9 °C, an average annual rainfall of 155.4 mm, and an average annual sunshine duration of 2206 h. After conducting a survey, it was determined that the site consisted of a mature P. kesiya var. langbianensis plantation. A total of 75 vigorous and healthy trees with a breast diameter of (18 ± 2) cm were selected as sample trees. These trees were carefully numbered and divided into five experimental zones (Figure 1).




2.2. Stimulant Application Methods


On 1 June 2023, the sample trees of the experimental groups were drilled with an electric drill at about 50 cm above the ground at an upward inclination of 30° to the trunk, to make small holes 3–5 cm deep. Different concentrations of Diquat were prepared as a lipotropic stimulant (Table 1). Group CK was drilled only, without a stimulant, and Groups A, B, C and D have applied stimulants with concentrations of 0.25%, 0.5%, 1%, and 2%, respectively (Table 1). Diquat (41% glyphosate solution) was used as a stimulant. The stimulant was diluted with distilled water. Approximately 5 mL of stimulant was injected into the small holes using a syringe. The stimulant was applied only once.




2.3. Tapping Method


The resin collection was conducted using the Y-shaped downward tapping method. The tapping commenced approximately 1.5 m above the ground level, with a cutting interval of six days. The cutting surface was oriented towards the south, and the tapping intensity was maintained at 40% of the surface area. Resin collection was initiated from the 1.5 m mark, utilizing specialized resin collection bags. The resin was collected once every 30 days and weighed for quantification (Figure 2).




2.4. Analysis of Resin Yield Growth Rate



P = (y − y0)/y0 × 100%









P: Resin yield enhancement rate after applying the stimulant, expressed as a percentage.



y: Average resin yield per P. kesiya var. langbianensis tree after applying the stimulant every 30 days, in grams.



y0: Average resin yield per P. kesiya var. langbianensis tree in the control group every 30 days, in grams.




2.5. Analysis of Resin Duct Anatomy


	(1)

	
After the final resin collection, anatomical samples were taken from each tree. The sampling location was approximately 2 cm below the wound, where a 2 × 2 × 2 cm sample block was obtained and immediately placed in FAA (10 mL of 37% formaldehyde, 5 mL of glacial acetic acid, and 85 mL of a 50% ethanol–water solution) solution for fixation.




	(2)

	
Sectioning procedure: Utilizing the sliding microtome (Leica 2000R, Nussloch, Germany) cut cross sections (XS) and tangential sections (TS) of the adequately softened samples to a thickness of approximately 8–10 µm. Prepare at least 3 slices for each section type as spares.




	(3)

	
Safranin and fast green staining: Place the sections in 1% safranin O solution for staining for 12 h or more. Afterward, sequentially transfer the stained sections into 50% ethanol solution, 75% ethanol solution, 95% ethanol solution, 1% fast green solution, 95% ethanol solution, absolute ethanol, absolute ethanol, a mixture of ethanol and xylene in a 1:1 ratio, xylene, xylene. Immerse the sections in 50% ethanol solution for 10 s, followed by 15 s in 1% fast green solution, and 3 min in all other solutions. Finally, place the processed sections on glass slides, add a suitable amount of neutral gum, gently place a coverslip on top while pushing out air bubbles from underneath, and let it dry at room temperature to complete the permanent section-making process.




	(4)

	
Image J software (ImageJ-win64) was used to measure the number of resin ducts within a 6 mm2 area in 30 different fields of view for each sample. Additionally, the area of 30 axial resin ducts was measured; there were 15 trees in each group, so we measured 450 data per group, and their average values were calculated.








2.6. Resin Composition Analysis


Weigh 50 mg of sample in a 15 mL tube, add 2 mL of anhydrous methanol solution, add 1 drop of 1% phenolphthalein indicator, use 6% tetramethylammonium hydroxide-methanol solution to drop until slightly red, and then drop the methanol solution to the 5 mL scale, mix thoroughly, and take 1 mL filtered and injected into the vial. The GC-MS conditions were as follows: starting temperature 60 °C, hold for 2 min, heat to 200 °C at 4 °C/min, hold for 2 min, and then heat to 250 °C at 2 °C/min, hold for 5 min to the end; vaporization and detection temperature 60 °C; the carrier gas was nitrogen, the shunt ratio was 1:50, and the injection volume was 0.5 μL. The results of the mass spectrometry test were compared with the NIST database to determine the corresponding components of the peaks, and the peaks of the main components were integrated using Origin 2022.




2.7. Data Analysis


The data obtained were statistically processed using Excel 2021 software, analyzed by ANOVA using SPSS 25.0, and plotted using Origin 2021.





3. Results


3.1. The Impact of Different Concentrations of Stimulants on Resin Yield


To validate the variation in resin yield among individual pine trees, we performed a variance analysis (ANOVA) on the resin yields of different treatment groups in June. We analyzed the resin yields of the control group and treatment groups before the reagents took effect. The results, as shown in Table 2, indicate that there is no significant difference in resin yield between the control group and treatment groups. This demonstrates the reliability and validity of the experimental results.



Based on Figure 3, there were no significant differences in resin yield among the treatment groups in June and July. In June, the average resin yields for CK, A, B, C, and D were 64.6 g, 52.9 g, 60.5 g, 62.6 g, and 58.8 g, respectively, compared to the CK group (Figure 4). The lipid enhancement rates for groups A, B, C, and D were −18%, −6%, −3%, and −9%, respectively, all exhibiting negative values. In July, the average resin yields for CK, A, B, C, and D were 72.2 g, 62.7 g, 76.6 g, 70.3 g, and 83 g (Figure 3), with enhancement rates of −13%, −6%, −3%, and 15% (Figure 4). The enhancement rates for groups A, B, and C remained unchanged, while the D group showed an increase of 15%. The negative resin yield in June and July is due to the control group having higher resin production compared to the other treatment groups. The main reason for the higher resin yield of the control group than the other treatment groups is the geographical location, soil conditions, and lighting. The control group was situated at the foot of the mountain, with relatively flat terrain and higher water storage capacity compared to the treatment groups on the slopes. Additionally, it was closer to the road, receiving more uninterrupted sunlight. When pine trees receive more water and sunlight, they naturally produce and store more resin [11]. In August, September, and October, the resin yield turned positive, indicating that the applied stimulant had effectively increased resin production in the treatment groups, gradually surpassing the control group. This suggests that the stimulant can induce significant resin production in pine trees located in less advantageous geographical positions. Figure 3 also shows that although the resin yield in the control group increased over time, the rate of increase was much slower compared to the treatment groups, validating the effectiveness of the applied stimulant. In August, the average resin yields for CK, A, B, C, and D were 70.3 g, 80.1 g, 100.9 g, 99.4 g, and 104.8 g (Figure 3). Compared to the CK group, the enhancement rates for groups A, B, C, and D were 14%, 43%, 41%, and 49% (Figure 4), indicating a significant increase in enhancement rates in August. In September, the average resin yields for CK, A, B, C, and D were 83.4 g, 104.5 g, 114.9 g, 108.1 g, and 116 g (Figure 3). While the CK group showed a slight increase in resin yield compared to August, the experimental zone entered the rainy season during this month, suggesting a close relationship between resin production and precipitation [11]. However, the resin enhancement in groups A, B, C, and D showed greater improvements, with enhancement rates of 25%, 38%, 30%, and 39% (Figure 4), slightly lower than in August. In October, the average resin yields for CK, A, B, C, and D were 100.5 g, 127.7 g, 130.7 g, 134.9 g, and 155.5 g (Figure 3). The enhancement rates for groups A, B, C, and D stabilized around 30%, with rates of 27%, 30%, 34%, and 55% (Figure 4). There were no significant differences in resin yield among the different concentration treatments (A–D) for each month (p > 0.05).




3.2. Anatomical Structure Analysis


3.2.1. Effects of Different Concentration Stimulant on Anatomical Structure


The microanatomical structure of P. kesiya var. langbianensis is illustrated in Figure 5. Measurements of resin duct-related dimensions (Figure 6A, Table 3) reveal that the axial resin duct area for the CK group is 1803.67 ± 1402.79 μm2. The axial resin duct areas for groups A, B, C, and D are 3936.52 ± 2133.45 μm2, 3673.70 ± 2501.69 μm2, 3382.70 ± 1750.26 μm2, and 3665.11 ± 2457.92 μm2, respectively. Analysis of variance indicates that the resin duct area for all groups treated with stimulants is significantly larger than the control group (p < 0.05). However, there is no significant difference in resin duct area among the different concentration stimulant treatment groups (Table 3). The application of stimulants increases the area of resin ducts [32], consequently enhancing resin production. However, the impact of different concentration stimulants on P. kesiya var. langbianensis is not significant, suggesting a close relationship between stimulants and the defense mechanism of the pine tree, but with no significant correlation to the concentration of the stimulant.



According to Figure 6B and Table 3, it can be observed that the axial resin duct density for the control group is 10.31 ± 3.34 number·6 mm−2. The axial resin duct densities for groups A, B, C, and D are 9.80 ± 3.03, 8.67 ± 3.46, 10.88 ± 2.71, and 11.65 ± 4.16 number·6 mm−2, respectively. Analysis of variance indicates that there is no significant difference in resin duct density among the different groups (p > 0.05).




3.2.2. Analysis of Resin Duct Variations in Different Resin Yield Levels of P. kesiya var. langbianensis


The experiment involved dividing 15 trees from the control group into three groups based on resin yield: low, medium, and high (Figure 7). According to the analysis of variance (Figure 7), there were significant differences in resin yield between the low and medium groups (p < 0.05), as well as between the low and high groups (p < 0.01). Moreover, the medium and high groups also exhibited significant differences in resin yield (p < 0.01), meeting the requirements of statistical analysis.



The resin yield of the medium and low resin groups remained relatively stable throughout resin collection, showing no significant changes. However, the high resin group demonstrated a significantly higher growth rate in resin yield as the collection time progressed (Figure 8), This could be attributed to the higher metabolic response speed of the highly productive P. kesiya to external stimuli, leading to faster resin production [33].



The resin duct area of the low resin group showed a significant difference compared to the medium group (p < 0.05), but no significant difference was observed compared to the high resin group (Figure 9A, Table 4). Interestingly, the high resin group exhibited the smallest resin duct area. However, when considering the resin duct density, the high resin group was significantly higher than both the medium and low resin groups (p < 0.05). The amount of resin production in P. kesiya is determined by multiple interacting factors, rather than a single factor alone [9,10,11].




3.2.3. Analysis of the Correlation between Resin Yield and Anatomical Structure


The experiment investigated the correlations among different resin collection times, different stimulant concentrations, and relevant anatomical features of resin ducts (Figure 10). There was a highly significant positive correlation between resin yield in different months across all groups. The average resin yield in the control group (CK) exhibited a significant positive correlation with the resin duct area (Figure 10 CK) [12]. The resin duct area showed positive correlations with monthly resin yield, total resin yield, and average resin yield (Figure 10). In treatment group A, the resin duct area also displayed a significant positive correlation with resin yield (Figure 10 A). Unlike the control group, treatment group A exhibited significant positive correlations between the resin duct area and resin yield for each month, total resin yield, and average resin yield. The resin duct density in treatment group A showed a positive correlation with resin yield, although the correlation was not significant. In treatment group B, there were highly significant positive correlations among resin yields in different months, total resin yields, and average resin yields (Figure 10 B). However, there was a negative correlation between the resin duct area and resin yield (Figure 10 B) within treatment group B. The resin duct density in treatment group B showed a positive correlation with the resin yield (Figure 10 B). In treatment group C, there were significant positive correlations among resin yield in different months, total resin yield, and average resin yield (Figure 10 C). Both the resin duct area and resin duct density exhibited positive correlations with the resin yield (Figure 10 C). For treatment group D, there remained a highly significant positive correlation between resin yield in June to October and total resin yield, as well as average resin yield (Figure 10 D). The same trend was observed in the other four experimental groups (Figure 10 CK, A, B, C). The resin duct area and resin duct density in treatment group D also showed significant positive correlations with the resin yield (Figure 10 D) [13]. Among the five experimental groups, only the third group exhibited a negative correlation between the resin duct area and resin yield. From the graph (Figure 10), it can be observed that the resin duct area and resin duct density have positive correlations in groups CK, A, B, and D.





3.3. Analysis of Pine Turpentine Chemical Components


3.3.1. Analysis of the Chemical Components of Turpentine Stimulated by Different Concentrations of Stimulant


The experiment analyzed ten major components in the resin of P. kesiya var. langbianensis, and divided them into two groups based on their content levels (Figure 11 and Figure 12). Among the components with a lower content (Figure 11), the A treatment group exhibited the highest content of dehydroabietic acid, surpassing the CK, B, C, and D groups. The differences in content of abietatrienoic acid among the treatment groups were not significant. The content of isopimaric acid in the CK and B groups was higher than in the A, C, and D groups. The A group had a higher content of longipinene compared to the CK group and the remaining three treatment groups. No significant differences were found in the content of sandaracopimaric acid among the five experimental groups. For the components with higher content (Figure 12), the analysis of variance indicated no significant differences among the treatment groups for levopimaric acid, neoabietic acid, abietic acid, pimaric acid, and α-pinene.




3.3.2. Analysis of Differences in Chemical Composition of P. kesiya var. langbianensis with Different Resin Yield


The 15 trees in the control group were classified into low, medium, and high lipid yields (Figure 7), and into low- and high-content components according to the chemical composition of the turpentine (Figure 13). The contents of longifolium, santalic acid dehydroclavulanic acid, and longitudinal trienoic acid did not differ significantly between lipid yields, and isopinene was significantly higher in the high-yielding lipids than in the low- and medium-yielding lipids (Figure 13A). There was also no significant difference in the content of α-pinene, isopinene, levulinic acid longitudinal, and neo-longitudinal acids (Figure 13B). It can be seen that it is not reliable to predict or differentiate between high- and low-lipid-producing P. kesiya var. langbianensis from the chemical composition of turpentine.





3.4. Correlation Analysis of Resin Yield, Anatomical Structure and Turpentine Chemical Composition


As shown in Figure 14, correlation analysis was conducted among resin yield, resin duct anatomical structure, and chemical composition in P. kesiya var. langbianensis. It was found that α-pinene exhibited a negative correlation with the resin duct area, resin duct density, and resin yield, while showing a positive correlation with abietatrienoic acid and longipinene. Longipinene showed a negative correlation with the resin duct area, resin duct density, abietatrienoic acid, levopimaric acid, sandaracopimaric acid, and pimaric acid, but a positive correlation with isopimaric acid, dehydroabietic acid, and abietic acid. Pimaric acid exhibited positive correlations with the resin duct area, resin duct density, resin yield, abietatrienoic acid, levopimaric acid, and sandaracopimaric acid, but a negative correlation with neoabietic acid, abietic acid, dehydroabietic acid, and isopimaric acid. Sandaracopimaric acid showed positive correlations with the resin duct area, resin duct frequency, resin yield, abietic acid, dehydroabietic acid, and levopimaric acid, but negative correlations with neoabietic acid and isopimaric acid. Isopimaric acid exhibited a positive correlation with neoabietic acid, but negative correlations with abietatrienoic acid and levopimaric acid. Levopimaric acid showed a negative correlation with neoabietic acid. Dehydroabietic acid demonstrated negative correlations with the resin duct area, resin duct density, and resin yield, while showing positive correlations with resin duct frequency and abietic acid. Abietic acid displayed positive correlations with resin duct area, resin duct frequency, resin yield, and abietatrienoic acid, but a negative correlation with neoabietic acid. Neoabietic acid exhibited negative correlations with resin duct area, resin duct density, resin yield, and abietatrienoic acid. Abietatrienoic acid showed positive correlations with the resin duct area, resin duct density, and resin yield. There is generally a weak correlation among the chemical components of resin in most cases, which could be attributed to their susceptibility to different genetic factors [34].





4. Discussion


In the experimental study of resin production in P. kesiya var. langbianensis stimulated by different concentrations of stimulants, it was observed that there was no significant difference in resin yield between June and July under different stimulation concentrations (Figure 3). Furthermore, the resin yield in June was consistently negative (Figure 4), possibly due to variations in topography, sunlight exposure, and soil moisture content, as the control group was situated at a relatively flat area at the foot of the mountain, where water accumulated, resulting in higher soil moisture content [11,35,36,37,38]. In July, the resin growth rates for the experimental groups with stimulant concentrations of 0.5% and 2% turned positive (Figure 4), suggesting that the effects of the stimulant may require 1–2 months to manifest. By August, all experimental groups exhibited positive resin growth rates (Figure 4), showing an increasing trend with higher stimulant concentrations. The resin growth rates for treatment groups A, B, C, and D in August were 14%, 43%, 41%, and 49%, respectively. This indicates that the stimulant had a significant impact on resin production in P. kesiya var. langbianensis by the third month, greatly promoting resin synthesis. In September, the resin growth rates for groups A, B, C, and D were 25%, 38%, 30%, and 39%, respectively. Compared to the previous month, the lipid accumulation rate for the A concentration group increased by 11%, while the rates for groups B, C, and D decreased by approximately 10%. This might be attributed to the substantial stimulation of resin excretion from the tree body last month, resulting in a slight decrease in lipid accumulation rate this month, thus validating the effectiveness of the stimulant (Figure 4). In October, the resin growth rates for groups A, B, C, and D were 27%, 30%, 34%, and 55%, respectively. The resin growth rates for each group remained relatively stable, with the lower concentration treatment group maintaining a rate of around 30%. This indicates that higher concentration stimulants can induce a higher production of resin in P. kesiya var. langbianensis. It is possible that higher concentrations would stimulate the production of more resin, but higher concentrations would mean that the trees would have to withstand greater stimulation; so, to protect these trees from being able to grow normally after tapping the resin, higher concentrations were not used in this experiment. Through one-way analysis of variance, it was found that, starting from August, there was a significant difference in resin yield between the stimulation groups and the control group (p < 0.05) (Figure 3). However, there were no significant differences observed among the experimental groups with the application of the stimulant, suggesting that high-concentration stimulants do not significantly enhance resin production in P. kesiya var. langbianensis (Figure 3), and low-concentration stimulants are sufficient to meet the resin production demands.



In the later stages of the experiment, samples were taken from the P. kesiya var. langbianensis trees stimulated with different concentrations of stimulants for anatomical research. From the perspective of axial resin duct area (Figure 6), the treatment group subjected to the stimulant showed a significantly larger axial resin duct area compared to the control group (Table 3). However, the differences in axial resin duct area between the treatment groups with different concentrations of the stimulant were not significant (Table 3). This finding aligns with the previous experiments on resin production in P. kesiya var. langbianensis, indicating that the application of the stimulant increases the area of resin ducts. However, higher concentrations of the stimulant do not stimulate the production of more resin in P. kesiya var. langbianensis or enlarge the axial resin ducts. By observing the density of the axial resin ducts, it was found that there were no significant differences among the experimental groups. This further validates the accuracy of the aforementioned experiments. In cases where the density of resin ducts is the same, a larger duct area results in a greater production of resin [13,14].



Compared to the low resin-yielding trees, high resin-yielding P. kesiya var. langbianensis exhibits a faster rate of resin synthesis (Figure 8), enabling quicker defensive responses to external stimuli. Measurements of resin duct data in different resin-yielding trees reveal a significant difference in axial resin duct area between low and medium resin-yielding trees, but not between low and high resin-yielding trees (Table 4). The density of axial resin ducts is significantly higher in high resin-yielding trees compared to low and medium resin-yielding trees (Table 4). This indicates that the resin yield in P. kesiya var. langbianensis is influenced by multiple factors interacting with each other, rather than a singular determinant.



By analyzing the correlation between resin production and anatomical structures under the stimulation of different concentrations of stimulants (Figure 10), it is observed that the resin yield in different groups exhibits a highly significant positive correlation across different months (Figure 10), suggesting a relatively stable resin yield over time for both high and low resin-yielding trees. The average resin yield in the control group (CK) shows a significant positive correlation with the resin duct area, indicating that the resin duct area determines the resin yield in P. kesiya var. langbianensis and supports the feasibility of using resin duct area as an indicator of resin production. The resin duct area shows a positive correlation with resin yield for each month, total resin yield, and average resin yield, indicating that resin duct density is also an important factor affecting resin production. In the A treatment group, the resin duct area shows a significant positive correlation with resin yield (Figure 10 A), possibly due to the expansion of resin ducts as a defense response induced by the stimulant. In the B treatment group, the resin duct area shows a negative correlation with resin yield (Figure 10 B), possibly influenced by geographical or community environmental factors [38]. The resin duct area and density in the C and D treatment groups show a positive correlation with resin yield (Figure 10C,D). Overall, the resin duct’s anatomical structural data exhibit a positive correlation with resin yield, indicating its high stability.



The experiment investigated the ten primary components in the resin of P. kesiya var. langbianensis, and divided them into two groups based on their respective levels of content. Different concentrations of stimuli were used to treat the samples, and the content of each component in the different groups was measured. The results revealed that in the A treatment group, the content of dehydroabietic acid was the highest, significantly surpassing that of the CK, B, C, and D groups. However, there was no significant difference in the content of abietatriene acid among the various treatment groups. The content of levopimaric acid in the CK and B groups was higher than that in the A, C, and D groups. Additionally, the A group exhibited a higher content of longipinene compared to the control group and the other three treatment groups. However, there was no significant difference in the content of sylvestric acid among the five experimental groups.



Through analysis of variance, it was found that the stimuli had no significant impact on the turpentine composition, only playing a role in promoting resin production. To further investigate the relationship between resin yield and the turpentine composition, the trees in the control group were divided into low, medium, and high resin-yielding groups, and then further categorized into low and high content groups based on the content of resin chemical components. The results indicated that it is not possible to reliably predict or differentiate high and low resin-yielding P. kesiya var. langbianensis solely based on the turpentine composition.



Furthermore, the correlation analysis revealed certain associations between different components and the resin duct anatomical structure and resin yield. Alpha-pinene exhibited a negative correlation with resin duct area, resin duct frequency, and resin yield, while showing a positive correlation with abietatriene acid and longipinene. Longipinene exhibited a negative correlation with resin duct area, resin duct density, abietatriene acid, levopimaric acid, sylvestric acid, and sylvic acid, while showing a positive correlation with isopimaric acid, dehydroabietic acid, and abietic acid. Sylvic acid exhibited a positive correlation with resin duct area, resin duct density, resin yield, abietatriene acid, levopimaric acid, and sylvic acid, while showing a negative correlation with neoabietic acid, abietic acid, and dehydroabietic acid. These findings provide clues regarding the correlation between resin yield and resin components.



In conclusion, the stimuli had no significant impact on the chemical composition of resin, but there exists a certain correlation between resin yield and resin components. However, it is not possible to reliably predict or differentiate high and low resin-yielding P. kesiya var. langbianensis solely based on the chemical composition of the resin. These findings hold significance for a deeper understanding of the formation mechanism of P. kesiya var. langbianensis resin and the regulation of resin production processes.




5. Conclusions


This experiment conducted a comprehensive study on the resin extraction of P. kesiya var. langbianensis, exploring the effects of resin extraction stimulants on the anatomical structure, resin chemical composition, and resin yield of P. kesiya var. langbianensis. (1) The stimulants used in the experiment had a significant effect on resin augmentation, with the highest experimental group achieving a resin augmentation rate of 55%, while the other experimental groups remained stable at around 30%. (2) Measurement data related to resin ducts showed that the experimental groups treated with stimulants had larger resin duct areas compared to the control group, although the impact of different concentrations of stimulants on resin duct area was minimal. (3) During the observation period of five consecutive months of resin extraction, the resin yield of low and medium resin-yielding P. kesiya var. langbianensis did not show significant changes over time, whereas the resin yield of high resin-yielding P. kesiya var. langbianensis gradually increased. By measuring the data related to resin ducts of P. kesiya var. langbianensis with different resin yields, it was discovered that the high resin-yielding trees had the smallest resin duct area, but the highest resin duct density, indicating that the factors affecting resin yield in P. kesiya var. langbianensis are not singular, but the result of synergistic interactions. (4) The correlation study between anatomical structure and resin yield revealed a positive correlation between resin duct area and resin yield, total resin yield, and average resin yield, indicating that resin duct area is an important factor influencing resin yield. (5) Regarding chemical composition, the different concentrations of stimulants had no significant effect on the turpentine components in P. kesiya var. langbianensis, only acting to promote resin production. The turpentine components cannot reliably differentiate between high- and low-resin-yielding P. kesiya var. langbianensis. This study provides a comprehensive theoretical basis for the resin extraction industry of P. kesiya var. langbianensis, and offers practical guidance for the development of resin extraction and processing industries in Yunnan Province.
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Figure 1. Schematic diagram of the experimental site. CK–D represent five different experimental zones. 
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Figure 2. Tapping. (a) Y-shaped incision for resin extraction, (b) resin extraction groove, (c) resin collection bag, (d) holes for applying stimulants. 
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Figure 3. Resin yield in different concentration stimulant treatments from June to October. Different lowercase letters represent significant differences (p < 0.05). 
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Figure 4. Resin growth rates in different concentration stimulant treatments. 
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Figure 5. Microanatomical structure of P. kesiya var. langbianensis. (a) Cross-section. (b) Radial section. (c) Tangential section. ARD, Axial Resin Duct; ARRD, Axial and Radial Resin Duct Junction; RRD, Radial Resin Duct. 
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Figure 6. Measurements of the anatomical structure of the resin duct. (A) Individual axial resin duct area, (B) axial resin duct density. 
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Figure 7. Histogram of resin yield of high, medium and low. (*) p < 0.05, (**) p < 0.01. 
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Figure 8. Line graph of lipid production of Simao pine by month with different resin yield. 
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Figure 9. Distribution of anatomical structure data of the resin duct. (A) The individual axial resin duct area of P. kesiya with different resin yield, (B) The Axial resin duct density of P. kesiya with different resin yield. 
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Figure 10. Thermogram of correlation between resin yield and anatomical structures. 






Figure 10. Thermogram of correlation between resin yield and anatomical structures.



[image: Forests 15 00748 g010]







[image: Forests 15 00748 g011] 





Figure 11. Illustrates the low-content chemical components of resin under different concentration treatments. 
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Figure 12. Illustrates the high-content chemical components of resin under different concentration treatments. 
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Figure 13. Comparison of the chemical composition of P. kesiya var. langbianensis turpentine between groups with different resin yields. (A) Low content components, (B) high content components. 
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Figure 14. Thermogram of correlation between resin yield, anatomical structure and chemical composition. 
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Table 1. Basic information of the experimental site.
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	Group
	DBH
	Stimulant
	Altitude
	Samples





	CK
	19.05
	
	1326
	15



	A
	19.42
	0.25%
	1328
	15



	B
	17.99
	0.5%
	1330
	15



	C
	18.38
	1%
	1332
	15



	D
	18.26
	2%
	1334
	15










 





Table 2. Analysis of variance of resin yield among five experimental zones (CK-D) in May.
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	SS
	DF
	MS
	F
	p Value





	Between groups
	1209.47
	4
	302.37
	0.603
	>0.1



	Within Groups
	35,080.21
	70
	501.146
	
	



	Total
	36,289.68
	74
	
	
	










 





Table 3. Analysis of variance of data on the anatomical structure of the resin duct.
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	Groups
	Individual Axial Resin Duct Area (μm2)
	Axial Resin Duct Density (Number·6 mm−2)





	CK
	1803.67 ± 1402.79 (c)
	10.31 ± 3.34 (a)



	A
	3936.52 ± 2133.45 (a)
	9.80 ± 3.03 (a)



	B
	3673.70 ± 2501.69 (ab)
	8.67 ± 3.46 (a)



	C
	3382.70 ± 1750.26 (b)
	10.88 ± 2.71 (a)



	D
	3665.11 ± 2457.92 (ab)
	11.65 ± 4.16 (a)







Different lowercase letters represent significant differences (p < 0.05).













 





Table 4. Differential analysis of the anatomical structure of the resin duct.
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	Groups
	Individual Axial Resin Duct Area (μm2)
	Axial Resin Duct Density (Number·6 mm−2)





	Low resin yield
	1378.06 ± 861.54 (b)
	8.21 ± 2.46 (a)



	Medium resin yield
	2390.91 ± 1836.06 (a)
	10.18 ± 3.40 (b)



	High resin yield
	1568.54 ± 1109.08 (b)
	12.09 ± 2.95 (c)







Different lowercase letters represent significant differences (p < 0.05).
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