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Abstract

:

Long-term fertilization targets mycorrhizal fungi adapted to symbiotic exchange of nutrients, thus restricting their colonization potential and re-orienting the colonization strategies. The MycoPatt tool has a high applicability in quantifying the symbiotic process with the identification of mycorrhizal indices and projection of mycorrhizal patterns. Organic treatments increase the symbiotic process, visible in values of colonization frequency and intensity, with about 6% more than the native status of colonization. At the opposite pole, organic-mineral treatments decrease the colonization parameters by up to half of the organic treatment. All of the colonization parameters show significant correlations, except for the arbuscules/vesicle ratio (0.03). All the applied treatments, except for the organic one, record multiple root segments with a colonization degree lower than 10%. The application of treatments changes the strategy of native colonization from a transfer (40%) and storage (37%) to a predominant storage (50%) for organic treatment, and are mainly proliferative between 38–50% in mixed and mineral treatments. The high amount of mineral components increases also the presence of resistance conditions strategies. The use of mycorrhizal pattern maps, with the inclusion of colonization strategies, presents an important direction in understanding the evolution of mutual relations, and to explore in-depth the efficiency of the whole symbiotic process.
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1. Introduction


The mountain meadows in Romania are an extraordinary source of biodiversity in Europe [1]. The diversity of biomes is the key to the stability and maintenance of the entire grassland ecosystem [2]. Both above- and below-ground biodiversity are closely linked and are influenced by a cumulative effect of biotic and abiotic factors [3]. The major impact in structuring biotic communities in these ecosystems is the high ratio of outputs versus inputs [4], and so nutrient cycling is of particular importance in the ranking of biomes [5]. As a first consequence of this report, the biodiversity of plant species and soil microorganisms or adapted to the reduced amount of nutrients, a phenomenon called oligotrophy [6] and a slowdown in nutrient cycling processes [7]. In natural and semi-natural meadows, any change in management will drastically disrupt the structure of biotic communities. In principle, different processes can generate negative, positive and neutral relationships between the use of species resources and the richness of species [8]. Due to the relationship between biomes and the diversity of plant communities, it can govern the composition of the soil microbial community and thus the activities carried out by them [9]. Plant species influence soil microbial communities, mainly through their functional traits [10]. The problem that arises is the focus of studies on primary productivity, while the vital processes of soil microbial activity are overshadowed [11]. The soil microbiota carries out most of the vital processes to support plant species. The most dynamic interaction with a major impact on a development of plant species is given by the fusion of mycorrhizal fungi at the roots [12].



Symbiosis between grassland plants and mycorrhizal fungi is the promoter of the stability of grassland ecosystems [13]. Mycorrhizal fungi are key mutualists who succeed in alleviating drastic living conditions from this habitat. These, in exchange for a number of products assimilated by photosynthesis [14], protects against pathogens [15,16,17], limits abiotic stresses [18,19,20,21,22] and restricts the heavy metals of the host species [23,24,25]. In addition, mycorrhizal fungi interconnect with the grassland species through a network of hyphae [26], thus intervening in the dynamics of the plant community [27,28]. It has been shown that the involvement of plants in a symbiotic partnership with mycorrhizal fungi can lead to the dominance of some species, as well as to the exclusion of other plants [29,30,31].



Perennials in oligotrophic ecosystems more easily accept the fungal partnership in order to maintain their cover [32]. Agrostis capillaris is a species of long-day, C3 plant, with an active growth period starting in spring [33]. It has a good development in mesotrophic to oligotrophic conditions, and the species also indicates a low content of phosphorus in the soil [34]. A. capillaris is present in ecosystems with a medium-high plant diversity (50–60 species/100 m2) [35], and has an adaptable competition status from medium to high, depending on the available nutrients. As a peculiarity of the species, it adapts to the stress of the genetic environment and through plasticity, often resulting in distinct forms adapted to the local level [36].



Disruption of mycorrhizal communities is primarily due to the type of management applied to the grassland, especially the type of fertilization [37,38,39]. Organic inputs are considered to increase the mycorrhizal process of plant species [40,41,42] and mineral inputs act differently or promote or slow down the process [43,44]. Nitrogen fertilization enhances the symbiotic process only if the phosphorus is deficient in the soil, whereas if the phosphorus is in the right amount in the soil the nitrogen fertilization leads to a destabilization of the symbiosis [45]. Thus, through nutrients that are directly accessible to plants, they no longer invest in the fungal partner. The suppression of mycorrhizae alters the productivity of plants and the establishment of plants in the spring [46]. Mycorrhizae are primarily influenced by the identity of the host species and its phenology, but also by the phosphorus concentration [47]. For the stability of grassland ecosystems, in addition to studies of floristic biodiversity, emphasis must also be placed on the microscopic part of the soil in the choice of management.



The aim of this research was to analyze in-depth the mycorrhizal colonization in roots of A. capillaris, as shaped by the long-term application of treatments. The step-by-step research protocol followed multiple objectives and hypotheses to completely assess the colonization mechanism and mycorrhizal pattern in roots: (a) treatment is visible in the average value of colonization parameters; (b) visible variations in colonization parameters can be correlated one to each other; (c) arbuscules and vesicles shows a correlated presence in same part of the roots or there is a marginal value for the presence of only one; (d) plant roots exhibit various colonization strategies due to the application of treatments; (e) can the treatment act as a profile shaper for clear colonization strategies?




2. Materials and Methods


2.1. Experimental Design


Root samples were collected in summer of 2020 from a long-term fertilized HNV grassland. The experiment was established in 2001, in Ghețari Village (46.49064 N–22.81418 E, 1130 m above sea level), Apuseni Mountains, Romania, on a terra rosa soil. Grassland soil is characterized by oligotrophy, with an acidic reaction, a low content of humus, medium for N and very low for P an K [48]. Samples were collected at the flowering stage in order to provide multiple images of colonization status due to the extent of roots. A total of 5 variants served as field for the root extraction: V1 (control variant)—untreated; V2—organic (manure) treatment—10 t ha−1 manure; V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; V4—mineral treatment—100 N 50 P2O5 50 K2O; and V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Roots were extracted from each of the 4 replications of the field and the soil was gently removed at the site, prior to being frozen at −20 °C until laboratory processing.




2.2. Laboratory Analysis


Roots from each variant/replication were processed separately in the laboratory for a further microscopic analysis. Cleaning was performed by the immersion of roots in a 10% NaOH solution for a period of 48 h. Staining followed a slightly modified ink-vinegar procedure, with the immersion of roots in a 5% ink + 5% vinegar solution for 48 h. Between the two stages, the roots were washed with tap water to remove the extra cleaning and staining agents [49].



All root samples, cut in 1 cm segments, were analyzed at 40× magnification, with an Optika microscope and images were extracted for each microscopic field for each segment. The overall microscopic images were 15 for each of the analyzed segments and reassembled into one larger image to provide the mycorrhizal colonization base for an entire segment. Images from each segment were coded based on the indexes in the mycorrhizal pattern method [50] in order to be further converted with the MycoPatt tool [50] in colors and to provide the colonization image and patterns [51,52]. From the entire experiment resulted a database of 4500 values for each of the colonization parameters: colonization frequency (%); colonization intensity (%); arbuscules and vesicles abundance (%); the overall colonization degree (%); the share of non-mycorrhizal areas (%) in roots; the report between mycorrhized and non-mycorrhized areas and the report between arbuscules and vesicles.




2.3. Data Analysis


Data analysis was performed with the software R Studio [53], built on an R platform [54]. The database for each of the variants, with 900 data for each parameter, was supposed to constitute the extraction of basic statistics, from which average and standard errors were further used in the assessment of colonization trends, with package “psych” [55]. Differences between variants were analyzed by an ANOVA test and multiple comparison by LSD test, with both functions taken from the “agricolae” package [56]. For each variant, a scatterplot of arbuscules and vesicles was extracted. This graphic method, available in the “stats” package of the R platform [54], ensures an analysis of values corresponding to both structures present in a segment and the value from each one of them to have overcome the other one. Each database for one treatment was further plotted through the “vegan” package [57] with Principal Component Analyzed (PCA) for the detection of data dispersion. Variance explained by axis was extracted for each PCA, and supplementary to each ordination were plotted the isolines of colonization degree and arbuscules/vesicles reports. Both parameters were considered important for the homogeneity/heterogeneity of data dispersion, colonization degree being the volumetric parameter of colonization and arbuscules/vesicles the indicators of colonization strategy. Additionally, to each PCA were inserted the vectors corresponding to each colonization parameter, from which the antagonistic vector—the Intensity-Non-mycorrhizal areas—was considered an analysis guidance vector. Data from each of the segments were further analyzed for the detection of a colonization strategy. This procedure followed the concept proposed by Corcoz et al. [52], the four strategies considered being: resistance, proliferative, transfer, and storage. Changes to the proposed concept were performed to the intensity, arbuscules and vesicles values, which indicates the orientation of each segment toward a clear strategy. For each variant the maps of colonization were extracted separately for each of the colonization strategies in order to provide a visual basis for a comparative analysis between treatments.





3. Results


3.1. Variations Induced by Treatments on General Mycorrhizal Colonization


The use of ANOVA permitted the detection of changes induced by the application of long-term treatments in the value of each mycorrhizal parameter (Table 1). The differences between variants are significant for all parameters, with a maximum in recorded frequency respectively for the two antagonistic parameters—intensity and non-mycorrhizal areas. In both reports, mycorrhizal/non-mycorrhizal areas and arbuscules/vesicles showed reduced, but still significant, differences. The native mycorrhizal colonization frequency potential (V1) is set just above 62%, a value that sustains the existence of fungal structures in more than half of the segments analyzed. Compared to this value, a significantly higher level is recorded in the organically treated variant (V2), with a 6% increase. The low-mineral organic treatment (V3) acts as a reductional factor for colonization frequency, with a significant 20% reduction compared to organic treatment. This trend is followed by mineral treatment (V4—another 10% decrease) and high-mineral organic treatment (V5) at less than half the value. The intensity of colonization varies greatly within 14–38%, with higher values associated with control variants (V1) and organic treated ones (V2). The gradual increase in applied mineral dose (V3-V4-V5) significantly decreases this parameter, with 10% compared to control (V1 vs. V3), and with 4% for each of the next two treatments. Arbuscules and vesicles, as specific structures developed by AM fungi, showed significant differences between variants. The native potential for these structures (V1) are set to almost 3% arbuscules and 1.5% for vesicles. An interesting case was recorded for the organic treated variant, with both of these structures at a value above 2%. Compared to this, both low-mineral organic (V3) and mineral (V4) variants recorded 1.2–1.5% less arbuscules and less than 1% vesicles. Even if the high-mineral organic variant contains both types of treatment, their action reduces drastically the arbuscules to a quarter of the native potential and vesicles by up to only 16% of this potential.



Non-mycorrhizal areas are maintained at lower than 70% in control and organic treatments (V1 and V2) but increase significantly for each variant where mineral inputs are present (Table 1). Colonization degree as the overall volume of roots explored by AM fungi exceeds 30% only in the case of organic treatments (V2). Compared to this value, the native potential is set to be almost 25% (V1). In contrast, the application of mineral treatments reduces this parameter by up to half (V3 and V4) and more than 75% in case of the maximum treatment dose (V5). Both of the synthetic reports, mycorrhizal/non-mycorrhizal areas and arbuscules/vesicles, showed significant differences due to the application of treatments. The only variant where the mycorrhizal/non-mycorrhizal areas exceeds 1 is treated with organic inputs (V2), with a 0.5 reduction in the control and more than 0.7 in the mineral treated variants. The general image of arbuscules/vesicles reports indicates the simultaneous presence of both structures in the roots, with a higher share for arbuscules in control and organic treated variants, and vesicles more than 4 times higher in the mineral treated variants. The only significant differences recorded are between the first two variants (V1 and V2) compared to the highest mineral variants (V4 and V5).




3.2. Interrelations between Colonization Parameters and Their Potential Simultaneous Presence in Colonized Roots


Long-term application of treatments has shaped the inter-relations between colonization parameters (Table 2, Supplementary Table S1). The general correlation coefficients were established based on 4500 sets of observations, which ensures a high stability of the results (Table 2). Only one correlation was considered non-significant, the importance of vesicles in the report of arbuscules/vesicles being set to only 0.03. There are two parameters that have the same maximum (±0.97) antagonistic share in the colonization degree, intensity, and non-mycorrhizal areas. The frequency determines the highest part of the observed intensity (0.9), while for the secondary structures the correlation was similar to the intensity one, with more than 0.20 in the presence of arbuscules and 0.30 for vesicles. Frequency is also highly correlated with colonization degree, while the colonization degree influences both the presence of vesicles and arbuscules. The report between mycorrhizal and non-mycorrhizal areas is more sensitive to the frequency and vesicles than to arbuscules presence, while the report between secondary structures has half of the correlation sum associated with arbuscules.



The analysis of arbuscules and vesicles presence in roots is necessary for the specific action of each treatment and their maximum concomitant presence (Figure 1a–e, Supplementary Table S1). The native potential (V1) of arbuscules and vesicles development (Figure 1a, Supplementary Table S1) shows a maximum recorded of 75% for transfer structures and only 25% for storage ones. Even if the correlation coefficient between the two structures is set to −0.08, its significance indicates a decrease in the structure in favor of the other development. The vesicles can be maintained by up to 5% in the context of a maximum 10% arbuscules, and at 3% up to 30% arbuscules. After 30% of arbuscules, vesicles appear sparsely, and after 50% it completely disappears. The application of organic treatments (V2) induces a different pattern of both structures presence (Figure 1b; Supplementary Table S1). Vesicles can be present in a share of 5% up to a maximum of 30% arbuscules. After this value of arbuscules, vesicles disappear completely. In contrast, arbuscules are present in 10–12% up to a limit of 10–12% for vesicles, and after this point they completely disappear. This phenomenon is associated with a correlation of −0.11 between the two parameters. The presence of mineral inputs in the treatment V3, even at low doses, produces a chaotic distribution of data recorded for both structures (Figure 1c; Supplementary Table S1). The lack of significance between the two structures presence indicates a high symbiotic flexibility of colonized roots. A large number of recorded data presents an interval between 0–30% arbuscules, with no vesicles developed around the same area. The maximum of vesicles reaches 15%, in all these cases arbuscules being present in a 0–10% share. This indicates that the roots of plants organic treatment permits the existence of a dual flux: for storage and transfer in the same area. Arbuscules can reach 70%, with an empty interval between 30 and 40%, but this can also be associated with 2.5% vesicles. The use of only mineral treatments (V4) shows a clear development pattern of either vesicles or arbuscules in most of the recorded data (Figure 1d, Supplementary Table S1). For this treatment, arbuscules reach only 40%, which is 15% higher compared to the maximum recorded vesicles. The −0.01 correlation indicates a lack of interdependence between the two parameters. Their presence is associated with root permissiveness and the punctual nutrient requirements of plants. Vesicles can have 5% in association with 10% arbuscules, a value that decreases to 3% at an increase of arbuscules of up to 20%. In this specific case, there exists the possibility of highly structural colonized root areas, where high values of arbuscules and vesicles can be observed in the same area. The high-mineral organic treatment (V5) acts as a clear structure development separator (Figure 1e; Supplementary Table S1). Vesicles reach almost 20% in some root areas, but are unrelated to arbuscules, which have a maximum of just over 50%. Even the correlation remains non-significant between the two parameters and they do not appear in the same colonized area. For both structures, the increase in their presence is not gradual, with empty intervals in their graphic array. The mechanism implies a different permissiveness in the colonized root, with largely different areas where AM partners develop a hyphae network oriented toward storage or transfer structures.




3.3. Dispersion of Mycorrhizal Colonization Data as Shaped by Applied Treatments


Principal component analysis shows with a great fidelity the dispersion of mycorrhizal data in a graphical plan, for each of the treatments providing a unique solution and the projection of parameters as vectors (Figure 2a–e). Control variants (Figure 2a) have a highly dispersed data at colonization degrees within the interval 0–20%, overlapped on an arbuscules/vesicles report in the interval 0–0.2. The total variance explained by the PCA is 95.27%, with the majority of variance allocation to Axis 1. The antagonistic vector Intensity-non-Mycorrhizal areas is oriented diagonally from the − + quadrat to + − one, at the intersection of the two isolines represented by colonization degree and the arbuscules/vesicles report. This position makes the intensity vector go through the middle point of data with a colonization degree higher than 20%. In this ordination, it indicates a stability of colonization at values higher than this point and a stability of the native mycorrhizal potential. The frequency is positioned at 45° compared to intensity, at the idle of the distance between the two being positioned the short arbuscules vector. This indicates a similar influence of both higher vectors for the development of transfer structures, compared to vesicles which are associated with vesicle development. The mycorrhizal/non-mycorrhizal area report is placed near to intensity in the area occupied by the highest colonization degree values, considering those values that can change fastest in terms of the value of this report. The application of organic treatments (V2) changes completely the mycorrhizal potential, the entire PCA graph presenting a highly modified image of data recorded (Figure 2b). Compared to the control, the antagonistic intensity-non-mycorrhizal area vector is oriented at a perfect opposition. Data dispersion is heterogenous only in the interval 0–10% of the colonization degree isoline, with a homogenous linear agglomeration after this value. Both arbuscules and vesicles have short vectors, the arbuscule ones oriented toward the upper area of arbuscules/vesicles isoline reports. The position of this vector in the upper part of the frequency vector, at more than 30° at distance, indicates the possibility of the arbuscules emergence in the early stages of colorization, which is unrelated to a developed hyphal network. The intensity and frequency maintain the same angular distance, with the positioning of vesicles a short vector below the intensity one. This indicates the potential development of vesicles only in the presence of a developed hyphal network. The similarity between variance explained in organic treatment PCA with the control one sustains the reorientation of the ordination graph due to the selective colonization process.



The introduction of mineral treatments (V3), even at low doses, alters drastically the colonization process (Figure 2c). The variance explained by each axis is oriented toward Axis 1 with more than 91%, and the entire dataset is plotted in a reduced space in the upper-center area. The colonization degree isoline maintains the interval 0–70%, but a drastic change is visible in the arbuscules/vesicles report isoline (up to 20). The great majority of the data are associated with lower values of this report, which indicates a reduced presence of these structures. The vesicles vector is associated with frequency, which indicates a potential development of storage structures from the emergence of colonization. At the opposite end, arbuscules have a longer vector, which exceeds the mycorrhizal/non-mycorrhizal area report and is associated with the intensity. Based on this projection, for the development of arbuscules, a good developed hyphal network is required. The antagonistic intensity-non-mycorrhizal area vector shows a one quadrat movement compared to previous PCA. The mineral (V4) treatment shows an orientation of the antagonistic vector intensity-non-mycorrhizal areas that is similar to the control one (Figure 2d). The differences are clearly visible in the great dispersion of data, associated with an alteration of the gradual development of the colonization process, with great differences between different areas of the same colonized roots. Vesicles are still closed to the frequency of colonization, and, at a reduced angle, the arbuscules one too. The position indicates a potential development of both structures from the beginning of the colonization, with a higher vesicles share in conditions of frequency increases. After 20% of the colonization degree vector, the data became highly dispersed along Axis 2. The increase in mineral dose in the organic treatment (V5) produces a reorientation of the PCA. It is the only PCA that has the gradient of non-mycorrhizal areas in the left part of the ordination associated with data between the isolines 0–5% of the colonization degree. All the other vectors are oriented along Axis 1, a projection sustained by the 95.07% variance and explained by this axis. Vesicles are perfectly overlapped on frequency, which indicates an almost 100% possibility of developing vesicles from the beginning of the colonization. The arbuscules vector is oriented toward the heterogenous area in the lower part of the ordination, bellow the intensity vector, which sustains the idea of a hyphal network being necessary before the development of arbuscules.




3.4. Establishment of Multi-Point Analysis as a Translation Tool in Deciphering Colonization Patterns and Strategies


The large database resulted from the microscopic colonization of A. capillaris roots, which imposed the necessity to create a specific guide for the assessment of both fungal patterns and colonization strategies (Figure 3). The multi-point analysis is a holistic concept that inter-connects multiple areas colonized by AM fungi and evaluates the non-mycorrhizal areas as disruptors within the colonization. Each colonization strategy implies a pattern of fungal development with the possibility of arbuscules and vesicles presence as secondary structures. The multi-point analysis permits the identification of multiple colonized areas within the same root segment, characterized by different colonization strategies and developmental patterns. This type of analysis is necessary for a deeper analysis of the colonization mechanism, which acts with various intensities within the same root. Four strategies were identified for A. capillaris, based on the proposal made by Corcoz et al. [52] Intensity of colonization in root segments is set as the indicator of all the colonization strategies. Based on the intensity value and the presence/absence of arbuscules and vesicles, the strategies present a clear orientation. The proliferative strategy is set to values of intensity in the interval 10–25%, which implies a potential future expansion of the hyphae network. This strategy also shows the trend of future development, to a longitudinal or radial, regular or irregular expansion in colonized roots.



Segments with a colonization intensity lower than 10% presents sparse colonized spots, numerous non-colonized areas and a mycorrhizal/non-mycorrhizal area report <0.11 (Figure 3). This strategy shows a plant resistance toward the establishment of a successful colonization. Over 25% colonization intensity, the presence of arbuscules and/or vesicles shows the orientation toward a transfer strategy or a storage one. The development patterns of hyphae and structures shows the colonization time-frame in the analyzed segment: incipient, intermediate, or mature. The presence of arbuscules at more than 0.1% along with an arbuscules/vesicles report higher than 1.0 indicates a clear transfer strategy. As an opposite, vesicles >0.1% and an arbuscules/vesicles report lower than 1.0 indicates a clear storage strategy.




3.5. Colonization Strategies Induced by the Application of Long-Term Treatments


The long-term application of inputs produces visible changes in the colonization strategies associated with each treatment (Figure 4). The native colonization shows only a 3% resistance strategy, while the transfer and storage strategies are identified in almost 40% each. A number of 20% of the segments are in a proliferative stage, which is the base for the future development of AM in A. capillaris roots. A slightly different trend is visible for organic treatments (V2), where half of the root is characterized by storage, with a reduction of both transfer and proliferative strategies. The application of mineral treatments (V3, V4 and V5) induces an increase in the share of root segments oriented toward a resistance strategy, along with an increase in the proliferative one. In high-mineral organic treatment (V5), the share of segments with less than 25% intensity of colonization reaches 84%, each strategy with an equal share. The resistance strategy share increases gradually from low-mineral organic treatment to mineral treatment to high-mineral organic treatment. This gradient is overlapped on the increase in the applied dose. This increase is associated with a decrease in both transfer and storage strategies.



Any of the analyzed root samples contained segments characterized by a resistance conditions strategy (Figure 5). The resistance conditions in each of the analyzed treatments presents large differences, starting with the native status (1.Rs) where most of the colonized areas show an irregular reduced development. The application of organic treatments (2.Rs) is visible in punctual colonized areas, with a very reduced development, which is a rare case for plants grown in this treatment regime. The low profile of resistance strategy, in low-organic treatment (3.Rs+/−), shows multiple colonized areas, with a reduced development. The upper resistance strategy profile shows six clear colonized areas, within which a development is visible. Non-colonized areas occupy a large proportion of the root, surrounding the colonized areas. An increase in the mineral dose applied with organic treatment (5.Rs+/−) produces an interesting difference between the low and upper resistance strategy patterns. The lower pattern shows only punctual colonization, with a very reduced development. The upper pattern shows irregular developed colonized areas, with an equal presence of non-colonized areas between them. The most interesting case is the mineral treatment (4.Rs+/−), with large, colonized areas alternating with reduced and uncolonized ones. A proliferative strategy creates various colonization patterns associated with applied treatments (Figure 6). Both arbuscules and vesicles are visible in the root segments of this strategy. The lower profile of the native proliferation strategy (1.Ps−) indicates an transverse development of hyphae, with several restricted areas where arbuscules are developed. The upper native proliferative profile presents a good hyphae development along the roots, with both arbuscules and vesicles present. Organic treatment (2.Ps+/−) implies either a good radial-irregular development of hyphae or punctual colonized areas. Large non-colonized areas are present with a heterogenous position. The upper proliferative pattern presents a mix of arbuscules/vesicles in the lateral irregularly colonized areas, which are separated by multiple small non-colonized areas. The mineral treatments (V3-V5) drastically alter the proliferative strategy pattern in the roots. A decrease is very visible from larger, irregularly developed, colonized areas with arbuscules/vesicles present (3.Ps+/−) up to sparse colonized areas with only vesicles being present (4.Ps+/−). The maximum applied treatment (V5) acts toward powerful linear-irregular colonized areas (5.Ps+), which are separated by non-colonized areas that are disposed as heterogenous.



Transfer strategies shows distinct patterns due to applied treatments (Figure 7). The segments belonging to the control variant (V1) requires a large hyphal network to develop arbuscules (1.Ts−), a mechanism in the presence of vesicles. Hyphal networks are developed along the root in this profile, alternating with large non-colonized areas and an irregular lateral branching. The upper native transfer strategy still present vesicles, near to the arbuscular areas (1.Ts+). Strong lateral development of arbuscules is visible, outcoming their basal hyphae. Application of organic treatment increases the hyphae system (2.Ts−), which is necessary to sustain a longitudinal development of arbuscular areas (2.Ts+). Lateral branching of arbuscular areas presents an irregular pattern, with a sparse presence of vesicles. As the organic-mineral treatments increase (V3 and V5), the arbuscules reduce their presence due to a reduction in hyphal networks (3.Ts− and 5.Ts−) and the presence of non-colonized areas in a proportion of 30–40%. Vesicles are present only in a low-mineral organic transfer strategy, the upper profile for this treatment showing a very large and condensed arbuscular area, surrounded by small irregular non-colonized areas. The higher mineral dose applied to V5 reduces the hyphae development of the lower transfer profile, the irregular development of these structures being surrounded by large non-colonized areas. The upper transfer profile for this treatment (5.Ts+) shows a maximum of half hyphae that can further develop arbuscules. The opposite to all transfer strategy is visible in mineral treated plants (V4), with a very large hyphal network developed and only few arbuscules emerging (4.Ts−) as compared to a very reduced hyphal network that is almost completely transformed in arbuscules (4.Ts+).



The storage strategy (Figure 8) is highly visible in native colonization (1.Ss+/−). The lower storage profile (1.Ss−) shows irregular-longitudinal development of hyphae along with a marginal emergence of vesicles. These hyphae permit the secondary emergence of vesicles in all colonized areas (1.Ss+). The organic treatment permits a two-phase development of a clear storage strategy, starting with a longitudinal-lateral branched hyphal network (2.Ss−) followed by a secondary increase in both hyphae and vesicles in all colonized areas (2.Ss+). The non-colonized areas appear sparse and produce small separation areas. The same storage strategy pattern is visible on a small scale at low-mineral organic treatment (3.Ss+/−), with both storage oriented segments showing hyphae in the lower profile compared to a dual development of hyphae and vesicles in the upper profile. The increase in the mineral dose (V5) produces a change in the storage strategy, with a punctual radial-irregular development of hyphae, surrounded by non-colonized areas and few arbuscules (5.Ss−). The upper profile for this treatment (5.Ss+) shows a reduction of vesicles and their heterogeneous presence in a few colonized areas. Mineral treatments restrict the storage strategy pattern to a longitudinal hyphae development and the emergence of few vesicles (4.Ss−) and an extensive development of hyphae, both horizontal and longitudinal, and a sparse emergence of multiple vesicles. Heterogenous non-colonized areas are still present, and the vesicles have a marginal position.





4. Discussion


4.1. Visibility of the Treatment Effect in Variability of Colonization Parameters


Long-term fertilization (N and P) in grassland induces changes in the structure of the floristic composition as well as in the edaphic level by changing the diversity of mycorrhizal fungi [58,59]. Within ecosystems, the diversity of plant communities can govern the composition of the soil microbial community and thus the activities carried out by them [60]. Plant species influence microbial communities in the soil, mainly through their functional traits [61]. Organic fertilizers are generally thought to be slow releasing fertilizers and they contain many trace elements [62]. The organic treatment acts as a slow-release nutrient resource, spread over a large area. This is a condition that sustains higher permission for fungal colonization in order to ensure an improved nutrient acquisition by the plant through the fungal component. The extent of mycorrhizal hyphae in roots have a maximum in the context of organic treatments. The same data were obtained by Gryndler [63] in terms of the length of the hyphae, and mineral fertilization reduces their size. The application of any dose of mineral fertilizers reduces drastically the frequency and intensity of colonization. As the gradient of mineral fertilizers increases, lower frequencies are observed. The restriction of fungal components is a phenomenon caused by the access of plants to easy soluble nutrients. Joner [64] demonstrated the highest value of the root colonization is visible in soils without phosphorus inputs, followed by organically fertilized soils and mineral fertilized ones, the last ones showing the weakest root colonization.



The native arbuscularity is almost double compared to the vesicle development potential. This mechanism sustains a general strategy oriented more toward increased transfer and partially to a storage one. Arbuscules are the specific structures of fungi responsible for bidirectional food transfer between symbiotic partners [65], and vesicles are responsible for storage [66]. The organic treatment acts as a dual stimulus for storage and transfer structures, which shows an almost equal strategy of colonization. The presence of mineral inputs acts as a restrictor for both structures, due to the easy access of plants to nutrients. The maximum gradient of the treatment decreases drastically the development of any secondary structure, with both the increased transfer and storage being almost deactivated, a mechanism associated with the restriction of fungal development in roots. Mineral fertilization reduces the number of arbuscules and extraradicular hyphae to the detriment of an increased number of vesicles only if phosphorus is limited [67].



An increase in the non-mycorrhizal area percent is visible in the presence of multiple un-colonized areas, or the restriction of fungal symbionts to a part of the root. Simultaneously, the volume explored by AM fungi decreases along with the increase in mineral nutrient availability, by up to less than 8% of the root. This mechanism is associated with mineral treatments, regardless of the dose, and implies a rapid growth of roots that overcome the hyphal extension potential. Mycorrhizae increase the absorption of phosphorus when it is limited in the soil, but also improves the absorption of nitrogen and phosphorus following fertilization [68]. The entire phenomenon acts toward the formation of areas with different exchange potential between the partners and the reduction of a further reconnection between colonized areas. In this case, there is an increased possibility for the appearance of areas with a lack of fungal symbionts or closures when hyphae are clogged. Fungal colonization can be positively or negatively influenced by mineral fertilization depending on the amount of fertilizer applied and the nutrient limitation of mycorrhizal fungi [69].




4.2. Interrelations between Mycorrhizal Parameters Shape the Model of Colonization Mechanism


Based on correlations established between all parameters, the hyphae development and secondary structures show different associations. The high correlation between intensity and frequency shows a good development of fungi in every colonized area. The intensity of the colonization process recorded in A. capillaris in the native environment is double the value identified by Gollotte [70], as a result of colonization by the species which form the genus Glomus, Scutellospora and Acaulospora. This phenomenon indicates a stable partnership between the two symbionts, which correspond to a long-term presence of both in the same ecosystem. The colonization degree, as a synthetic indicator of both parameters, will vary greatly due to the punctual permissiveness of roots, but all the exposed areas to the AM partner will be further colonized and explored. A. capillaris has a fine root, adapted to the limited conditions of nutrients, and some researchers claim that the species responds positively to colonization fungi for the benefits brought against pathogens [71]. The correlations between arbuscules and vesicles, in terms of frequency and intensity, revealed different interesting mechanisms. The first one is related to the perennity of plants and their dominance in HNV grasslands, which stimulates the development of vesicles as storage structures. All parameters act toward an increase in these structures as they increase in value. The second mechanism is related to the slow movement of nutrients in grasslands and their small amount in soil as available forms. A. capillaris has a higher absorption of amino acids, even though it is a species that excels in less fertile environments [72]. This reduces the need for a high arbuscules presence in a low flux of elements between AM and its partner. The most interesting observation is the lack of a significant correlation between arbuscules and vesicles. As the colonization process reaches its peak, the fungal growth pattern changes from one dominated by hyphae and arbuscules to one dominated by vesicles, usually considered as a deposit or reproductive structure [73]. Thus, it goes from a period of intense activity of the process to a stage of stagnation of the symbiosis, but is active strictly for the fungal community. For the general model of mycorrhizas in roots of A. capillaris, the absence of a direct important relation between these structures indicates the potential for their concomitant presence in the same or adjacent colonized areas. The same hyphae network acts as a transport system for both arbuscules and vesicles, which implies the same functional model in the dual colonized areas. Based on previous research, the arbuscules are found mainly in the fine roots and vesicles in the middle roots [74]. The further conversion of colonized roots to either transfer or storage is due to an increase in either one of these structures to the detriment of the other one.




4.3. Linking Colonization Patterns and Fungal Strategies


MycoPatt acts as a tool for the conversion of AM colonization in multiple data sets, with the extraction of colonization patterns. Application of multi-point analysis works as a translation tool for deciphering the MycoPatt colonization maps, the extent of fungal symbiont in roots and the development of secondary structures. Based on map translation, colonization strategies can be evaluated, and the direction of the colonization process can be described in depth. AM can develop irregularly, around one or multiple colonization points. The linear development of hyphae can be present along with a determined balanced lateral development, or with irregular lateral hyphal branches. Arbuscules and vesicles, if present, indicate an area of intense transfer processes, respectively areas for storage purposes. When analyzed in detail, in case of multiple non-colonized areas, AM hyphae from each root segment can act as a separate symbiosis in terms of functioning. This phenomenon represents the fabulous flexibility of the symbiotic partnership, with a global continuous nutrient flux from AM composed by sections with different intensities in the transfer or storage. The value of the arbuscules/vesicles report is in where it indicates whether a clear transfer or storage strategy, or a mixed strategy with multiple areas in the same segment, are oriented to one or both of these strategies. The biological mechanism of symbiosis and the colonization strategy add a supplementary understanding to how fungi allocate resources to sustain plants and how this process evolves over time.




4.4. Long-Term Teatments Shape Different Mycorrhizal Colonization Strategies


The native colonization strategy shows a balanced allocation of fungal structural development toward both transfer and storage strategies. This implies a rapid nutrient transfer in 40% of roots, while almost equal areas are associated with storage. This permits the host to have reserves to survive in oligotrophic conditions and to sustain its growth and development at the same time. The application of organic treatments increases the presence of storage structures, due to the unbalanced release of nutrients from manure. AM partners develop vesicles for storage on excess nutrients, which remain in roots for longer periods of time. Nevertheless, the presence of arbuscules in more than 30% of segments indicates that transfer is still very active between symbionts. Quantities of minerals such as nitrogen and phosphorus influence the formation of structures specific to the fungal component. Nitrogen fertilization in moderate amounts positively influence the formation of arbuscules [75], and the amounts of phosphorus positively influence the vesicles [76]. The high share of proliferative and resistance strategies associated with high-mineral organic treatments indicates the existence of nutrients available for plants. This restricts the extensive colonization and reduces the transfer and storage to 17% of the root system. Any dose of mineral treatments, even when applied with an organic buffer, decrease the presence of storage and transfer structures. Every life cycle of a mycorrhizal fungus is influenced by the roots of the plants [77]. The type of soil does not drastically influence root colonization, and the identity of the host species is key in symbiosis with fungi [78,79]. The species A. capillaris prefers the communities of fungi in the rhizosphere area, and a lower presence of bacteria [80].



The native resistance conditions strategy in roots shows how largely uncolonized areas divide the colonized areas, creating the premise of limitation to a punctual blocked colonization. The low-mineral organic treatments present multiple colonized areas which shows an extension of colonization in an irregular-linear pattern along the roots. This pattern indicates a potential secondary development of colonization along roots, by the development of both linear and branched hyphae networks. The upper resistance strategy profile in mineral treatments present vesicles as secondary structures to store the excess of nutrients. This is consistent with the proliferation of mycorrhizal fungi in organic matter, with an efficient recycling of mineral nutrients and the reduction of their leaching potential [81].



The native proliferative strategy shows the development of transverse hyphae in the first stages, which grow laterally later and develop both arbuscules and vesicles. Each of these structures are present in different areas, which implies the existence of different activities in the same root segment. Organic treatment permits the existence of both arbuscules and vesicles in higher shares, which sustain a mixed flow from AM to plant roots. The necessary nutrients for plants, available for AM, are transferred to the arbuscules areas, while the excess is stored in vesicles. An increase in mineral dose restricts the hyphal development to colonized areas heterogenous disposed, and the reduction of arbuscules and vesicles. The present study is in accordance with the results obtained by other researchers, and the complex fertilization (NPK) promotes an increase in hyphae and the number of vesicles in grassland species [82]. This mechanism implies a root growth due to available nutrients at a speed higher than the potential development of hyphae. The native transfer strategy is based on extensive hyphae, which are further converted to multiple arbuscules. This strategy still implies the presence of vesicles and a mixed transfer-storage mechanism, with the highest share to transfer. Both mineral-organic treatments present an irregular development of colonized and arbuscule areas, indicating a different root permissiveness for AM development along root segments. There is a clear decrease in hyphal network in favor of arbuscules development in high-mineral organic treatment, which maintains the overall presence of AM structures to similar levels between low and upper profiles. Mineral treatment acts as a converter of fungal transfer strategy with two possible scenarios: the extensive irregular hyphal development followed by secondary development of arbuscules or a rapid development of arbuscules in colonized areas. The storage strategy shows in general a marginal development of vesicles, an indicator of secondary development of these structures. Fertilization decreases the density of hyphae and arbuscules but keeps the ratio of vesicles, which can be explained by selecting fungi that are inferior to each other [83]. The vesicles abundance varies greatly between treatments, with higher shares in organic and native profiles.





5. Conclusions


The type and dose of treatment highly influences the values of the colonization parameters. Frequency of the colonization process varies in the range of 31%, high-mineral organic treatment, to 68% in organic treated variants. The intensity and colonization degree follow the same trend as frequency, the interval of variation being 14–38% for the intensity and 7 up to 31% for the colonization degree. A highly significant correlation is established between colonization parameters, with a maximum for Frequency x Intensity of colonization (0.90), Intensity x Colonization Degree (0.97), respectively, and Frequency x Colonization Degree (0.88). In terms of strategy establishment, treatments are the driving force in directing the process of colonization toward a specific strategy. Natural grassland tends to direct the symbiotic process towards a transfer strategy (40%) simultaneous with both storage (37%) and proliferative strategies (20%). Exclusively organic treatment leads to the formation of vesicles and implicitly to a predominant storage strategy (50%), due to the high content of slow-release nutrients. A high share of minerals acts as a restriction for the colonization process, the strategy being conducted to resistance conditions. The organic mixture, with small quantities of minerals, lead the colonization mechanism towards a proliferative strategy, but reduces the presence of arbuscules and vesicles by up to half compared to the native mycorrhizal profile.
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Figure 1. Interdependence between arbuscules and vesicle abundance in A. capillaris due to applied treatments: (a) V1 (control variant)—untreated; (b) V2—organic (manure) treatment—10 t ha−1 manure; (c) V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; (d) V4—mineral treatment—100 N 50 P2O5 50 K2O; and (e) V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. 
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Figure 2. Principal Component Analysis of colonization parameters in A. capillaris due to applied treatments: (a) V1 (control variant)—untreated; (b) V2—organic (manure) treatment—10 t ha−1 manure; (c) V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; (d) V4—mineral treatment—100 N 50 P2O5 50 K2O; (e) V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Legend: Freq—colonization frequency; Int—colonization intensity; Arb—arbuscules abundance; Ves—vesicles abundance; nonM—non-mycorrhizal areas; M.nonM—mycorrhizal/non-mycorrhizal areas report; ColDeg %—colonization degree; Arb/Ves %—arbuscules/vesicles report. 
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Figure 3. Assemblage of multi-point analysis characteristics as a guide to arbuscular mycorrhiza colonization patterns and strategies: (a) the threshold values of mycorrhizal parameters in relevant patterns of colonization strategies; (b) detailed mycorrhizal structure development; (c) establishment of multi-point analysis as a merging guide to mycorrhizal maps. Legend: I%—colonization intensity; NM%—non-mycorrhizal areas; M/NM—mycorrhizal/non-mycorrhizal areas report; A%—arbuscules abundance; V—vesicles abundance; A/V—arbuscules/Vesicles report. Square color in mycorrhizal maps: hyphae—blue; arbuscules—red; vesicles—green; auxiliary cells—yellow; entry points—purple (based on original color code [50]). 
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Figure 4. Variations in colonization strategies orientation due to the application of long-term treatments. Legend: Ps—proliferative strategy; Rs—resistance conditions strategy; Ss—storage strategy; Ts—transfer strategy. V1 (control variant)—untreated; V2—organic (manure) treatment—10 t ha−1 manure; V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; V4—mineral treatment—100 N 50 P2O5 50 K2O; V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. 
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Figure 5. Resistance conditions (Rs) colonization strategy. Legend: 1-V1 (control variant)—untreated; 2-V2—organic (manure) treatment—10 t ha−1 manure; 3-V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; 4-V4—mineral treatment—100 N 50 P2O5 50 K2O; 5-V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Color Legend: blue—hyphae; red—arbuscules; green—vesicles. Minus(−) sign—lower model of strategy; Plus(+) sign—upper model of strategy. Square color in mycorrhizal maps: hyphae—blue, vesicles—green (based on original color code [50]). 
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Figure 6. Proliferative (Ps) colonization strategy. Legend: 1-V1 (control variant)—untreated; 2-V2—organic (manure) treatment—10 t ha−1 manure; 3-V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; 4-V4—mineral treatment—100 N 50 P2O5 50 K2O; 5-V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Color Legend: blue—hyphae; red—arbuscules; green—vesicles. Minus(−) sign—lower model of strategy; Plus(+) sign—upper model of strategy. Square color in mycorrhizal maps: hyphae—blue, arbuscules—red, vesicles—green (based on original color code [50]). 
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Figure 7. Transfer (Ts) colonization strategy. Legend: 1-V1 (control variant)—untreated; 2-V2—organic (manure) treatment—10 t ha−1 manure; 3-V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; 4-V4—mineral treatment—100 N 50 P2O5 50 K2O; 5-V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Color Legend: blue—hyphae; red—arbuscules; green—vesicles. Minus (−) sign—lower model of strategy; Plus (+) sign—upper model of strategy. Square color in mycorrhizal maps: hyphae—blue, arbuscules—red, vesicles—green (based on original color code [50]). 
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Figure 8. Storage (Ss) colonization strategy. Legend: 1-V1 (control variant)—untreated; 2-V2—organic (manure) treatment—10 t ha−1 manure; 3-V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; 4-V4—mineral treatment—100 N 50 P2O5 50 K2O; 5-V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O. Color Legend: blue—hyphae; red—arbuscules; green—vesicles. Minus (−) sign—lower model of strategy; Plus (+) sign—upper model of strategy. Square color in mycorrhizal maps: hyphae—blue, arbuscules—red, vesicles—green (based on original color code [50]). 
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Table 1. Differences induced by treatments in mycorrhizal colonization parameters.
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	Variant
	Frequency

(%)
	Intensity

(%)
	Arbuscules

(%)
	Vesicles

(%)
	Non-Mycorrhizal Areas

(%)
	Colonization Degree

(%)
	Mycorrhizal/Non-Mycorrhizal Report
	Arbuscules/Vesicles Report





	V1
	62.65 ± 0.95b
	32.81 ± 0.59b
	2.88 ± 0.26a
	1.53 ± 0.11b
	67.18 ± 0.59d
	24.8 ± 0.65b
	0.64 ± 0.02b
	0.50 ± 0.10a



	V2
	68.27 ± 0.92a
	38.45 ± 0.67a
	2.92 ± 0.25a
	2.32 ± 0.15a
	61.54 ± 0.67e
	31.0 ± 0.76a
	1.11 ± 0.09a
	0.54 ± 0.07a



	V3
	46.74 ± 1.01c
	22.05 ± 0.53c
	1.76 ± 0.21b
	0.58 ± 0.05cd
	77.94 ± 0.53c
	14.5 ± 0.51c
	0.36 ± 0.01c
	0.25 ± 0.09ab



	V4
	36.41 ± 1.12d
	18.59 ± 0.62d
	1.44 ± 0.17bc
	0.84 ± 0.08c
	81.39 ± 0.62b
	12.6 ± 0.60c
	0.34 ± 0.01c
	0.13 ± 0.04b



	V5
	30.25 ± 0.93e
	14.69 ± 0.45e
	0.68 ± 0.12c
	0.25 ± 0.03d
	85.30 ± 0.45a
	7.95 ± 0.38d
	0.21 ± 0.00c
	0.04 ± 0.02b



	F test
	916.27
	884.44
	74.55
	164.22
	884.47
	721.14
	120.88
	30.77



	p.val
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001
	p < 0.001







Note: Means ± s.e. followed by different letters present significant differences at p < 0.05 based on LSD test. V1 (control variant)—untreated; V2—organic (manure) treatment—0 t ha−1 manure; V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; V4—mineral treatment—100 N 50 P2O5 50 K2O; V5—high-mineral organic treatment—10 t ha−1 manure + 100 N 50 P2O5 50 K2O.
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Table 2. General Pearson correlation between colonization parameters.
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	Parameter
	Frequency
	Intensity
	Arbuscules
	Vesicles
	Non-Mycorrhizal Areas
	Mycorrhizal/Non-Mycorrhizal Report
	Colonization Degree
	Arbuscules/Vesicles Report





	Frequency
	
	0.90
	0.23
	0.31
	−0.90
	0.36
	0.88
	0.12



	Intensity
	
	
	0.22
	0.34
	−1.00
	0.53
	0.97
	0.11



	Arbuscules
	
	
	
	−0.03
	−0.22
	0.06
	0.21
	0.42



	Vesicles
	
	
	
	
	−0.34
	0.23
	0.36
	0.03 *



	Non-Mycorrhizal areas
	
	
	
	
	
	−0.53
	−0.97
	−0.11



	Mycorrhizal/non-mycorrhizal report
	
	
	
	
	
	
	0.55
	0.04



	Colonization degree
	
	
	
	
	
	
	
	0.12







Note: Marked (*) values present non-significant differences at p < 0.05. V1 (control variant)—untreated; V2—organic (manure) treatment—10 t ha−1 manure; V3—low-mineral organic treatment—10 t ha−1 manure + 50 N 25 P2O5 25 K2O; V4—mineral treatment—100 N 50 P2O5 50 K2O; V5—high-mineral organic treatment-10 t ha−1 manure + 100 N 50 P2O5 50 K2O.
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