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Background

Nowadays, the restoration of abandoned mines has gained more attention due to its significance in vegetation recovery and ecological security Although some studies have indicated the sexual dimorphism of dioecious plants in response to the environmental adaptability, sea-buckthorn (Hippophae rhamnoides L.), a diecious species widely used in afforestation and soil conservation, has not been studied the effects of sexual interactions on degraded ecosystem restoration;





Methods

In situ experiment, the physiological responses and rhizosphere soil changes of sea-buckthorn seedlings from different sex combinations were investigated in an abandoned Lead-Zinc mine;





Results

The two sexes from intra- and inter-sexual combinations showed differences in chlorophyll content, antioxidant activities, carbohydrates, proline, nutrient elements and zinc content in plants, and total organic carbon, nutrient elements and enzyme activities in rhizosphere soils. The males from the inter-sex combination had stronger antioxidant capacity and more osmoregulatory substances in plants and soil nitrogen contents as well as significantly higher activities of protease and urease with the increases of 139%, and 56%, respectively. In the intra-sex combination, compared with male plants, female plants showed higher contents of total N, Zn, soluble sugar and starch in the roots increased by 30.3%, 75%, 41.5% and 93.7% respectively, as well as higher soil available phosphate and potassium.





Conclusions

Sexual combinations significantly affected plant responses and soil properties of H. rhamnoides in the abandoned mine, male plants showed better adaptability than female plants in inter-sex combination, while females showed better rhizosphere responses than male plants in same-sex combination, which suggests that sexual interactions of dioecious species should be considered in the restoration of degraded ecosystem.
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1 Introduction

Although mineral exploitation has brought great economic benefits, the abandoned mining land had led to serious environmental pollution and ecological destruction. The vegetation destruction, soil pollution and erosion caused by mining pose a major threat to biological health and ecosystem stability (Xu et al., 2023; Setu and Strezov, 2025). Therefore, all countries around the world attach great importance to the restoration of abandoned mining areas (Ortega-Larrocea et al., 2010; Hendrychová et al., 2020). Common restoration techniques include physical, chemical and biological restorations and their combination. It is well known that physical and chemical remediation methods have many limitations, including irreversible changes in soil properties and soil microflora as well as secondary pollution, etc (Sikdar et al., 2020). Bioremediation, especially phytoremediation technology, has the advantages of simple operation technology, low cost, small disturbance to the environment, and can be deployed in a large area (Liang et al., 2011). In addition to improving soil fertility and soil environment, increasing species diversity, it also rebuild ecological landscape (Ortega-Larrocea et al., 2010). Therefore, vegetation restoration is considered to be the most effective way to improve the ecological environment of mining areas (Yuan et al., 2023). Woody plants, in particular, can effectively reduce environmental risks caused by heavy metal migration due to developed roots, large biomass, strong nutrient retention and in-situ fixation of heavy metals (Castiglione et al., 2009; Kim et al., 2018).

Dioecious plants are an important component of terrestrial ecosystems and play an active role in maintaining species diversity and ecosystem stability (Renner, 2014). It was reported that dioecious plants show sex differences under environmental stresses such as heavy metals, drought and salt stress etc. Most studies have found that male plants have better response mechanism and stronger adaptability to poor habitats (Dolkar et al., 2017; Liu et al., 2020), but there are also studies that show the opposite (Sánchez-Vilas and Retuerto, 2009; Gao et al., 2010), which suggests that sexual dimorphic responses are related to species and stress factors. Sea-buckthorn (Hippophae rhamnoides L.), a diecious species belonging to the genus of Hippophae, family of Elaeagnaceae, is an important tree species for ecological protection (Gao et al., 2010). It can stabilize soil and reduce erosion because of its advantages of strong adaptability, easy reproduction, better resistances to drought, cold and barren environment (Lin et al., 2023; Zhang et al., 2022). Sea-buckthorn has been widely used in afforestation, soil conservation and nitrogen fixation in barren habitats (He et al., 2013; Zhao et al., 2025).

Plant interactions including facilitation and competition are of great significance to vegetation reconstruction and ecological restoration under stress environment (Song et al., 2022). Stress gradient hypothesis (SGH) indicates that the competitiveness between plants turns into promotion with the enhancement of environmental stress (Bertness and Callaway, 1994). Previous researches suggest that SGH is universal on a global scale, especially in the higher environmental pressure (Gómez-Aparicio, 2009; Nemer et al., 2022), but some studies are opposed to the SGH hypothesis (Noumi, 2020; Tanner et al., 2023). It can be seen that plant interaction profoundly affects the adaptability of individual plants to the environment. As is well known, a large number of abandoned mining areas suffer from nutrient element deficiency and heavy metal pollution in the soil, which leads to dual environmental stresses on plant growth. The selection of species with large differences in functional traits is an efficient and low-cost method to restore degraded ecosystems, so as to minimize competition and maximize promotion (Navarro-Cano et al., 2019).

Previous study pointed out that the quantities of soil microorganisms and nutrient contents varied when the sea buckthorn combined with different plant species in the open-pit mine dump (Ma et al., 2007).

Recent years, some studies mainly focused on the sex ratio, morphology, growth and physiological differences of sea-buckthorn in various environment. The sea-buckthorn had sexual differences in leaf and palisade tissue thickness, and the main vein vascular bundle of male plant was more developed (Li et al., 2017). Male plants of sea-buckthorn had a better self-protection mechanism than female plants under cold and freezing conditions (Dolkar et al., 2017). However, female plants of H. rhamnoides showed stronger adaptability and physiological adjustment to drought stress, with more proline (Pro) accumulation, stable protective enzyme system and lower lipid membrane peroxidation (Gao et al., 2010).

Moreover, male-female interaction and manganese stress interactively affected chlorophyll, antioxidant enzyme activities and osmoregulatory substances in leaves, and soil microorganism of sea-buckthorn (Fang et al., 2022; Lin et al., 2023). Therefore, it can be seen that the sexual difference and interactions between two sexes may affect its adaptation to various environment, which may influence the ecological restoration effect of dioecious plants on degraded habitats. However, there are relatively few researches to explore the effect of sex combinations on the process of vegetation restoration in abandoned mining land.

The response of plant rhizosphere under environmental stress and the synergistic feedback mechanism with aboveground parts have been paid more attention. Soil enzyme activities and nutrient elements are very sensitive to various vegetation restoration model and land use change. Most of the studies are conducted in the greenhouse about the responses of plants to heavy metal stress (Chen et al., 2011; Liu et al., 2020), but the in-situ restoration experiments on abandoned land are relatively few (Yan et al., 2020; Song et al., 2022). An in-situ remediation experiment of long-term contaminated soil showed that polychlorinated biphenyls and heavy metals in soil were significantly reduced after poplar planting, and the abundance and diversity of rhizosphere microorganisms generally increased (Ancona et al., 2021). In the restoration experiments of Cd contaminated land, the bacterial community richness in rhizosphere soil of Populus deltoides was significantly higher than that in bare soil, and endogenous fungi enriched metabolites related to plant signaling compounds and nucleotides (Zhang et al., 2022). Therefore, the plant responses and soil properties should be connected to exactly evaluate the plant adaptation and restoration effect in degraded ecosystems. In this study, three different sex combinations of female and female (FF), male and male (MM) and female and male (FM) of H. rhamnoides were set on the abandoned Lead-Zinc mines to explore the plant physiological parameters and rhizosphere soil response characteristics. The study is aimed to answer the questions: (1) Do sex combinations affect the physiological response process, soil enzymes and nutrient status of male and female plants of H. rhamnoides in the in-situ restoration of abandoned mine experiment? (2) Whether male and female plants in the intra-sex and inter-sex combination show different competitive pressure and adaptation abilities in the Lead-Zinc abandoned mine? Under which sex combination do female plants or male plants exhibit better adaptability? (3) What correlation do exist between the plant responses and the rhizosphere soil characteristics when evaluating the adaptability of H. rhamnoides to abandoned mine under sex combinations? The results will prompt research about dioecious plant adaptability and interactions under stress environment, and provide scientific basis for the application of sea-buckthorn in ecological restoration of abandoned mining land.




2 Materials and methods



2.1 Plant materials and experimental design

The experiment was arranged at the Lead-Zinc mine located at Loufanggou, Xiangyan Town, Pingwu county of Sichuan province. The area has a humid subtropical monsoon climate, with annual average temperature of 16 °C, annual average rainfall of 840 mm. In the experiment, the sea-buckthorn seedlings with a height of approximately 40cm, good growth and uniform morphology, were planted in the abandoned mine according to different sex combinations respectively. This experiment was set up with a completely random grouping. Three combinations were conducted as follows, male plant-only (MM), female plant-only(FF), or mixed female and male plant (FM) in the experiment, and each combination was planted in four plots, and about 40 seedlings were planted in each plot (the width and length were both 2 meters). After planting, watering and weeding was performed regularly to ensure the normal growth of seedlings. After six months of growth, four male and female seedlings were randomly selected from each treatment plot and carefully removed from the field soil. The whole plant was sampled and divided into three parts: root, stem (including main branch and lateral branch) and leaf. The plant roots were gently shaken to remove most of the non-root zone soil, while retaining the soil aggregates (0.5~5mm) that is closely attached to the root surface as rhizosphere soil. The collected rhizosphere soil sample was placed in a dry ice box and brought back to the laboratory for further processing. Part of the collected leaves were stored in a -80°C for the determination of the content of chlorophyll and proline (Pro) as well as protective enzyme activities. The remaining leaves, roots and stems were cleaned and dried to constant weight at 70°C, crushed through a sieve with an aperture of 80 mesh size, and used for the determination of soluble sugar (SS), starch and nutrient elements in plants. Rhizosphere soil samples were dried by natural draft to determine soil enzyme activities and nutrient elements.




2.2 Determination of leaf biochemical parameters

The 0.3g cut fresh leaves were grinded with a small amount of calcium carbonate, quartz sand and 5ml of 80% acetone to extract the pigments. Then the extracting solution was filtered and the volume set to 25ml using 80% acetone, and the absorbance was measured at 645 and 663 nm with a spectrophotometer. The chlorophyll a (Chl a) and chlorophyll b (Chl b) contents were calculated using the method described by Lichtenthaler (1987). The determination of proline content in leaves was referred to the method described by Bates et al. (1973). The content of Malondialdehyde (MDA) was determined by thiobarbituric acid method. The 0.1g fresh leaves were homogenized in 10 ml of 10% trichloroacetic acid and centrifuged at 4°C for 10 min at 4000r/min. The supernatant was collected and mixed with 2 ml of 0.6% thiobarbituric acid and heated in a water bath at 100°C for 15 min. After cooling, the mixture was centrifuged at 4000r/min for 15 min. Then the absorbances of the supernatant at 450 nm, 600nm and 532 nm was determined (Fang et al., 2024).The calculation formula is as follows: MDA (mol·g-1 FW) = [6.45(A
532−A
600)−0.56A
450]Vt
V
s*FW



. In formula, Vt: total volume of extract (ml); Vs: the volume of the extract that used for determination (ml); FW: fresh weight of sample (g).The 0.3g fresh leaves were grinded in liquid nitrogen and extracted with a 50 mM potassium phosphate buffer (pH 7.8) containing 0.1 mM EDTA, 1% (w/v) polyvinylpyridone (PVP), 0.1 mM phenylmethylsulfonyl fluoride (PMSF) and 0.2% (v/v) Triton X-100 for the measurement of superoxide dismutase (SOD) and peroxidase (POD). The SOD activity was determined by measuring its ability to inhibit nitro blue tetrazolium (NBT) photoreduction, and absorbance was measured at 560nm by a spectrophotometer. The amount of enzyme required to inhibit 50% of the NBT photoreduction reaction was taken as a unit of enzyme activity (U·g-1FW·min-1) (Chen et al., 2011). Prepare a reaction mixture containing 50 mM potassium phosphate buffer (pH 6.0), 10 mM hydrogen peroxide, 40 mM guaiacol, and 0.1ml of enzyme extract for measuring POD activity at 470 nm using a spectrophotometer. Measure the absorbance at 470 nm every 30 seconds within 3 minutes. The activity of POD is calculated using the extinction coefficient of the oxidation guaiacol product, and the unit is  U·g-1FW·min-1 (Chen et al., 2011; Hao et al., 2020).




2.3 Determination of plant nutrient elements and carbohydrate content

Take 0.5 g of the plant sample and place it in a digestion tube. Add an appropriate amount of concentrated sulfuric acid and hydrogen peroxide to digest sample, ensuring complete dissolution. Transfer the digested solution to a volumetric flask, dilute it to the volume to 50 mL. Then, the 5ml solution was drawn for the content of total nitrogen in plants determined by ultraviolet spectrophotometry after potassium persulfate oxidation method (Lv et al., 2004). The total phosphorus (P) content in plants was determined by the molybdenum-antimony colorimetric method. Take 5 mL of the digestion solution, adding 5 mL of molybdenum- antimony chromogenic reagent into a volumetric flask, then dilute to 50 mL to measure the absorbance of the solution at 700 nm. Potassium (K) and zinc (Zn) in plants were determined by the flame spectrophotometry. The emission light intensity of the digested sample solution was measured at 766.5 nm of K wavelength and 213.9 nm of Zn wavelength respectively. Calculate the K and Zn contents through the standard curve. The translocation factor (TF) was the ratio of Zn concentration in leaf and stem to root Zn. The contents of plant soluble sugar and starch were determined by anthrone method, and absorbances were recorded at 630 nm according to the methods of Hedge et al. (1962) and Fang et al. (2024). Take 0.1 g of dried samples of plant roots, stems and leaves, dissolve them in 5 ml of 80% alcohol, and perform water bath at 80°C for 40 minutes. After cooling and centrifugation, extract the residue multiple times and combine the supernatants. The supernatant was added the anthrone reagent to determine the soluble sugar content. Then, add 9.2 mmol·L−1 and 4.6 mmol·L−1 perchloric acid respectively to the residues for extraction. Combine the supernatants and dilute to 50 ml, add the anthrone reagent to determine the starch content.




2.4 Soil enzyme activity and nutrient element

The soil organic carbon (TOC) was measured using external heated potassium dichromate oxidation method (Nelson and Sommers, 2018). Soil nitrogen, phosphorus and potassium were prepared by H2O2-H2SO4 dehydrating method for testing, and the content of total nitrogen (TN) in soil was determined by indophenol blue colorimetry. The contents of total phosphorus (TP) and available phosphorus (AP) were determined by molybdenum-antimony resistance colorimetry. Soil nitrate nitrogen (NO3 – N) and ammonium nitrogen (NH4+ -N) were extracted by 2 mol·L−1 potassium chloride and measured using colorimetry assay (Bao, 2000). Soil potassium (K) was determined by flame spectrophotometry. The dried soil sample was extracted by water (the ratio of soil to water is 1:2.5), and was determined by an Acidimeter (PHS-3C; LEICI, Shanghai). With reference to the method described by Guan (1986), soil enzyme activity was determined. The 3, 5-dinitrosalicylic acid colorimetry was used to determine sucrase (SC), and its activity was expressed as the mass (mg) of glucose released by 1 g of soil after 1 day. Urease (UE) was determined by phenol-sodium hypochlorite colorimetric method, and its activity was expressed as NH3-N mass (mg) released by 1 g of soil after 1 day. Neutral phosphatase (NP) was determined by phenylene disodium phosphate colorimetric method, and its activity was expressed as phenol release mass (mg) in 1 g soil after 1 day. Protease (PT) was determined by ninhydrin colorimetry, and its activity was expressed by the mass of glycine (mg) released in 1 g of soil after 1 day. Catalase (CAT) enzyme activity was determined by potassium permanganate titration. The soil sample was add 3% (v/v) hydrogen peroxide and placed at 4°C for 1 hour. After filtrating, the supernatant was added 0.2 mol·L−1 sulfuric acid, and was titrated using 0.1 mol·L−1 potassium permanganate standard solution. The CAT activity was expressed as the mass (mg) of 1 g of soil decomposed hydrogen peroxide in 1 minute.




2.5 Data analysis

In this study, IBM SPSS Statistics 22 was used to make descriptive statistics on the data, and one-way ANOVA was used to process the data to test the significant differences of each observation index under different sex combination modes (P<0.05). The post-hoc test of one-way ANOVA was conducted by Duncan method. The principal component analysis (PCA) was conducted to determine the main physiological response parameters of plants and soil biochemical parameters in principal components, and analyze the response differences of two sexes under sexual combinations in an abandoned mine.





3 Results



3.1 Differences in leaf physiological response parameters

As shown in Figure 1, in the intra-sex combination, the contents of Chl a and Chl b in F/FF were significantly higher than those in M/MM, with increases of 30% and 22.9%, respectively. In the intersex combination, the content of Chla in F/FM was significantly 16.7% higher than that in M/FM (Figures 1A, B). Compared with the intra-sex combination, the SOD activity of two sexes was significantly higher under the inter-sex combination (Figure 1C). Among all sex combination, the POD activity of male plants was significantly higher than that of female plants. Under intersexual competition, the Pro content and POD activity in male plants were 137% and 435% higher, respectively, than those in female plants (Figures 1D, F). For female plants, F/FF showed higher Pro content and lower SOD activity than that of F/FM. For male plants, M/FM showed higher SOD activity and Pro content, while lower MDA content than M/MM (Figures 1C, E, F).

[image: Six bar graphs labeled A to F compare different biochemical parameters across four groups: F/FF, M/MM, F/FM, and M/FM.   A: Chlorophyll a content is highest in F/FF and F/FM. B: Chlorophyll b content peaks in F/FF. C: SOD activity is highest for F/FM and F/FF. D: POD activity is highest in F/FF. E: MDA levels are highest in M/MM. F: Proline content is highest in M/FM.   Bars are marked with letters a, b, c indicating statistical significance.]
Figure 1 | Leaf physiological response parameters of female and male H. rhamnoides seedlings under sexual combinations in the Lead-Zinc mine. (A), Chla content; (B), Chlb content; (C), SOD activity; (D), POD activity; (E), MDA; (F), Pro content. Different lowercase letters mean significant differences under different sex combinations, according to Duncan’s test (P< 0.05). Values are means ± SE (n = 4). F/FF, soil from the female–female intrasex combination treatment; M/MM, soil from the male–male intrasex combination treatment; F/FM and M/FM, soil from the female–male intersex combination treatment.




3.2 Differences in plant carbohydrates and nutrient content

In the intra-sex combination, F/FF showed higher SS content in roots, stems and leaves and starch content in roots and stems, while lower starch content in leaves than that in M/MM (Figures 2A, B). The contents of SS in roots and stems and starch content in roots of F/FM were significantly higher than those of M/FM by 55.8%, 12.1%, and 69.6%, respectively, in the inter-sex combination. Compared with female plants in intrasex combination, the SS content in the leaves of female plants in the intersex combination was decreased by 14.9% (Figure 2A).

[image: Bar graphs showing SS and starch content in mg per g across different plant tissues: leaf (black), stem (gray), and root (white). Graph A depicts SS content, with the highest values in the F/FF group, followed by F/FM, M/FM, and M/MM. Graph B shows starch content, being highest in the M/FM group, followed by F/FM, F/FF, and M/MM. Each group has error bars indicating variability.]
Figure 2 | Carbohydrates in roots, stems and leaves of female and male H. rhamnoides seedlings under sex combinations in Lead-Zinc mine. (A), SS content; (B), Starch content. Different lowercase letters mean significant differences under different sex combinations, according to Duncan’s test (P < 0.05). Values are means ± SE (n = 4).

As shown in Figure 3, compared with M/MM, the TN in the roots and stems of F/FF increased by 30.3% and 33.2%, respectively. The Zn in the roots of F/FF increased by 75%, while the P content in the roots decreased by 114% (Figures 3A, B, 4A). In the inter-sex combination, TN content in roots and leaves of F/FM was significantly higher than that in M/FM by 17.5% and 70.7%, respectively (Figure 3A), while TP and Zn content in all organs of M/FM were significantly higher than those in F/FM (Figures 3B, 4A). The content of K in leaves of both two sexes in intersex combination was significantly higher than that in intra-sex combination (Figure 3C). Compared with F/FF, F/FM had lower leaf TP and Zn content in all organs (Figures 3B, 4A). The TF value of Zn of M/FM was the highest among all sex combinations (Figure 4B).

[image: Bar charts labeled A, B, and C show TN, TP, and K content in different plant parts: root, stem, and leaf. Each chart compares content across four conditions: F/FF, M/MM, F/FM, and M/FM. The y-axes indicate content levels, with significant differences marked by letters above bars. A legend distinguishes plant parts by color: root (white), stem (gray), and leaf (black).]
Figure 3 | Nutrient contents of roots, stems and leaves of female and male H. rhamnoides seedlings under sex combinations in Lead-Zinc mine. (A), TN content, Total nitrogen content; (B), TP content, total phosphorus content; (C), K content, potassium content. Different lowercase letters mean significant differences under sex combinations according to Duncan’s test (p < 0.05). Values are means ± SE (n = 4).

[image: Two bar graphs labeled A and B. Graph A compares zinc content (mg/g) in root, stem, and leaf across four treatments: F/FF, M/MM, F/FM, and M/FM. Bars are color-coded: white for root, gray for stem, and black for leaf. Graph B shows the TF value of zinc for the same treatments. Vertical axis ranges from zero to three point five. Different letters indicate statistical significance at each treatment level in both graphs.]
Figure 4 | Zn contents of roots, stems and leaves and TF value of female and male H. rhamnoides seedlings under sex combinations in Lead-Zinc mine. (A), Zn content, Zinc content, (B), TF value, translocation factor. Different lowercase letters mean significant differences under sex combinations according to Duncan’s test (p < 0.05). Values are means ± SE (n = 4).




3.3 Difference in soil enzyme activity and chemical properties

As shown in Figure 5, the rhizosphere soil PT and NP activities of M/FM was the highest among all sex combinations (Figures 5A, B). In the intra-sex combination, UE activity of F/FF was significantly higher than that of M/MM, with increase of 25%, while CAT activity of M/MM was significantly higher than that of F/FF (Figures 5C, E). In the intersex combination, PT, NP and UE activities of M/FM were significantly higher than those of F/FM, with increase of 139%, 549% and 56%, respectively. The SC activity of F/FM was 86% higher than F/FF (Figure 5D). The activities of PT, NP and UE in the rhizosphere soil of M/FM were higher than those of M/MM, with increase of 145%, 250% and 31%, respectively, while NP and UE activities of F/FM were lower than F/FF, with decrease by 69% and 31% (Figures 5A–C).

[image: Bar graphs labeled A to E display different enzyme activities across four groups: F/FF, M/MM, F/FM, and M/FM. Graph A shows PT activity, with M/FM highest and F/FF lowest. Graph B displays NP activity, also highest in M/FM. Graph C illustrates UE activity, highest in F/FF. Graph D shows SC activity, highest in M/MM and F/FM. Graph E represents CAT activity, relatively uniform across groups. Error bars indicate variability.]
Figure 5 | Enzyme activities in rhizosphere soil of H. rhamnoides under different sex combinations in the Lead-Zinc mine. (A), PT activityProtease activity; (B), NP activityNeutral phosphatase activity; (C), UE activityUrease activity; (D), SC activitySucrase activity; (E), CAT activityCatalase activity. Different lowercase letters mean significant differences under different sex combinations, according to Duncan’s test (p < 0.05). Values are means ± SE (n = 4).

As shown in Table 1, in the inter-sex combination, the TOC content of M/FM was 31% lower than that of F/FM, but the contents of TN, NH4+-N and NO3–N were 85%, 92%, and 110% higher than that of F/FM, respectively. In the intra-sex competition, compared with male plants, the available phosphorus and potassium contents in the rhizosphere soil of female plants increased by 29% and 64%, respectively, while the NO3–N content decreased by 44%. The F/FM had the highest AP content, while M/MM showed the lowest AP content among all sex combinations.


Table 1 | Soil physicochemical properties under different sex combinations of H. rhamnoides in abandoned Lead-Zinc mining area.
	Soil properties
	F/FF
	M/MM
	F/FM
	M/FM



	pH
	6.71 ± 0.02b
	6.86 ± 0.01ab
	6.73 ± 0.01b
	6.75 ± 0b


	TOC (g·kg-1)
	22.88 ± 1.56a
	27.41 ± 3.17a
	22.87 ± 2.05a
	15.85 ± 0.61b


	TN (g·kg-1)
	0.22 ± 0.04b
	0.21 ± 0.05b
	0.21 ± 0.03b
	0.39 ± 0.07a


	NH4+-N (mg·kg-1)
	2.78 ± 0.24b
	2.27 ± 0.12b
	2.20 ± 0.16b
	4.23 ± 0.31a


	NO3–N (mg·kg-1)
	0.29 ± 0.03c
	0.52 ± 0.02a
	0.19 ± 0.06c
	0.40 ± 0.03b


	TP (g·kg-1)
	0.33 ± 0.03a
	0.28 ± 0.02a
	0.29 ± 0.02a
	0.31 ± 0.02a


	AP (mg·kg-1)
	5.84 ± 0.21b
	4.52 ± 0.35c
	6.87 ± 0.19a
	5.77 ± 0.25b


	K (g·kg-1)
	3.57 ± 0.25a
	2.17 ± 0.37c
	2.64 ± 0.14bc
	3.13 ± 0.13ab





1 : TOC, Total organic carbon content; TN, Total nitrogen content; NH4+-N (mg/kg), Ammonium nitrogen content; NO3–N, Nitrate nitrogen content; TP, Total phosphorus content; AP, Available phosphorus content; K, Total potassium content. In the same row, different lowercase letters mean significant differences under different combinations in the abandoned Lead-Zinc mine (p < 0.05). Values are means ± SE (n = 4). F/FF, soil from the female-female intrasex combination; M/MM, soil from the male-male intrasex combination; F/FM and M/FM, soil from the female-male intersex combination respectively.






3.4 PCA

The two-component PCA model based on soil properties explained 60% of the variation under different sex combinations. The first component PC1 (37.5%) was positively correlated with NP, PT, UE, NH4+-N, TN, TP, K and AP, while negatively correlated with NO3–N, CAT, pH, SC and TOC. The PC1 was more affected by PT, NP, TN, NH4+-N, UE and K (Figure 6A). The results of factor analysis based on rhizosphere soil response parameters showed that the distance difference and separation degree between the F/FF, F/FM and M/MM were not significant and could be merged into one group, while the difference between M/FM and other sexual combinations was significant. Also, M/FM showed higher scores on PC1, while M/MM had higher scores on the PC2 axis (Figure 6B). The second component (22.5%) was mainly affected by pH, the contents of NO3–N and TOC. The two-component PCA model based on plant parameters explained 57.7% of the variation under different sex combinations, and the first component (38.9%) PC1 was greatly influenced by Chla, Chlb, STN, RTN, Rsta and RSS, while the second component (18.8%) is mainly affected by LZn, RZn, SZn, Pro and LK (Figure 6C). Factor analysis based on plant response parameters showed that F/FF had a higher score on the PC1 axis, while M/FM had higher score on the PC2 axis (Figure 6D). The differences and separation between sex combinations showed that the difference between F/FF and F/FM was small and could be merged into one group, while the M/MM and M/FM could be merged into one group.

[image: Four-panel figure showing principal component analysis (PCA) and factor score plots. Panel A plots variables like pH, nitrate, and ammonium with PC1 (37.5%) and PC2 (22.5%). Panel B shows factor scores with symbols for different groups, enclosed by ellipses. Panel C presents another PCA with variables like zinc and chlorophyll against PC1 (38.9%) and PC2 (18.8%). Panel D displays corresponding factor scores with group symbols and ellipses.]
Figure 6 | Results of the principal component analysis (PCA). (A) Correlations of factor loadings of soil properties of H. rhamnoides seedlings. (B) Soil factor scores for different sex combinations under the Lead-Zinc mine. (C) Correlations of factor loadings of plant physiological indicators of H. rhamnoides seedlings. (D) Plant factor scores for different sex combinations under the Lead-Zinc mine. The variable acronyms are as follow: TOC, total organic carbon; TN, total nitrogen content; TP, total phosphorus content; NH4+-N, ammonium nitrogen content; NO3–N, nitrate nitrogen content; AP, available phosphorus content; K, total potassium content; PT, protease activity; NP, neutral phosphatase activity; UE, Urease activity; SC, Sucrase activity; CAT, catalase activity; Chl a, Chlorophyll a content; Chl b, Chlorophyll b content; SOD, peroxide dismutase activity; POD, peroxidase activity; MDA, malondialdehyde; Pro, proline content; LTN, leaf total nitrogen content; STN, stem total nitrogen content; RTN, root total nitrogen content; LTP, leaf total phosphorus content; STP, stem total phosphorus content; RTP, root total phosphorus content; LK, leaf potassium content; SK, stem potassium content; RK, root potassium content; LZn, leaf zinc content; SZn, stem zinc content; RZn, root zinc content; LSS, leaf soluble sugar content; SSS, stem soluble sugar content; RSS, root soluble sugar content; LSta, leaf starch content; SSta, stem starch content; RSta, root starch content.





4 Discussion



4.1 Effect of sex combinations on plant biochemical responses

Plants can resist the heavy metal stress by adjusting the antioxidant system and osmoregulatory substances. MDA can reflect the degree of damage of cell membranes. Antioxidant enzymes such as SOD and POD can eliminate reactive oxygen species and protect cells from oxidative damage (Chen et al., 2011). Our results showed significant responses of antioxidant enzymes, chlorophyll, carbohydrates and nutrient elements of sea-buckthorn in the abandoned Lead-Zinc mines. Previous studies found that male poplar in intersexual competition showed higher osmotic regulation ability, water use efficiency and antioxidant enzyme activity to salt stress (Li et al., 2016), and the sexual interaction model significantly affected the photosynthetic parameters, carbon and nitrogen balance, ultrastructure and enrichment capacity of Populus cathayana under heavy metal stress (Chen et al., 2016; 2017). It was reported that the SOD, POD activities and MDA contents of two sexes of sea-buckthorn showed significant sexual differences under the different sex combinations and manganese stress (Fang et al., 2022). Our results also found that SOD activity and K content in leaves of both two sexes in intersexual combination were significantly higher than that of two sexes in intrasexual combination. In the experiment, F/FM showed higher Chl a, SS in roots and stems and starch in roots, TN in roots and leaves, while lower Pro, TP and Zn content in all organs and POD activity compared with that of M/FM. The results indicated that female plants had stronger photosynthetic capacity, more carbohydrates and nitrogen accumulation, while male plants showed stronger antioxidant capacity and more accumulation of osmoregulatory, zinc and phosphorus in inter-sex combination in Lead-Zinc abandoned mine. Some studies indicated that DNA methylation-mediated metabolism of phenylpropane and starch prompted male poplar more tolerant to nitrogen stress, and male plants showed higher osmoregulation ability and resistance gene expression (Song et al., 2019; 2020). Therefore, it can be speculated that the sexual-specific responses of H. rhamnoides might be related to the changes in resistance gene expression, plant hormones and metabolism affected by environmental stresses and combination patterns. On the other hand, F/FF had higher contents of Chl a and Chl b, SS in roots, stems and leaves and starch in roots and stems, TN in roots and stems and Zn in roots than that in M/MM, indicating that female plants had stronger photosynthetic capacity and more osmoregulatory substances and zinc accumulation than male plants under the intra-sex combination in the Lead-Zinc mine. Moreover, F/FF showed higher Pro and SS content in the leaves, leaf TP and Zn content in all organs, while lower SOD activity than that of F/FM, indicating that female plants under intra-sex combination accumulated more osmoregulatory substances and nutrient elements. For male plants, M/FM had higher SOD activity and Pro content and lower MDA than that of M/MM, as well as the highest TF value among all sex combinations, indicating better adaptation in abandoned Lead-Zinc mine. It was reported that Populus tremula had a sexual trade-off between growth, salicylate and flavonoid-derived phenylpropyl production, with females preferentially accessing mineral nutrients, producing flavonoids and concentrated tannins (Randriamanana et al., 2014). So, our results also found the sexual trade-off between mineral nutrients and carbohydrates that caused by different sexual neighbors in the abandoned Lead-Zinc mine. Previous studies indicated that male poplar had higher heavy metal accumulation and better adaptation than female plants under nutrient deficiency and Cd stress (Chen et al., 2011; Liu et al., 2020). However, our results indicated that the sexual-specific differences was also related to the different neighbors within the sex combinations. The sex interaction may affect the response process of female plants and male plants to environmental stress. The differences in the photosynthesis, antioxidant enzymes, osmotic regulation and nutrient absorption of two sexes of sea-buckthorn may imply the sexual trade-off between growth and defense under sex combinations and the abandoned Lead-Zinc mine.




4.2 Effect of sex combinations on responses of rhizosphere soil

The rhizosphere is the interface between roots and the soil where nutrient absorption for plant growth. An abundant and diverse rhizosphere biome is involved in biogeochemical processes, driving soil C, N and P dynamics (Larsen et al., 2015). Soil enzymes are mainly derived from the activities of soil microorganisms, plant root exudates and decomposed animal and plant residues. Soil sucrase, protease and phosphatase are closely related to the carbon, protein decomposition, nitrogen and phosphorus cycles, while soil catalase can alleviate the toxicity of hydrogen peroxide in soil (Burke et al., 2011; Feng et al., 2025). In our study, rhizosphere soil properties of two sexes also showed sexual differences in the abandoned Lead-Zinc mine. The soil phosphatase and urease activities of female plants were higher than that of male plants in intra-sex combination, indicating that higher organophosphorus and urea decomposition ability, thus improving the availability of soil nutrients. It was found that different sex combinations under the manganese stress resulted in significant changes in the activities of sucrase, urease and phosphatase in the rhizosphere soil of male and female sea-buckthorn (Lin et al., 2023). Our study have observed the different responses of two sexes when interacting different sex neighboring plants. Compared with intra-sexual combination, M/FM had higher contents of soil TN, NH4+-N, AP, K, PT, NP and UE, while F/FM showed lower NP and UE activities, indicating that sex combination patterns significantly affected soil nutrient and enzymes. In addition, male plants had stronger soil enzymes activities and better decomposition ability of protein, urea and organophosphorus in inter-sexual combination under the abandoned Lead-Zinc mine. It was reported that the phenol metabolites in the roots of female plants were more varied between intersexual and intrasexual interactions, and the mixed rhizosphere of Populus cathayana showed higher diversities of microbial, bacterial and fungal communities (Xia et al., 2022). So, the relatively high nitrogen content in the rhizosphere soil of M/FM may be related to the abundant microbial communities that may promote nitrogen absorption and transformation. Previous study found that the functional flora of rhizosphere soil of two sexes of sea-buckthorn showed sexual differences, which further affected the heavy metal tolerance to Mn stress (Lin et al., 2023). Therefore, in our study, the differences in soil enzymes and nutrients of two sexes from sex combinations may imply the changes in rhizosphere microbe community.




4.3 Interaction between plant and rhizosphere soil under sex combinations

It is well known that the interaction between the plant and rhizosphere soil affects the response process and overall adaptability of plants to the environment (Larsen et al., 2015; Xia et al., 2022). In this study, in the inter-sex combination, female plants of H. rhamnoides showed higher carbohydrates in roots and soil total organic carbon, indicating that female plants allocate more photosynthates in roots and prefer to soil carbon-related metabolisms, whereas, male plants had stronger antioxidant capacity and more osmoregulatory substances in aboveground part, and higher soil nitrogen contents and activities of soil protease, neutral phosphatase and urease, indicating that male plants tend to improve soil nitrogen fixation and phosphorus absorption by way of decreasing the plant oxidant pressures and increasing the soil enzyme activities in response to the abandoned mine. Previous studies indicated that H. rhamnoides showed significant sex differences in rhizosphere soil microbe under manganese stress (Lin et al., 2023), and two sexes had the sexual differences in physiological responses when inoculating with AMF (Arbuscular Mycorrhizal Fungi) under the Pb and Zn stress (Fang et al., 2024). It was reported that plants regulated the structure and function of rhizosphere soil microorganisms through litter decomposition and root exudates, thus affecting soil nutrient transformation and ecosystem carbon and nitrogen cycling (Xia et al., 2022; Guo et al., 2024). Therefore, in our study, the responses of plant and rhizosphere soil of H. rhamnoides may be related to the changes of soil microbe and root exudates under sex combinations in abandoned mine environment, but it needs further study. Previous studies indicated that the sex interaction patterns of dioecious plants affect the ability of roots to capture resources (Sánchez-Vilas et al., 2011; Rogers and Eppley, 2012). In brief, the interaction between plant and rhizosphere soil as well as the trade-off of resources allocation caused by sex combinations may affect the adaptation and potential remediation of two sexes of H. rhamnoides and the ecosystem nutrient cycling in the abandoned mine. The PCA of soil parameters explained 60% of variation, while the PCA of plant parameters explained 57.7% of the variation in different experiment treatments. The PCA based on soil parameters distinguished M/FM from other sex combinations, while the PCA based on plant physiological parameters differentiated two sexes in sex combinations, which may suggest different competition pressure on two sexes in intra-and inter-sexual combinations. It was reported that Antennaria dioica had higher intensity of intra-sex competition in female plants, which resulted in asymmetric niche isolation between the sexes (Varga and Kytöviita, 2012). The sex composition and interaction pattern of Populus cathayana plantation regulated the enzyme activity related to soil nitrogen cycle, and the intersex interaction reduced the ecological niche overlap and resource competition (Guo et al., 2024). In the experiment, different sex combinations may imply different competitive pressure and interactive effect on two sexes, which affect the adaptation to the adverse habitat. The male plants from inter-sex combination had higher adaptation and restoration potential than female plants, while female plants in the intra-sex combination accumulated total nitrogen, Zn, carbohydrates in roots as well as soil AP and K content. Therefore, the appropriate sex combination can improve the efficiency of ecological restoration of sea-buckthorn in abandoned Lead-Zinc mine. In the future, many studies should be attention on the divergent effects of sex combination varying with different plant varieties or heavy metal-contaminated environments.





5 Conclusions

The study showed that sex combinations affected the physiological response, soil enzymes and nutrient status of male and female plants of H. rhamnoides in the in-situ restoration experiment on an abandoned Lead-Zinc mine. In the abandoned lead-zinc mine site, female and male plants from both same-sex and opposite-sex combinations exhibited differences in terms of competitive pressure and adaptability. The male plants from the intersex combination had stronger activities of antioxidant enzymes and more osmoregulatory substances in plants, as well as higher soil nitrogen and the activities of protease, neutral phosphatase and urease, indicating better bioavailability of decomposing protein and transforming organophosphorus. In intra-sex combination, female plants showed stronger photosynthetic capacity, osmoregulatory substances and zinc accumulation in roots than male plants. This indicates that in same-sex and opposite-sex combinations affect their responses and adaptation abilities to the abandoned mine. Our results provided the new insight of the adaptation and remediation potential of dioecious plants in the abandoned mine. These findings underscore the importance of considering sexual dimorphism in the selection of restoration species for degraded mine. Therefore, sex interactions of dioecious species should be considered in the restoration of degraded ecosystem in the future.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Author contributions

JC: Writing – review & editing, Conceptualization, Data curation. TG: Writing – original draft, Investigation. ZZ: Data curation, Writing – review & editing, Writing – original draft. WP: Data curation, Writing – review & editing, Investigation. QJ: Data curation, Investigation, Writing – review & editing. YH: Writing – review & editing, Project administration.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by Sichuan Science and Technology Program, 2023NSFSC036 and 2024NSFSC0414.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Ancona V., Rascio I., Aimola G., Campanale C., Grenni P., Lenola M. D., et al. (2021). Poplar-assisted bioremediation for recovering a PCB and heavy-metal-contaminated area. Agriculture 11, 689. doi: 10.3390/agriculture11080689


	 Bao S. D. (2000). Soil agrochemical analysis (Beijing: China Agriculture Press).


	 Bates L. S., Waldren R. P., Teare I. D. (1973). Rapid determination of free proline for water-stress studies. Plant Soil 39, 205–207. doi: 10.1007/BF00018060


	 Bertness M. D., Callaway R. (1994). Positive interactions in communities. Trends Ecol. Evol. 9, 191–193. doi: 10.1016/0169-5347(94)90088-4, PMID: 21236818


	 Burke D. J., Weintraub M. N., Hewins C. R., Kalisz S. (2011). Relationship between soil enzyme activities, nutrient cycling and soil fungal communities in a northern hardwood forest. Soil Biol. Biochem. 43, 795–803. doi: 10.1016/j.soilbio.2010.12.014


	 Castiglione S., Todeschini V., Franchin C., Torrigiani P., Gastaldi D., Cicatelli A., et al. (2009). Clonal differences in survival capacity, copper and zinc accumulation, and correlation with leaf polyamine levels in poplar: A large-scale field trial on heavily polluted soil. Environ. pollut. 157, 2108–2117. doi: 10.1016/j.envpol.2009.02.011, PMID: 19285369


	 Chen J., Duan B., Xu G., Korpelainen H., Niinemets Ü., Li C. (2016). Sexual competition affects biomass partitioning, carbon-nutrient balance, Cd allocation and ultrastructure of Populus cathayana females and males exposed to Cd stress. Tree Physiol. 36, 1353–1368. doi: 10.1093/treephys/tpw054, PMID: 27344063


	 Chen J., Han Q., Duan B., Korpelainen H., Li C. (2017). Sex-specific competition differently regulates ecophysiological responses and phytoremediation of Populus cathayana under Pb stress. Plant Soil 421, 203–218. doi: 10.1007/s11104-017-3450-3


	 Chen L. H., Han Y., Jiang H., Korpelainen H., Li C. Y. (2011). Nitrogen nutrient status induces sexual differences in responses to cadmium in Populus yunnanensis. J. Exp. Bot. 62, 5037–5050. doi: 10.1093/jxb/err203, PMID: 21778178


	 Dolkar P., Dolkar D., Kant A., Chaurasia O. P., Stobdan T. (2017). Gender-specific seasonal pattern and altitudinal variation in freeze tolerance responses of Seabuckthorn (Hippophae rhamnoides L.). J. Berry Res. 7, 291–297. doi: 10.3233/JBR-170165


	 Fang L., Lin Y. H., He Y. X., Xu Y. H., Sun X. D., Chen J. (2022). Physiological response characteristics of Hippophae rhamnoides seedlings under interaction of Mn stress and sex-specific competition. Guihaia 43, 1105–1113.


	 Fang L., Zeng Z., Jia Q., Lin Y., Chen H., He Y., et al. (2024). Physiological response and phytoremediation potential of dioecious Hippophae rhamnoides inoculated with arbuscular mycorrhizal fungi to Pb and Zn pollution. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1321885, PMID: 38235206


	 Feng D., Meng L., Wen Y., Uwiragiye Y., AbuQamar S. F., Okoth N., et al. (2025). Edaphic and climatic factors control the response of nutrient-cycling enzyme activity to common heavy metals in soils. J. Hazard. Mater. 494, 138475. doi: 10.1016/j.jhazmat.2025.138475, PMID: 40334596


	 Gao L., Yang J., Liu R. X. (2010). Leaf morphological structure and physiological and biochemical characteristics of male and female Hippophae rhamnoides subsp sinensis under different soil moisture conditions. Chin. J. Appl. Ecol. 21, 2201–2208., PMID: 21265138


	 Gómez-Aparicio L. (2009). The role of plant interactions in the restoration of degraded ecosystems: A meta-analysis across life-forms and ecosystems. J. Ecol. 97, 1202–1214. doi: 10.1111/j.1365-2745.2009.01573.x


	 Guan S. (1986). Soil enzymes and their research methodology (Beijing: China Agriculture Press).


	 Guo Q., Zhu Y., Sun F., Korpelainen H., Niinemets Ü., Li C. (2024). Male, female, and mixed-sex poplar plantations support divergent soil microbial communities. Glob. Change Biol. 30, e17198. doi: 10.1111/gcb.17198, PMID: 38379533


	 Hao L., Chen L., Zhu P., Zhang J., Zhang D., Xiao J., et al. (2020). Sex-specific responses of Populus deltoides to interaction of cadmium and salinity in root systems. Ecol. Environ. Sci. 195, 110437. doi: 10.1016/j.ecoenv.2020.110437, PMID: 32193020


	 He J. L., Yin L. Q., Guo J. Y., Han L., Yue L., Li J., et al. (2013). The effectiveness analysis of soil remediation after the Seabuckthorn ecological engineering in arsenic sandstone areas. Int. Sea-buckthorn Res. Dev. 11, 19–23.


	 Hedge J. E., Hofreiter B. T., Whistler R. L. (1962). Carbohydrate chemistry Vol. 17 (New York: Academic Press), 371–380.


	 Hendrychová M., Svobodova K., Kabrna M. (2020). Mine reclamation planning and management: Integrating natural habitats into post-mining land use. Resour. Policy 69, 101882. doi: 10.1016/j.resourpol.2020.101882


	 Kim S., Zang H., Mortimer P., Shi L., Li Y., Xu J., et al. (2018). Tree species and recovery time drives soil restoration after mining: A chronosequence study. Land Degrad. Dev. 29, 1738–1747. doi: 10.1002/ldr.2951


	 Larsen J., Jaramillo-López P., Nájera-Rincon M., González-Esquivel C. (2015). Biotic interactions in the rhizosphere in relation to plant and soil nutrient dynamics. J. Soil Sci. Plant Nutr. 15, 449–463. doi: 10.4067/S0718-95162015005000039


	 Li Y., Duan B., Chen J., Korpelainen H., Niinemets Ü., Li C. (2016). Males exhibit competitive advantages over females of Populus deltoides under salinity stress. Tree Physiol. 36, 1573–1584. doi: 10.1093/treephys/tpw070, PMID: 27587482


	 Li N., Guo X. M., Meng Y. (2017). Comparative on leaf anatomical structures between the female and the male plants of Hippophae rhamnoides L. Bull. Bot. Res. 37, 1–7.


	 Liang G. L., Qian J. P., Zhang L. (2011). Features and remediation technologies of pollution in Lead-Zinc mining areas of China. Min. Res. Dev. 31, 84–95.


	 Lichtenthaler H. K. (1987). Chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Methods Enzymol. 148, 350–382. doi: 10.1016/0076-6879(87)48036-1


	 Lin Y., Fang L., Chen H., Sun X., He Y., Duan B., et al. (2023). Sex-specific competition differently regulates the response of the rhizosphere fungal community of Hippophae rhamnoides–A dioecious plant, under Mn stress. Front. Microbiol. 14. doi: 10.3389/fmicb.2023.1102904, PMID: 36744096


	 Liu M., Bi J., Liu X., Kang J., Korpelainen H., Niinemets Ü., et al. (2020). Microstructural and physiological responses to cadmium stress under different nitrogen levels in Populus cathayana females and males. Tree Physiol. 40, 30–45. doi: 10.1093/treephys/tpz115, PMID: 31748807


	 Lv W. X., Ge Y., Wu J. Z., Chang J. (2004). Method for the determination of nitric nitrogen, ammoniacal nitrogen and total nitrogen in plant. Spectrosc. Spectr. Anal. 2, 204–206., PMID: 15769018


	 Ma J. J., Li Q. F., Zhang S. L. (2007). Soil microbial and nutrient characteristics of sea buckthorn and different types of vegetation and their correlation. J. Arid Land Resour. Environ. 21, 163–167.


	 Navarro-Cano J. A., Goberna M., Verdú M. (2019). Using plant functional distances to select species for restoration of mining sites. J. Appl. Ecol. 56, 2353–2362. doi: 10.1111/1365-2664.13453


	 Nelson D. W., Sommers L. E. (2018). Total carbon, organic carbon, and organic matter (New Jersey: John Wiley & Sons), 961–1010.


	 Nemer D., Michalet R., Randé H., Sappin-Didier V., Delerue F. (2022). Higher facilitation for stress-intolerant ecotypes along a metal pollution gradient are due to a decrease in performance in absence of neighbours. Oikos 12, e09499. doi: 10.1111/oik.09499


	 Noumi Z. (2020). Can native shrubs facilitate the establishment of trees under arid bioclimate? A Case study Tunisia. Flora 263, 151517. doi: 10.1016/j.flora.2019.151517


	 Ortega-Larrocea M. D. P., Xoconostle-Cázares B., Maldonado-Mendoza I. E., Carrillo-González R., Hernández-Hernández J., Garduño M. D., et al. (2010). Plant and fungal biodiversity from metal mine wastes under remediation at Zimapan, Hidalgo, Mexico. Environ. pollut. 158, 1922–1931. doi: 10.1016/j.envpol.2009.10.034, PMID: 19910092


	 Randriamanana T. R., Nybakken L., Lavola A., Aphalo P. J., Nissinen K., Julkunen-Tiitto R. (2014). Sex-related differences in growth and carbon allocation to defence in Populus tremula as explained by current plant defence theories. Tree Physiol. 34, 471–487. doi: 10.1093/treephys/tpu034, PMID: 24852570


	 Renner S. S. (2014). The relative and absolute frequencies of angiosperm sexual systems: Dioecy, monoecy, gynodioecy, and an updated online database. Am. J. Bot. 101, 1588–1596. doi: 10.3732/ajb.1400196, PMID: 25326608


	 Rogers S. R., Eppley S. M. (2012). Testing the interaction between inter-sexual competition and phosphorus availability in a dioecious grass. Botany 90, 704–710. doi: 10.1139/b2012-042


	 Sánchez-Vilas J., Retuerto R. (2009). Sex-specific physiological, allocation and growth responses to water availability in the subdioecious plant HoncKenya peploides. Plant Biol. 11, 243–254. doi: 10.1111/j.1438-8677.2008.00105.x, PMID: 19228331


	 Sánchez-Vilas J., Turner A., Pannell J. R. (2011). Sexual dimorphism in intra- and interspecific competitive ability of the dioecious herb Mercurialis annua. Plant Biol. 13, 218–222. doi: 10.1111/j.1438-8677.2010.00408.x, PMID: 21186695


	 Setu S., Strezov V. (2025). Impacts of non-ferrous metal mining on soil heavy metal pollution and risk assessment. Sci. Total Environ. 969, 178962. doi: 10.1016/j.scitotenv.2025.178962, PMID: 40022981


	 Sikdar A., Hossain M. S., Feng S. (2020). Heavy metal pollution of environment by mine tailings and the potential reclamation techniques: a review. J. Biol. Agric. Healthc 10, 33–37. doi: 10.7176/JBAH/10-16-05


	 Song H., Cai Z., Liao J., Tang D., Zhang S. (2019). Sexually differential gene expressions in poplar roots in response to nitrogen deficiency. Tree Physiol. 39, 1614–1629. doi: 10.1093/treephys/tpz057, PMID: 31115478


	 Song H., Cai Z., Liao J., Zhang S. (2020). Phosphoproteomic and metabolomic analyses reveal sexually differential regulatory mechanisms in poplar to nitrogen deficiency. J. Proteome Res. 19, 1073–1084. doi: 10.1021/acs.jproteome.9b00600, PMID: 31991081


	 Song H. Y., Sun C. L., Cai Z. Z. (2022). Niche and interspecific relationship of dominant herbaceous plant populations in the waste slag field of a Lead-Zinc mine in Northwest Guizhou. Acta Agrest. Sin. 30, 2764–2771.


	 Tanner K. E., Wasson K., Parker I. M. (2023). Competition rather than facilitation affects plant performance across an abiotic stress gradient in a restored California salt marsh. Restor. Ecol. 31, e13746. doi: 10.1111/rec.13746


	 Varga S., Kytöviita M. M. (2012). Differential competitive ability between sexes in the dioecious Antennaria dioica (Asteraceae). Ann. Bot. 110, 1461–1470. doi: 10.1093/aob/mcs170, PMID: 22887023


	 Xia Z., He Y., Korpelainen H., Niinemets Ü., Li C. (2022). Sex-specific interactions shape root phenolics and rhizosphere microbial communities in Populus cathayana. For. Ecol. Manage. 504, 119857. doi: 10.1016/j.foreco.2021.119857


	 Xu H., Xu F., Lin T., Xu Q., Yu P., Wang C., et al. (2023). A systematic review and comprehensive analysis on ecological restoration of mining areas in the arid region of China: Challenge, capability and reconsideration. Ecol. Indic. 154, 110630. doi: 10.1016/j.ecolind.2023.110630


	 Yan M., Fan L., Wang L. (2020). ). Restoration of soil carbon with different tree species in a post-mining land in eastern Loess Plateau, China. Ecol. Eng. 158, 106025. doi: 10.1016/j.ecoleng.2020.106025


	 Yuan C., Wu F., Wu Q., Fornara D. A., Heděnec P., Peng Y., et al. (2023). Vegetation restoration effects on soil carbon and nutrient concentrations and enzymatic activities in post-mining lands are mediated by mine type, climate, and former soil properties. Sci. Total Environ. 879, 163059. doi: 10.1016/j.scitotenv.2023.163059, PMID: 36963687


	 Zhang X., Zeng B., Li H., Huang J., Jiang L., Zhang X., et al. (2022). Soil heavy metals and phytoremediation by Populus deltoides alter the structure and function of bacterial community in mine ecosystems. Appl. Soil Ecol. 172, 104359. doi: 10.1016/j.apsoil.2021.104359


	 Zhao W., Huang J., Wang K., Hu P., Huang Y., Li C., et al. (2025). How to restore ecology and reduce carbon emissions in abandoned mines in a safe and environmentally friendly way? Process Saf. Environ. Prot. 194, 1558–1571. doi: 10.1016/j.psep.2024.12.097







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Gan, Zeng, Pei, Jia, He and Chen.. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-16-1601834-g002.jpg
180

SS content (mg-g™)

—

SR o N = S NON
CcC oo DSOS S

b

b

b
a 3 i I3

F'FF M/MM F/FM M/FM

ve

Starch content (mg- g'l)

o0
-

@)
S

AN
-

N\
S

0

F'FF M/MM F/FM M/FM





OEBPS/Images/cover.jpg
& frontiers | Frontiers in Plant Science

Plant responses and rhizosphere soil
characteristics of sea-buckthorn
from different sex combinations
in an abandoned lead-zinc mine





OEBPS/Images/fpls-16-1601834-g004.jpg
ol ))
£020{ .,
= a a ¢ a| |a
2 0.15 .
- a
S0.10 b b b
ﬁ b
0.00

F'FF M/MM F/FM M/FM

a
b b
b

F'FF M/MM F/FM M/FM





OEBPS/Images/fpls-16-1601834-g005.jpg
0.25

S o o o
S = =
O Y =

UE activity (mg-g™'-24h™)

ot
o
S

0.040
£0.035
£0.030
2,0.025
20,020
£0.015
20.010
< 0.005

“~ 0.000

F/FF M/MM F/FM M/FM F/FF  M/MM F/FM M/FM

F/FF M/MM F/FM M/FM F/FF M/MM F/FM M/FM

F/FF M/MM F/FM M/FM





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-16-1601834-g006.jpg
an

E/FP

F/FM

\O

4
49,

o
-

A
b

/

Ed

@\ S A

d 10J 2100s 10108 ]

S "
S <

(25°720) 7Od

4

Factor score for PC1

PC1 (37.5%)

=

o0 O I A O

AN

)

70d 10] 9109S 10198,

(2%8°81)

¢od

‘.“
S A

Factor score for PC1

PC1 (38.9%)





OEBPS/Images/fpls-16-1601834-g001.jpg
. ., 2
SOD activity (U-g'lFW-mm'l)
— (| Lo o o
o e (o o &

-

F/FF  M/MM F/FM M/FM

F/FF  M/MM F/FM M/FM

F/'FM M/FM

F/FF M/MM

vy
=

Chl b content (mg-g 'FW)

<
~

=
o

=
o

>
[

=
o

O

POD activity (U-g'lFW-min'l)

(\)
N

\®
-

[E—
N

[
-

()]

-

F/FF  M/MM F/FM M/FM

F/FF  M/MM F/FM M/FM

F/FF M/MM F/FM M/FM





OEBPS/Images/fpls-16-1601834-g003.jpg
TN content (g-kg™)

K content (mg-g™)

B
25 5
20 “eng
el
&
15 =3
<
9L
10 P
QO
A
5 — 1
0 0
F/FE M/MM F/FM  M/FM F/FE M/MM F/FM  M/FM

F'FF M/MM FFM M/FM





