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Abstract: Arbuscular mycorrhizae (AM) fungi affect nutrient uptake for host plants, while it is unclear how AM fungi interacting with soil litter affect plant growth and nutrient utilization through mycorrhizal networks in karst soil of deficient nutrients beyond the rhizosphere. An experiment was conducted in a microcosm composed of a planting compartment for Cinnamomum camphora seedlings with or without Glomus mosseae fungus (M+ vs. M−) and an adjacent litter compartment containing or not containing additional litter material of Arthraxon hispidus (L+ vs. L−), where the compartments are connected either by nylon mesh of 20 μm or 0.45 μm which either allow available mycorrhizal networks within the litter compartment or prevent mycelium entering into the litter compartment (N+ vs. N−). Plant biomass and nutrients were measured. The results showed that the addition of litter changed the symbiotic process in mycorrhizal colonization, spore, and hyphal density, which when in association with the host plant then affected the biomass, and accumulations of N (nitrogen) and P (phosphorus) in the individual plant as well as root, stem, and leaf respectively. AM fungi increased N and P accumulations and N/P ratio in individual plants and plant tissues. A decrease of the N/P ratio of the individual plant was observed when AM fungus interacted significantly with litter through mycorrhizal networks in the litter compartment. The results indicate that the C. camphora seedlings benefited from litter in nutrient utilization of N and P through the vary of N/P ratio when accessing mycorrhizal networks. These findings suggest that mycorrhizal networks interacting with litter improve growth and nutrients of N and P for plants through the vary of N/P ratio in order to alleviate nutrient limitation under karst soil.
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1  Introduction

Arbuscular mycorrhizal (AM) fungi as functional microbes form a symbiosis with the roots of 80% of terrestrial plant species [1–3] and play essential roles in exchanging carbohydrates and soil nutrients via root hyphae for host plant growth [4–6]. AM fungi are widely distributed in the natural ecosystem, including unique karst environments [7]. Generally, Glomus is the dominant genus that influences plant growth and community succession [8]. However, whether AM fungi are or are not able to supply their host with mineral nutrients through saprotrophic nutrition, that is directly from organic residues such as from releases from decomposing litter, remains uncertain [9,10]. For instance, AM fungi may find organically bound nutrients in litter even more accessible than inorganic forms in the underlying soil [11,12]. AM fungi have been found to promote decomposition of litter [13–15] and further Leigh et al. [16] discovered that AM networks could transport up to 1/3 of N from litter nutrients to host plant; He et al. [10] also confirmed that mycorrhizal networks could transfer more N from labeled leaf litter to the host. However, AM networks scavenging for mineral nutrients and the deposition of fungal material can increase soil aggregation and then may prevent organic matter decomposition [17,18]. Additionally, AM mycelium by networks may reduce the decomposition of litter due to competition with other litter decomposers [19,20], increasing negative impacts on plant nutrient uptakes. Therefore, the degree to which AM fungi by mycorrhizal networks increases plant growth by facilitating litter nutrient absorption remains unclear at present.

Litter is an essential component in soil nutritional transformation supporting plant growth and is also the critical component of nutrient cycles in returning nutrients to the soil in the forest ecosystem [21–23], especially in nutrient-deficient habitat. For instance, it is speculated that plant growth is still maintained within some karst ecosystems even under conditions of severe soil erosion because litter releases compensating nutrients through decomposition that plants can utilize via their AM fungi symbionts instead of nutrients plants would otherwise obtain from soil [24]. Litter decomposition is a fundamental process that links plant and microbial communities [25,26]. Under nutrient limitation, the microorganism can enhance soil enzyme activities to accelerate nutrient release from organic matter [27]. For example, Atul-Nayyar et al. [13] found that AM fungi could promote organic residues decomposition by regulating soil microbial biomass and enhancing soil enzyme activities.

Furthermore, Kong et al. [15] found that under low nutrient conditions, mycorrhizal fungi can regulate the rate of N mineralization to accelerate the decomposition of litter. These processes changed soil microbial compositions [28], which are essential for plant growth. AM fungi have been demonstrated to absorb and transport N and P from soil to plants [29]. Additionally, Thirkell et al. [30] discovered that mycorrhizal mycelium as a network could enter into organic matter patches and thereby increase plant N and P and increase plant biomass. However, Loydi et al. [31] argued that litter primarily affected seedling emergence as well as reduced seedling biomass, and Li et al. [32] found litter had a neutral effect on early growth of native plants. Thus, AM fungi via mycorrhizal networks interacting with litter may affect soil properties, nutrient conversion, and plant growth within nutrient-deficient soil and thus may be relevant within typical karst habitats, which are often nutrient deficient with lower P and N due to severe soil erosion.

Karst soil is developed from carbonatite and contains relatively low quantities of N and P nutrients [33–35], and is found in a range of microhabitats such as stone facings, stone trenches, swallets and abundant rocky outcrops [36] distributed widely in southwest China [37]. Karst ecosystems provide many niches for microbes, such as mycorrhizal fungi [38]. Restoring vegetation in the karst areas of China is a high priority for ecological reconstruction. Therefore, the potential application of AM fungi for the enhancement of plant growth and restoration of plants and soil within the karst ecosystem is worth exploring in more detail. Litter decomposition can maintain soil fertility [39], further suggesting the possibility of plant growth through nutrient uptake via AM fungi symbionts through the above-mentioned pathways. However, how AM fungi interacting with soil litter through mycorrhizal networks affects plants in terms of their growth and nutrient utilization in nutrient-deficient karst soil remains unclear. According to previous research works, we hypothesized that: (H1) litter could increase plant growth and nutrient absorption via AM fungi in karst soil; (H2) AM fungi colonization and litter addition would increase the N/P ratio of the plant through mycorrhizal networks.

2  Materials and Methods

2.1 Experimental Design

A microcosm experiment was conducted using a black perspex container (Fig. 1) divided into a planting compartment and litter compartment (each 95 mm × 100 mm × 115 mm; length × width × height) in the west campus of Guizhou University, Guiyang city, China (106°22′E, 29°49′N, 1,120 m above the sea level). The Cinnamomum camphora seedlings were planted into the planting compartment, and litter was added into the litter compartment. Four circular holes of 20 mm diameter were drilled in the center of the baffle between the planting compartments and the litter compartment, and each interval was 1 cm. A hole of 20 mm diameter was opened at the bottom of each compartment to permeate water.

The experimental treatments included AM fungus treatments (M) within the planting compartment, the litter addition treatments (L) within the litter compartment, and the nylon mesh treatments (N) attached on both sides of baffle separating the planting and litter compartments for either forming mycorrhizal networks or no available mycelium. The AM fungus treatments included the inoculation with 50 g Glomus mosseae inoculum (M+) and the control without AM fungal inoculum (M−). AM inoculum was purchased from the Institute of Nutritional Resources, Beijing Academy of Agricultural and Forestry Sciences (BGGAM0046). The plant species supplying the litter for the experiment is Arthraxon hispidus, which is a widespread Gramineae plant co-existing with tree species generally in the same habitats of southwest China. Field surveys preceding this experiment revealed that there is less litter remaining in natural habitat in C. camphora stand companying with A. hispidus plant. Therefore, we speculated that A. hispidus litter might have a substantial effect on the growth and nutrition of C. camphora as a critical nutrient carrier on the soil. Thus, the A. hispidus litter was used in this experiment, which had contents of nitrogen (N) 4.38 mg.g−1, phosphorus (P) 1.17 mg.g−1, potassium (K) 9.91 mg.g−1 and carbon (C) 396 mg.g−1 (collected from natural karst habitat near to Guiyang). A. hispidus litter was immersed into 3% H2O2 for 10 minutes and washed three times with sterile water. Approximately 2 g of the litter of 0.5 cm−1 cm fragments were wrapped within a 20 μm nylon bag (5 cm × 2.5 cm) and was then added into the litter compartment as the L+ treatment; the L− treatment did not receive the bag of litter. The mycorrhizal networks treatments by as nylon mesh included the N+ treatment, which had a double 20 μm nylon mesh attached to the baffle for forming mycorrhizal networks in the planting compartment, the N− treatment, which had a double 0.45 μm mesh separating the two compartments to prevent mycelium and roots as the control. The 20 μm nylon mesh of the N+ treatment allows AM mycelium to pass through the baffle plate separating the planting compartment and litter compartment while plant roots cannot pass. However, the 0.45 μm nylon mesh of the N− treatment prevents both mycelium and roots from accessing the litter compartment from the planting compartment, which was shown by Hodge et al. [9]. Each treatment contained four replicates.

The initial substrate of 2.65 kg was created by mixing karst soil and sand (1:1 by volume) and filled into each compartment, and was sterilized at 0.14 Mpa at 126°C for one hour, and had pH 6.90, total N of 0.403 g.kg−1, available N of 148.75 mg.kg−1, total P of 0.699 g.kg−1 and available P of 18.73 mg.kg−1, using the measurement of methods from Zhang [40]. Five seeds of C. camphora were planted into the substrate of the planting compartment, and one plant was kept after germination. All treatment materials were cultivated in a greenhouse for 18 weeks. The mycorrhizal colonization rate was determined after the roots were cleaned with distilled water; then the C. camphora seedlings were divided into roots, stems and leaves, and put into the oven to be sterilized at 105°C for 30 min, dried at 65°C to constant weight for determining biomass, N and P accumulations. The soil was packed with bags and taken back to the laboratory, removing the impurities in the soil and then determining hyphal density and spore density.
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Figure 1: A diagram of the plant growth experimental microcosm. The setup was composed of a black perspex container which consisted of two adjacent compartments (95 mm × 100 mm × 115 mm; length × width × height). Within the planting compartment C. camphora seedlings were planted and were either inoculated with Glomus mosseae (M+ treatment) or not (M− treatment), and litter was added to the adjacent litter compartment (L+ treatment) or not (L− treatment). Four circular holes of 20 mm diameter in the center of the baffle were drilled between the planting compartments and litter compartment, and each interval was 1 cm. A 20 mm diameter hole was opened at the bottom of each compartment to permeate water. A double nylon mesh of 20 μm or 0.45 μm was attached on both sides of the compartmental baffle separating the planting and litter compartments; the mycorrhizal networks treatment using 20 μm nylon mesh (N+ treatment) allows mycelium to pass through from one compartment to the adjacent compartment but does not allow roots to pass, while the 0.45 μm nylon mesh (N− treatment) prevents both mycelium and roots from passing between the planting and litter compartments according to a comparable experimental setup from Hodge et al. [9]

2.2 Determinations of Root Mycorrhizal Colonization Rate, Spore Density, Hyphal Density, Plant Biomass, and Concentrations of Nitrogen and Phosphorus

Root mycorrhizal colonization rate was determined by the methods of Brundrett et al. [41]. Spore density was determined by the methods of Khakpour et al. [42], and hyphal density was measured according to Abbott et al. [43]. Plant biomass was obtained by weighing roots, stems and leaves respectively dried at 105°C for 24 h. N concentration was determined by the Kjeldahl method, and P concentration was determined by anti-colorimetric methods [40]. Accumulations of N and P were calculated through the concentration multiplied by biomass.

2.3 Statistical Analysis

Statistical analysis was performed with SPSS 22.0 software (Company: International Business Machines Corp; Origin: www.ibm.com/legal/copytrade.shtml). All of the data were tested for normality and homogeneity of variance before analysis. Three-way ANOVAs were applied for the effects of AM fungus (M+ vs. M−) and litter addition (L+ vs. L−) and nylon mesh treatment (N+ vs. N−) and their interactions on plant biomass production and the accumulation of N and P and N/P ratio. The t-test was applied to compare differences between M+ and M−, N+ and N−, L+ and L− treatments on plant biomass, accumulations of N and P and the N/P ratio at p ≤ 0.05 levels. All statistical photographs were drawn by Origin 2018 software.

3  Results

3.1 Root Mycorrhizal Colonization, Spore Density and Hyphal Density of C. camphora Seedlings

When considering the planting and litter compartments together, differences in root mycorrhizal colonization, spore density, and hyphal density between L+ and L− as well as N+ and N−, were not significant, with the exception of spore density which was significantly greater under N+ than under N− (Tab. 1). In particular, spore and hyphal density were found to be lower in the litter compartment soil than in the planting compartment soil under N+, as no spores and hyphae were detected in litter compartment soil under N−. This result showed that AM mycelium passed through 20 μm mesh from the planting compartment to the litter compartment forming mycorrhizal networks for further propagation, indicating that the addition of litter can change the symbiotic process in the soil far away from the rhizosphere by external root mycelia of the host plant; meanwhile, the 0.45 μm mesh effectively separated mycelium growth from the litter compartment.

Table 1: Root mycorrhizal colonization of C. camphora seedlings, spore density and hyphal density of soil in the planting compartment and litter compartment under the M+ treatment
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3.2 Plant Biomass of C. camphora Seedlings and Allocation to Root, Stem and Leaf

The AM fungus treatment (M) significantly affected root biomass of C. camphora seedlings (Tab. 2), but not stem or leaf or individual plant; for individual biomass, the M+ treatment was significantly greater than the M− treatment under L+ of the N+ treatment in comparison to L− of the N+ treatment (Fig. 2a); a significant M+ > M− difference was found under L+ in root biomass and whereas a significant M+ < M− difference was found under L− in root and leaf biomass (Figs. 2b and 2d), however, others treatments were not significantly different in the same conditions in stem biomass (Fig. 2c). Moreover, the nylon mesh treatment (N), namely the mycelium litter access condition, affected the biomass of C. camphora seedlings significantly including its individual plant biomass and allocations to root, stem and leaf (Tab. 2); for the individual plant, the N+ biomass was significantly greater than N− under L+ under both the M+ and M− treatments and under L− of the M− treatment (Fig. 2a); for root, the biomass of N+ was significantly higher than N− under L+ of N+ while the N+ was significantly lower than N− under L− of M+ (Fig. 2b); the stem and leaf biomass of N+ was significantly greater than N− under L+ under both the M+ and M− treatments (Figs. 2c and 2d). Furthermore, the litter addition treatment (L) significantly affected the biomass of C. camphora seedlings including individual plant and root (Tab. 2); L+ was significantly greater than L− under M+ of N+ in individual, root and stem biomass (Figs. 2a–2c); for leaf, the biomass of L+ was significantly greater than L− under M+ of N+, but L+ was significantly lower than L− under M+ of N− (Fig. 2d). In addition, the interactions of N × L and M × N × L significantly affected the biomass of individual, root and leaf but not the stem; however, M × L only significantly affected the root biomass while M × N did not significantly affect the biomass of C. camphora seedlings (Tab. 2). These results indicate that the biomass accumulation of C. camphora seedlings was affected by mycorrhizal networks interacting with soil litter in soil far away from the adjacent rhizosphere compartment.
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Figure 2: The biomass of C. camphora seedling and its allocation to root, stem and leaf. Abbreviation: M+ = Mycorrhizal fungus was used to inoculate C. camphora seedlings; M− = Mycorrhizal fungus was not used to inoculate C. camphora seedlings; L+ = Litter was added in the litter compartment; L− = Litter was not added in the litter compartment; N+ = mycorrhzial networks forming which AM mycelium passing through the compartment baffle attached by 20 μm nylon mesh; N− = none mycorrhzial networks which AM mycelium could not pass through the compartment baffle attached by 0.45 μm nylon mesh. The means ± standard error values are shown in the figure. Lower letters (x, y) indicate significant differences between M+ and M− under the same litter and nylon mesh treatments at the 0.05 level; Greek alphabet (α, β) indicates significant differences between N+ and N− under the same AM and litter treatments at the 0.05 level; *, **, and *** indicate significant differences in p ≤ 0.05, ≤ 0.01, ≤ 0.001 and no asterisk indicates p > 0.05 between L+ and L− under the same AM and nylon mesh treatments

Table 2: ANOVAS for effects of AM fungus (M+ vs. M−), mycorrhizal networks by nylon mesh (N+ vs. N−) and litter (L+ vs. L−) on the biomass of C. camphora seedlings
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3.3 N Accumulation of C. camphora Seedlings and Allocation to Root, Stem and Leaf

The AM fungus treatment (M) significantly affected the N accumulation of C. camphora seedlings including individual, root, stem and leaf (Tab. 3); in individual plant, a significant M+ > M− difference was found, ranked leaf > root > stem under L+ of N+, and also under L+ and L− of N− in root and leaf (Figs. 3a–3d).
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Figure 3: N accumulation of C. camphora seedling and allocation to root, stem and leaf. See Fig. 2 for an explanation of M+, M−, L+, L−, N+ and N−, lowercase letters, *, **, and ***

Under L− of N+ the opposite difference (M+ < M−) in root plant biomass was observed (Fig. 3b). In addition, the nylon mesh treatment (N) significantly affected N accumulation of C. camphora seedlings including its individual, root, stem and leaf (Tab. 3); the N+ treatment significantly increased N accumulation of individual plant and all plant parts for both L+ and L− except for a significant decrease under M+ of L− in the root and a non-significant difference in individual, stem, and leaf (Figs. 3a–3d). Moreover, the litter addition treatment (L) significantly affected N accumulation of C. camphora seedlings in individual, root and leaf but not for stem (Tab. 3), where L+ significantly increased N accumulation compared to L− under M+ of N+ (Figs. 3a, 3b and 3d) while the L+ < L− was observed in leaf N accumulation (Fig. 3d); however, there were no significant differences between L+ and L− under other treatments (Figs. 3a–3d). Furthermore, the interactions of M × L and N × L and M × N × L significantly affected N accumulations for individual and root but not for stem. Additionally, the interactions of N × L and M × N × L also significantly affected leaf N accumulations (Tab. 3). Overall, these results indicate that AM fungi significantly promoted N accumulation of C. camphora seedlings through mycorrhizal networks interacting litter in the soil far away from the adjacent rhizosphere compartment.

Table 3: ANOVAS for effects of AM fungus (M+ vs. M−), mycorrohizal networks by nylon mesh (N+ vs. N−) and litter (L+ vs. L−) on the N accumulation of C. camphora seedlings
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3.4 P Accumulation of C. camphora Seedlings and Allocation to Root, Stem and Leaf

On the whole the AM fungus treatment (M) had a non-significant effect on the P accumulation of C. camphora seedlings including root and stem and leaf (Tab. 4); however, the M+ treatment significantly increased P accumulation compared to the M− treatment under L+ of the N+ treatment (Figs. 4a–4d), but significantly decreased P accumulation in root and stem (Figs. 4b and 4c). In addition, the nylon mesh treatment (N) significantly affected P accumulation in the individual plant, stem and leaf but not root (Tab. 4) where N+ > N− under L+ of M+ and L− of M− (Figs. 4a and 4c); a significant N+ < N− difference in P accumulation was observed in root under L− of M+ (Fig. 4b). Moreover, the litter addition treatment (L) significantly affected P accumulation of C. camphora seedlings in individual plant, root, stem and leaf (Tab. 4), where L+ > L− under all M+ of N+ (Figs. 4a–4d) and M− of N+ in leaf (Fig. 4d) and N− in the root (Fig. 4b). However, L+ was significantly lower than L− under M+ of N− (Fig. 4d). Furthermore, the significant interaction of M × N affected leaf P accumulation, and M × L significantly affected individual P accumulation; meanwhile N × L significantly affected individual and leaf P accumulations when M × N × L significantly affected individual, root, stem and leaf (Tab. 4). Overall, these results indicate AM fungi interacting with litter in the soil far away from the adjacent rhizosphere compartment significantly promoted P accumulation of C. camphora seedlings via mycorrhizal networks.
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Figure 4: P accumulation of C. camphora seedling and allocation to root, stem and leaf. See Fig. 2 for an explanation of M+, M−, L+, L−, N+ and N−, lowercase letters, *, **, and ***

Table 4: ANOVAS for effects of AM fungus (M+ vs. M−), mycorrohizal networks by nylon mesh (N+ vs. N−) and litter (L+ vs. L−) on the P accumulation of C. camphora seedlings
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3.5 N/P Ratios of C. camphora Seedlings, Root, Stem and Leaf

The AM fungus treatment (M) significantly affected the individual plant, root, stem and leaf N/P ratio (Tab. 5), where significant increases were observed in the individual under N− under both L+ and L− (Fig. 5a), and in root under N+ and N− of L− (Fig. 5b), and in stem under L− (Fig. 5c) as well as in leaf under N− (Fig. 5d) when comparing M+ with M−. The nylon mesh treatment (N) did not significantly affect N/P ratio of C. camphora seedlings except for root (Tab. 5); for the individual plant, the N/P ratio of M+ was significantly lower under L− and were significantly higher under M− of L+ although L+ > L− (Fig. 5a); the N/P ratio in root of N+ was significantly greater than N− under L+ of both M+ and M− treatments (Fig. 5b), leaf N/P ratio was significantly lower under N+ than N− under both the L+ and L− treatments of M+ (Fig. 5d). Moreover, the litter addition treatment (L) significantly affected the N/P ratio of the stem (Tab. 5), where L+ < L− under M+ but not under M− (Fig. 5c). Furthermore, significant interactions were observed in the individual plant for M × N and N × L, in the stem for M × L and in leaf for M × N (Tab. 5). Overall, these results indicate that AM fungi increased the N/P ratio of C. camphora seedlings, but decreased plant N/P ratio when it interacted with litter via mycelium in the soil far away from the adjacent rhizosphere compartment of this experiment.
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Figure 5: N/P ratio of C. camphora seedlings, root, stem and leaf. See Fig. 2 for an explanation of M+, M−, L+, L−, N+ and N−, lowercase letters, *, **, and ***

Table 5: ANOVAS for effects of AM fungus (M+ vs. M−), mycorrohizal networks by nylon mesh (N+ vs. N−) and litter (L+ vs. L−) on the N/P ratio of C. camphora seedlings
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4  Discussion

In our study, AM fungus differentially increased N accumulation of C. camphora seedlings with the following rank order of leaf > root > stem (Figs. 3b–3d). These results are consistent with Zhang et al. [44] regarding how AM fungi promoted differential N allocation in parts of plant tissues. Sun et al. [45] reviewed research showing that increased leaf N can improve the photosynthetic capacity for biomass production. Consistent with those findings, we found that the M+ biomass was significantly greater than M− biomass under L+ of N+ (Fig. 2a), indicating that the biomass enhancement was caused by the increased N accumulation obtained by AM fungus interacting with the added litter through associating mycelium. AM fungi can enlarge the absorption area for nutrient utilization via root external mycelium [46], and can transfer nutrients for C. camphora seedlings [47,48], and AM fungi can provide additional nutrients for roots [5], which is mainly as a result of their hyphae facilitating the accumulation and rapid delivery of ammonium N to the plants [49]. However, AM fungus did not have significant effects on the P accumulation of C. camphora seedlings tissue as a whole (Tab. 4), which differs from previous studies which showed that AM symbiosis significantly increased the P accumulation [50,51]. The present study did obtain higher P accumulation under the M+ treatment compared to the M− under L+ of N+ (Fig. 3). Simultaneously, the interactions of M × L and N × L and M × N × L significantly affected plant individual P accumulation (Tab. 4). These results show that interaction is essential to plant P utilization. Plants exude a wide range of organic compounds and inorganic ions into the rhizosphere, activating mineral nutrients [52] in P accumulations. In this study, substrate soil had a relatively low concentration with a total P of 0.699 g.kg−1 and available P of 18.73 mg.kg−1, which is lower than the average level of soil N and P in China [53], as litter is a potential carrier of nutrients, litter may increase available P nutrients in the soil by release through decomposition [54]. However, the release of P from litter requires a process that alone probably leads to largely non-significant effects, but may increase decomposition when AM mycelium is present and interacting with litter in the early stages of plant development. This experiment demonstrated that AM plays an important role in N and P nutrient acquisition for the host plant C. camphora seedlings through mutualist mycorrhizal networks extending from the planting compartment to the litter in the adjacent compartment.

Wang et al. [55] showed that leaf N/P ratio could be used as a predictor for determining nutrient limits on plant growth. Low N/P ratio (<14) reflects an N limitation, whereas a high N/P ratio (>16) likely reflects P limitation, and an N/P ratio between 14 and 16 reflects co-limitation by both N and P [56]. In this study, the N/P ratio of C. camphora seedlings tissue was greater than 16 in the individual plants (22.47 ± 2.3) and root (24.53 ± 0.5) and leaf (20.83 ± 3.3) and stem (19.52 ± 0.7) under the condition without litter and fungi and mycorrhizal networks (Fig. 5), indicating plant seedlings were extremely restricted by P in the experiment substrate. However, the N/P ratio on average was increased when plants were inoculated with AM fungi and received added litter, meaning that AM fungi and litter increased the ability of the plants to accumulate N and P nutrients, even when the N/P value was greater than 16 which was suggested to reflect P limitation. This result can be explained by the fact that AM fungi significantly affected N accumulation but not P accumulation. Nevertheless, it is interesting that the N/P ratio of N+ was lower than N− under M+ and the N/P ratio of L+ was greater than L− under N+ for individual plants (Fig. 5a), indicating that mycorrhizal networks alleviated P limitation according to Wang et al. [55] and that litter compensated for N and P for seedlings. Zhang et al. [57] found that plants are P limited in karst habitat. C. camphora is a common plant species in karst regions, generally in P limited soil. Given that karst soil is often low in soil nutrients such as N and P, AM fungi may play an essential role by increasing access to N and P by accessing surrounding litter through their mycorrhizal networks. P deficiency may also cause compensating promotion of utilization of other nutrients such as N to maintain growth [58], a scenario which is consistent with our results where mycelia are associated with and accessing litter. The litter addition also significantly reduced the stem N/P ratio from (27.00 ± 2.1) to (17.48 ± 1.0) (Fig. 5c) under M+ treatments indicating that litter relieved in tissues or compensated the P nutrient in individual level, because AM fungi can likely promote P mineralization in soil or litter [59]. The results also verified our hypotheses H1 and H2. Overall, AM fungi combined with litter have a positive effect on plant growth in nutrient deficient karst soil.

Previous studies has shown that leaf litter continuously releases C, N and P nutrients into the surrounding soil solution during the decomposition process; AM mycelium can transform these nutrients and provide them to host plants [60]. Additionally, Kong et al. [15] found that when soil nutrient levels decreased, the promotion effect of AM fungi on litter decomposition began to appear, especially for N mobilization, and then AM mycelium transfers these newly mobilized nutrients from litter decomposition to supply their host plants when grown under low nutrient conditions. Barrett et al. [61] found that AM mycelium networks enhanced plant (including both root and shoot) biomass and plant P content at a suitable temperature and also transferred 15N to host plant tissues. This is consistent with our results. AM fungi can absorb mineral nutrients in the soil [62], or can transfer nutrients from organic residues (e.g., litter) via mycelium, thereby promoting nutrient accumulation via AM mycelium networks and increasing plant biomass [10]. Additionally, Shu et al. [63] found that AM fungi release organic acids, soil enzymes, and other substances by themselves or by inducing symbiotic plants, which activate the fixed mineral nutrients in the soil and improve the effective concentration of mineral nutrients, which is beneficial for plant nutrient absorption. Furthermore, the mineral nutrient transporters on AM mycelium ensure the efficiency of nutrient transport from soil to mycorrhizal mycelium [64] making nutrient transfer to plants faster [65]. The promoting effect of AM fungi on litter decomposition is related to the nutrient content of the soil in low nutrient conditions, e.g., in karst soil, AM fungi can regulate the rate of N mineralization and accelerate the decomposition of litter [15]. Additionally, the AM mycelium exudates organic acids and enzymes into soil, a process that will enhance soil organic matter decomposition and nutrient release [66] then the AM mycelium transfers nutrients from litter to their host affecting the host plant’s growth. For example, Xu et al. [67] found that the host plant can acquire more nutrients (P and N) through the AM mycelium from organic matter when soil P availability was low. This result was also confirmed by He et al. [10] who found that AM mycelium networks can promote litter decomposition and transfer N from litter to host plants in karst habitat. In this experiment, the AM mycelium contacted litter patches and then promoted the absorption of nutrients of C. camphora seedlings. This pattern probably means that AM networks transferred nutrients from litter patches to the host plant. In this study, C. camphora seedlings were likely P limited as the N/P ratio was greater than 16 in all N− treatments of plant tissues, with the rank order being root > leaf > stem (Fig. 5). When AM mycelium forming networks had access to the litter compartment (N+) differentially reduced the N/P ratio in individual and leaf (Figs. 5a and 5d); the possible explanation may be that the microbial community was altered under litter addition [68] forming a microbial flora distinct from the rhizosphere [69], and causing the contribution of mycorrhizal networks to P uptake to differ from N uptake [70], by reducing the N/P ratio, thus alleviating the P limitation of karst soil. In summary, one of the functions of AM networks in karst habitats may include the promotion of nutrients mobilization and acquisition from leaf litter. However, further studies are required to determine the mechanism underlying AM fungi’s role in nutrient regulation released into soil from litter. Specifically, isotope trace studies are needed to determine whether AM mycelium networks directly decompose litter or if AM fungi indirectly regulates microbes in the decomposition of litter.

5  Conclusions

In this experiment, available litter in adjacent soils can change the symbiotic process by the extend mycelium networks from host plant roots for spores and hyphal proliferation. Litter interacting through AM affected C. camphora plants by significantly increasing accumulations of biomass and N and P in root, stem and leaf, when in association with mycorrhizal networks of G. mosseae fungus. AM fungi also increased N accumulations and N/P ratio on the whole. P accumulations were increased in the individual and plant tissues of root, stem, and leaf; the individual N/P ratio was decreased when the available litter through interacting mycorrhizal networks. In conclusion, we suggest that plants in the growth and nutrition utilization benefit from mycorrhizal networks interacting with litter in order to alleviate nutrient limitation via the vary of N/P ratio under deficient nutrient karst soil.
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Factors df N/P ratio in individual ~ N/P ratio in root ~ N/P ratio in stem N/P ratio in leaf

F 2 F p F p F p

M 1 31.333 0.000%#%** 25.560 0.000*** 10.967 0.003** 7.893  0.010*
N 1 1.627 0.214 7.212  0.013* 0.185 0.671 1.729  0.201

L 1 0.790 0.383 0.144  0.708 10.165 0.004** 1.023 0.322

M x N 1 15.258 0.001** 0.025 0.877 0.169  0.685 24.728 0.000%**
M x L 1 0.689 0.415 1.599  0.218 9.955  0.004** 0.499 0.487

N x L 1 6.841 0.015* 2454 0.130 0.059 0.811 0.274  0.606
MxNxL 1 0.530 0.474 1.317 0.262 1.995 0.171 0.311 0.582

Note: See Tab. 2 for an explanation of M, N and L; See Tab. 2 for an explanation of *, ** and ***
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Indexes Treatments Planting compartment

Litter compartment

L L L L
Mycorrhizal colonization (%) N* 30.09 £ 1.1aoc 29.80 £ 1.6a0 — -
N 28.46 £ 1.2a00 25.39 £ 1.7a00  — -
Spore density (numbers 10 g soil ') N* 23.75 £ 2.8a0 20.75 £ 1.75a0 15.25 £ 2.3a00 11.00 £ 1.6aa
N 17.50 £ 1.9af 13.25+ 1.1ap 0OaP 0ap
Hyphal density (cm. g soil ") N* 72.6 + 2.6a0  65.86 = l.4a0  43.05 + 8.7aa. 38.07 £ 4.0an
N 65.05 £ 2.3a0 59.75 £ 3.8a0.  0af 0aP

Note: Lower letters (a, b) indicate significant differences between L" and L™ under the same AM and nylon mesh treatments at the 0.05 level; Greek
alphabet (o, B) indicates significant differences between N* and N™ under the same AM and litter treatments at the 0.05 level. These values are “mean £

standard error’’





