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Abstract

:

Arbuscular mycorrhizal fungi (AMF) species and/or phosphorus addition in the soil can affect secondary metabolism production and growth in plants. This study evaluated these effects on Piper divaricatum culture, which presents an essential oil rich in phenylpropanoids. Growth parameters, leaf volatile composition, total phenolic content, and the enzymatic activity of lipoxygenase (LOX) and phenylalanine ammonia-lyase (PAL) were monitored. At 90 days post inoculation (dpi), the treatments with AMF and AMF + P were more effective in terms of the number and biomass of leaves. In addition, the AMF group had increased plant height and root length. Phenylpropanoid and methyl eugenol contents were higher at 30 dpi in the P and AMF + P association treatments. However, at 90 dpi, the plants with P addition at 20 mg·dm−3 and AMF + 200 mg of P·dm−3 showed higher phenolic contents and PAL activity, respectively. All treatments increased LOX activity, especially with P addition at 200 mg·dm−3. These results demonstrate that P and AMF can be applied to optimize leaf biomass and volatile compound production in P. divaricatum.
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1. Introduction


Piper divaricatum G. Meyer is a native shrub and has a wide distribution in the Brazilian Amazon, mainly in Pará and Amazonas states, as well as other Brazilian states [1]. Popularly known as pau-de-angola, jaborandi-manso, and “bettle”, the root is aromatic, with a strong flavor, similar to ginger [2,3]. The Piper genus has an important prominence in folk medicine for the treatment of numerous symptoms, such as pain, convulsions, insomnia, hemorrhages, stomach problems, etc. [4,5]. The leaves and roots of P. divaricatum are used in folk medicine, when cooked, for anti-rheumatic baths and, in infusion, against rheumatic pain and abdominal cramps [3].



The most common chemotype of P. divaricatum essential oil (EO) is rich in phenylpropanoids, such as methyl eugenol and eugenol, to which several biological activities are attributed. In the literature, this EO is described as antioxidant [6,7], antibacterial against Gram-negative and Gram-positive bacteria [8], insecticidal [9], and antifungal against phytopathogens [6,10].



The production of secondary metabolites in plants is susceptible to genetic, environmental, and morphological factors [11]. Under natural conditions, plant growth is associated with various soil microorganisms [12]. AMFs (arbuscular mycorrhizal fungi) are beneficial microorganisms that can develop a symbiotic association with more than 80% of plant species [13,14]. Root colonization by AMFs is established by a mycelial network of fungi that spread under plant roots, facilitating the uptake of nutrients that are generally inaccessible to plants [15].



Previous studies have reported that AMFs can enhance plant growth by promoting nutrient uptake, especially in sparse conditions [16,17]. They can also increase the absorption of nutrients, especially phosphorus (P), and the tolerance of plants to various types of stresses, influencing their growth and reproduction [18,19]. P is an essential macronutrient for plants, influencing their productivity [20]. Thus, the use of P by plants is a significant factor in determining the final total yield [21] due to its high affinity in the P uptake mechanism by the host plant [22].



Inoculation of AMF and P in soil can increase the content and modify the composition of EO in plants. It can interfere with the biological potential of the EO produced for use in the agricultural, food, pharmaceutical, and cosmetic industries [23]. Mentha arvensis plants inoculated with Rhizophagus clarus under the addition of P increased EO content by 89% [23]. Similarly, oregano and mint plants inoculated with the AMFs Glomus etunicatum and G. lamellosum exhibited increased growth and EO yield [24]. The association of AMF Glomus etunicatum and concentrations of 21 and 200 mg of P·dm−3 added to the soil and fumigated for 3 days was considered a viable alternative for increasing the essential oil content in Mentha crispa and obtaining 80% carvone, its main component [25]. Thus, the aim of this study was the evaluation of the growth and production of secondary metabolites in P. divaricatum under the influence of P contents in the soil during the plant × AMF interaction.




2. Materials and Methods


2.1. Plant Material and Cultivation


Piper divaricatum plants were collected in the city of Ananindeua (Pará State, Brazil), and for botanical identification, an exsiccate was deposited in the Herbarium of the Emílio Goeldi Museum (MPEG) under register MG 224386. Cuttings containing 1 to 2 nodes and vermiculite-expanded type-B substrate (Urimamã Mineração Ltd., Santa Maria da Boa Vista, Brazil) and 70% shading were propagated in a greenhouse. A commercial nutrient solution containing N, Ca(H2PO4)2, K, S, B, Cl, Cu, Fe, Mn, Mo, and Zn was applied and reapplied after 15 days to promote root development. The cuttings were moistened daily according to the soil field capacity. After 21 days of roots development, the plants were transplanted to a sterilized commercial substrate. Soil chemical analysis showed the following parameters: pH (H2O): 5.4; P: 3.0 mg·dm−3 (Mehlich I) [26]; K: 0.02 cmolc·dm−3 (Mehlich I) [26], Na: 0.01 cmolc·dm−3 (Mehlich I) [26]; Ca: 1.1 cmolc·dm−3 (extracted by KCl 0.01 mol L−1); Mg: 1.0 cmolc·dm−3 (extracted by KCl 0.01 mol L−1); Al: 0.0 cmolc·dm−3 (extracted by KCl 0.01 mol L−1); H + Al: 2.5 cmolc·dm−3; sum of bases (SB): 2.13 cmolc·dm−3; cation-exchange capacity (CEC): 4.63 cmolc·dm−3; base saturation (V): 46%; and C: 5.13 g·dm−3 (dichromate/colorimetric).




2.2. Addition of Phosphorus and Arbuscular Mycorrhizal Fungal Inoculation


After 30 days of transplanting, the source of P applied in the substrate containing P. divaricatum plants was the granular simple superphosphate (Ca(H2PO4)2) at concentrations of 20 and 200 mg of P·dm−3 [25].



Spore extraction was performed by wet sieving and decanting [27], as well as 40% sucrose centrifugation [28] from a soil rhizosphere collected in the southeast of Pará state (Brazil). Based on its morphological characteristics [29,30], the AMF was identified and propagated using Brachiaria brizantha as trap culture [31], as well as sterile sand. A mixture of spores (density of 90 spores/g soil), hyphae, root fragments, and sterile sand containing a proportion of 50% of each fungal species (Rhizophagus clarus and Claroideoglomus etunicatum) was used during inoculation.



After 30 days of P addition, the seedlings were removed from the planting bags, and pits approximately 2.0 cm deep were opened. Then, 6.0 g of inoculum containing AMF spores was dispersed superficially on the roots and covered by the substrate.




2.3. Experimental Design and Material Collection


The experiment was conducted in a randomized block design, containing six blocks with twelve replications each, totaling 72 plants. The six groups consisted of: Control (P. divaricatum Control), AMF (P. divaricatum inoculated with arbuscular mycorrhizal fungi), P20 (P. divaricatum with 20 mg P·dm−3 of soil), P200 (P. divaricatum with 200 mg P·dm−3 of soil), P20 + AMF (P. divaricatum with 20 mg P·dm−3 of soil and inoculated with arbuscular mycorrhizal fungi), and P200 + AMF (P. divaricatum with 200 mg P·dm−3 of soil and inoculated with arbuscular mycorrhizal fungi). Leaf samples of each treatment were collected at 30, 60, and 90 days post-inoculation (dpi).




2.4. Evaluation of Plant Development


Plant height (cm), leaf number, basal plant stem (mm), number of nodes, root length (cm), and the biomass of leaves and roots (g) were evaluated for each plant per replicate. Fresh-leaf biomass production was based on the total weight per plant, and the fresh-root biomass was based on the total root weight per plant.




2.5. Extraction and Chemical Analysis of Volatile Compounds


The essential oils were extracted from fresh leaves of P. divaricatum (2.0 g) using a Likens–Nickerson apparatus with simultaneous distillation extraction with n-pentane (3.0 mL) over a 2 h period. The samples were injected (1.0 μL) in the gas chromatography–mass spectrometry (GC–MS) apparatus (Shimadzu QP2010 Ultra, Shimadzu Corporation, Tokyo, Japan). The parameters for the analysis were: Rtx-5MS silica capillary column (30 m and 0.25 mm internal diameter and 0.25 μm film thickness; Restek Corporation, Bellefonte, PA, USA); temperature, 60–240 °C (3 °C/min); injector temperature, 200 °C; carrier gas, helium, adjusted to a linear velocity of 1.2 mL/min; injection type, split (the split flow was adjusted to yield a 20:1 ratio); septum sweep, constant 10 mL/min; EIMS, electron energy, 70 eV; and temperature of the ion source and connection parts, 200 °C. Compound identification was achieved by comparing the retention indices, determined using a homologous series of n-alkanes (C8-C32, Sigma-Aldrich, St. Louis, MO, USA) [32] and mass spectral fragmentation patterns with data present in the libraries of Adams [33] and the National Institute of Standards and Technology (NIST) [34]. The component percentages are based on peak integrations without standardization.




2.6. Lipoxygenase (LOX) Activity


The leaves of each sample were pulverized in liquid nitrogen. Then, 1.0 g samples were mixed with 3 mL of sodium phosphate buffer (50 mM, pH 6.5) and centrifuged, and the supernatant was used to obtain the enzyme source. Linoleic acid (78 µL, Sigma-Aldrich, St. Louis, MO, USA) and Tween 20 (90 µL, Sigma-Aldrich) were mixed in boiling water (10 mL) with a few drops of sodium hydroxide (0.5 N). The final concentration was adjusted to 10 mM sodium linoleate solution and stored at −20 °C. LOX activity was determined using 5 µL of the enzyme solution and 50 µL of sodium linoleate (10 mM) solution diluted with 1945 µL of sodium phosphate buffer. The formation of the final product was monitored at 234 nm for 60 s using a UV–visible spectrophotometer [35,36].




2.7. Phenylalanine Ammonia Lyase (PAL) Activity


A homogenous mixture was prepared containing pulverized leaves (1.0 g), 2.0 mL sodium borate buffer (0.3 mM, pH 8.8), 1 mM dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid (EDTA), and 5% polyvinylpolypyrrolidone (PVP). After centrifugation, an aliquot of the supernatant (0.5 mL) was added to 1.0 mL of reaction buffer that contained sodium borate (0.3 mM, pH 8.8) and L-phenylalanine (0.03 mM). PAL activity was assessed by measuring the concentration of (E)-cinnamic acid produced from the l-phenylalanine substrate at an absorbance of 290 nm using a UV–visible spectrophotometer after incubation of the reaction mixture for 15 min at room temperature [37].




2.8. Determination of Total Phenolics


Fresh leaves (2.0 g) were extracted with ethyl acetate (50 mL) by percolation at room temperature for 96 h and concentrated with a rotary evaporator. The total phenolic content of the samples was determined by the Folin–Ciocalteu method [38]. Sample solutions were prepared in methanol at an initial concentration of 20 mg/mL and then diluted in water according to their reactivity. A 500-µL aliquot of the plant extract reacted with 250 µL of Folin-Ciocalteu reagent (1 N) and 1250 µL of sodium carbonate (75 g/L) for 30 min in the dark. The absorbance of the reaction was measured at 760 nm using a UV–visible spectrophotometer. The total phenolic content in the extracts was expressed as gallic acid equivalents (GAEs) in milligrams per gram of extract (mg GAE g−1) based on the standard curve prepared using gallic acid at concentrations of 0.5 to 10.0 mg/mL.




2.9. Statistical Analyses


All measurements were carried out in quadruplicate and compared with the control group. The data are expressed as means ± standard deviation. Analysis of variance was conducted by two-way ANOVA, followed by the Bonferroni test using GraphPad (GraphPad Software Inc.: San Diego, CA, USA) 7.0 software. Differences at p < 0.05 were considered significant. The analysis was carried out using the data from volatile composition, phenolic compounds, LOX, and PAL classes for leaves.





3. Results


3.1. Growth and Development of Seedlings


The results indicated a significant influence of P addition on the development of P. divaricatum plants (p < 0.05) (Table 1). P20-group plants showed an increase of 30% and 35% in the basal stem diameter at 60 and 90 dpi, respectively. Regarding the number of leaves and leaf biomass, an increase was observed only at 30 dpi. However, the P200-group plants displayed higher leaf numbers during evaluation, especially at 30 dpi (50%). In addition, root length showed an increase of 30% and 19% in both treatments at 90 dpi.



In the P. divaricatum plants, inoculation with AMF increased the basal stem diameter at 60 dpi. Leaf numbers also increased by 25% and 22% at 30 and 90 dpi, respectively, whereas biomass increased by around 22% and node number increase by 40% at 30 dpi. Height increased by 14% at 60 and 90 dpi compared to plants in the control group. AMF increased root length at 30, 60, and 90 dpi (19%, 8%, and 12%, respectively) and root biomass by around 40% at 30 and 90 dpi in relation to the plants of the control groups (Table 2).



The addition of P at concentrations of 20 and 200 mg of P·dm−3 and inoculation with AMFs promoted an increase in different developmental parameters in P. divaricatum plants compared to the control group. Both treatments, P200 + AMF and P20 + AMF, displayed an increase of 20% in basal stem diameter at 60 dpi and a significant increase of around 30% in leaf number at 90 dpi. However, only the P20 + AMF group showed greater leaf biomass, with an increase of 47% at 60 dpi. This group also exhibited significant increases in root length on all days of analysis (Table 3).




3.2. Volatile Compounds Profile


The total percentage of volatile compounds identified in essential oil from the leaves was around 99.0%. The most predominant compound class was phenylpropanoids, which was higher in all treatments, P20, P200, P20 + AMF, and P200 + AMF at 30 dpi (88.7%, 87.2%, 86.8%, and 87.5% respectively) in comparison to the control group (78.2%). However, at 90 dpi, only the AMF and P200 + AMF groups showed an increase in phenylpropanoid content (71.3% and 72.0%, respectively) compared to the control group (62.4%) (Figure 1, Table 4).



Mycorrhizal association and the addition of P at different concentrations influenced the production of the major compound, methyl eugenol (53.9–87.5%), a phenylpropanoid, followed by the terpenoids β-elemene (5.5–12.7%) and (E)-β-ocimene (1.6–8.0%) in P. divaricatum plants (Table 4).



At 30 dpi, the P20 and P200 groups showed a greater variation in the amount of methyl eugenol, which was higher in the P20 (76.1–87.5%) and P200 (76.1–87.0%) groups in relation to the control group (Figure 2a, Table 4). Plants in the P20 + AMF (76.1–84.9%) and P200 + AMF (76.1–84.3%) groups had the highest concentration of this compound (Figure 2c, Table 4). The amount of the major compound, methyl eugenol, in plants inoculated with AMFs was not affected by colonization (Figure 2b).




3.3. Total Phenolic Content


Changes in the content of phenolic compounds were observed after P addition and inoculation by AMF (Figure 3) in comparison to the control group. The levels in the plants from the P20 group were 32% higher at 90 dpi (22.50–29.76 mg GAE g−1). However, the P200 group (24.26–33.60 mg GAE g−1) showed a similar result at only 30 dpi, with an increase of 39%. At 60 dpi, both AMF (21.06–40.09 mg GAE g−1) and P200 + AMF (21.06–23.83 mg GAE g−1) groups produced a higher amount of phenolic content than the control group. On the other hand, the total phenolic content decreased, on average, by 22% in the P20 + AMF group during the experimental period.




3.4. Lipoxygenase (LOX) Activity


The addition of P was efficient in the two concentrations, especially at 90 dpi. The P200 and P20 groups exhibited a significant increase in LOX enzyme activity from 3.8 to 15.3 × 10−4 M·s −1 and 13.2 × 10−4 M·s −1, respectively. These results corresponded to an increase in activity of more than 240% compared to the control group (Figure 4a).



AMF inoculation increased the enzymatic activity of LOX in plants by about 129% (7.2–16.5 × 10−4 M·s −1) at 30 dpi (Figure 4b). Similarly, the combination with P addition in the P20 + AMF and P200 + AMF treatments induced the highest production of LOX at 30 (7.2–12.7, 7.2–16.3 × 10−4 M·s −1) and 90 dpi (3.8–8.3, 3.8–13.7 × 10−4 M·s −1), respectively (Figure 4c).




3.5. Phenylalanine Ammonia Lyase (PAL)


The influence of P addition and inoculation by AMF on enzymatic activity of phenylalanine ammonia-lyase was quantified. Plants treated only with P or AMF did not display variation in PAL activity (Figure 5a,b). However, at 90 dpi in the P20 + AMF group, there was a decrease of 24% (28.25–21.35 μU mL−1) compared to the control group. On the other hand, the P200 + AMF group had 15% increased PAL activity (28.25–32.49 μU mL−1) compared to the control group (Figure 5c).





4. Discussion


The association of arbuscular mycorrhizal fungi and the addition of P at different concentrations in P. divaricatum plants influenced the growth, volatile composition, phenolic compounds, and enzymatic activity of enzymes related to plant defense. Developmental parameters such as basal stem, leaf number, number of nodes, root length, and root biomass showed significant variation after the addition of P at concentrations of 20 and 200 mg of P/kg, inoculation with AMF, as well as the association of both treatments. Supplementation with P and association with AMF improved growth and biomass accumulation in P. divaricatum plants. The absorption of nutrients, such as P, can be considered the main factor of nutritional benefit, as the impact of AMF on plant growth can be replaced by the application of nutrients, especially P [22,39].



Similar results were observed in Plectranthus amboinicus seedlings inoculated with Rhizophagus clarus and associated to a high dose of P (200 mg P·dm−3 of soil), which exhibited a significant increase in root biomass (174%) in relation to the control treatment [40]. On the other hand, Piper longum plants inoculated with various AMF species (Glomus fasiculatum, Acaulospora fovata, and Gigaspora margirata) showed a decrease in root development, especially for plants inoculated with AMF of the species Glomus fasiculatum [41]. Our results corroborate a study of of Poncirus trifoliata L. plants inoculated with Paenibacillus mucilaginosus and Rhizophagus intraradices and cultivated with P concentrations of 0 mg (P0), 73.41 mg (P1), and 220.23 mg (P2), indicating increases in stem diameter of 44.73%, 20.86%, and 16.14%, respectively [42]. Basal stem circumference is an important parameter, as it shows the survival and development capacity of the plant in the greenhouse and in the field [43]. The number of leaves did not differ significantly in groups with added P and associated with P and AMF. An increase in the number of leaves was observed in seedlings of Poincianella pyramidalis inoculated with the AMFs Acaulospora longula and Claroideoglomus etunicatum using concentrations of 9, 15, 27 and 33 mg P·dm−3 of soil [44]. The increase in height but not in the number of leaves indicates a possible production of photoassimilates directed to the plant’s needs [45].



In this study, P. divaricatum essential oil showed a predominance of phenylpropanoids, and the Plant×P×AMF triphasic interaction promoted an increase at 30 and 90 dpi (Figure 1). Piper aduncum inoculated with the AMF species R. clarus and C. etunicatum showed a reduction in the concentration of phenylpropanoids, especially at 60 dpi, as well as gradual increases in the production of monoterpenes and sesquiterpenes [46]. Methyl eugenol has been reported as the main volatile compound produced in P. divaricatum leaves [35]. In addition, the monoterpene (E)-β-ocimene showed a gradual increase during the triphasic interaction (Table 4). Volatile organic compounds (VOCs), including low-molecular-weight monoterpenes, such as myrcene, and compounds of mixtures of (E)-β-ocimene, (Z)-β-ocimene, and allo-ocimene isomers are involved in plant interactions [47]. VOCs are emitted by all plants, both constitutively and in response to biotic and abiotic stress, and are considered mediators in communication between plants and other organisms [48].



Phenolic compounds are secondary metabolites produced by the shikimate and pentose phosphate pathways through the metabolization of phenylpropanoids [49,50]. They are essential in the symbiotic interaction between microorganisms and plants. In addition, they act as signaling molecules for the recognition of symbionts and as defense compounds in plants [51]. The quantification of phenolic compounds in this study showed significant variations among the groups and over the days analyzed (Figure 3). Phenolic compound production was higher (around 90%) in plants inoculated with AMF (21.06–40.09 mg gallic acid equivalent (GAE) g−1) at 60 dpi. AMF inoculation can induce changes in plants in the accumulation of secondary metabolites, including phenolic compounds that metabolize phenylpropanoids [52].



The highest LOX activities were observed at 90 dpi in plants supplemented with P and associated with AMF and P (Figure 4). The increase in LOX activity indicates a possible response mechanism of the plant’s defense through the LOX pathway [53]. LOX activity is considered one of the main criteria for measuring stress intensity [54], and its changes depend on plant genotype and physiological conditions [55]. LOX enzymes participate in volatile compound production from leaves and roots of plants, such as alcohols, ethers, and aldehydes, which are considered important for growth and defense signaling [56]. The highest LOX activity observed in the present study, at 90 dpi, coincides with the results observed in P. aduncum seedlings inoculated with the AMFs Rhizophagus clarus and Claroideoglomus etunicatum, which showed an increase in LOX activity at 60 and 90 dpi, respectively [46]. LOX also showed increased activity in previous studies under biotic and abiotic stimuli [36,57,58].



The PAL enzyme is a key enzyme in the phenylpropanoid biosynthetic pathway and plays an important role in the production of metabolites in response to plant defense [59]. The results showed that P. divaricatum increased PAL activity in the plants when they were inoculated with AMF and associated with AMF and P (Figure 5). The increase in PAL activity may be related to the induction of defense responses in plants [60], as colonization by symbiotic microorganisms may initially be recognized as an infection by pathogens, causing biotic stress [60,61]. Cucumis sativus L. cv. Jincun 2 inoculated with AMF under different temperature conditions showed an increase in PAL enzyme activity. Thus, under normal temperature conditions, the PAL activity of seedlings inoculated with AMF was 77.45% higher than in non-inoculated seedlings. Under low-temperature conditions, the inoculated seedlings presented increases of 44.44% in enzyme activity [62]. These results indicate that metabolic activity was induced by additional P, as well as association of AMF and different concentrations of P in P. divaricatum (Tables S1–S3). Thus, the results suggest that the production of secondary metabolites can be optimized, taking into account factors such as selected microorganisms, nutrients available in the soil, and host plant.
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Figure 1. Variation of the phenylpropanoid content of Piper divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200), (b) plants inoculated with AMFs (AMF), and (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: ** significant (p < 0.01), * low significance (p < 0.1). 
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Figure 2. Methyl eugenol variation in Piper divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200); (b) plants inoculated with AMFs (AMF); (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). ** significant (p < 0.01), * low significance (p < 0.1). 
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Figure 3. Variation of phenolic compounds produced by Piper divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200); (b) plants inoculated with AMFs (AMF); (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: **** extremely significant (p < 0.0001), *** very significant (p < 0.001), * low significance (p < 0.1). 
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[image: Agronomy 12 00596 g003]







[image: Agronomy 12 00596 g004a 550][image: Agronomy 12 00596 g004b 550] 





Figure 4. Variation in lipoxygenase activity in P. divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200); (b) plants inoculated with AMFs (AMF); (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: **** extremely significant (p < 0.0001), *** very significant (p < 0.001), ** low significant (p < 0.01). 
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Figure 5. Phenylalanine ammonia-lyase enzyme activity in Piper divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200); (b) plants inoculated with AMFs (AMF); (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: ** significant (p < 0.01), * low significance (p < 0.1). 






Figure 5. Phenylalanine ammonia-lyase enzyme activity in Piper divaricatum: (a) plants treated with 20 and 200 mg of P·dm−3 of soil (P20 and P200); (b) plants inoculated with AMFs (AMF); (c) plants inoculated with AMFs and treated with 20 and 200 mg of P·dm−3 of soil (P20 + AMF and P200 + AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: ** significant (p < 0.01), * low significance (p < 0.1).



[image: Agronomy 12 00596 g005]







[image: Table] 





Table 1. Growth parameters of Piper divaricatum at different concentrations of P.
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Groups

	
Evaluation Parameters a




	
Basal Stem

(mm)

	
Leaf Number

	
Node Number

	
Height

(cm)

	
Root

(cm)

	
Fresh Biomass

(Leaves)

	
Fresh Biomass

(Root)






	
30 dpi

	
Control

	
2.9 ± 0.4

	
4.0 ± 0.0

	
5.0 ± 0.0

	
27.2 ± 1.2

	
25.7 ± 0.8

	
53.9 ± 4.7

	
47.8 ± 9.1




	
P20

	
3.2 ± 0.3

	
5.0 ± 0.0 *

	
6.0 ± 0.0

	
29.1 ± 1.8

	
28.7 ± 1.2 *

	
65.8 ± 2.1 ***

	
65.4 ± 9.5




	
P200

	
3.3 ± 0.2

	
6.0 ± 0.6 ***

	
6.0 ± 0.6

	
25.8 ± 0.8

	
25.9 ± 2.0

	
76.0 ± 1.0

	
54.8 ± 2.7




	
60 dpi

	
Control

	
3.0 ± 0.2

	
5.3 ± 0.6

	
6.0 ± 0.0

	
28.4 ± 1.3

	
33.0 ± 1.0

	
64.9 ± 1.4

	
73.5 ± 4.7




	
P20

	
3.9 ± 0.6 *

	
5.0 ± 0.5

	
6.0 ± 0.0

	
32.2 ± 2.7

	
34.5 ± 0.4

	
54.6 ± 15.9 ***

	
59.9 ± 6.7




	
P200

	
3.4 ± 0.4

	
7.0 ± 0.0 ***

	
6.7 ± 1.2

	
31.9 ± 5.4

	
33.3 ± 0.6

	
67.19 ± 1.5

	
83.5 ± 17.9 *




	
90 dpi

	
Control

	
3.7 ± 0.2

	
6.0 ± 0.0

	
7.8 ± 1.0

	
29.0 ± 2.5

	
36.2 ± 0.4

	
72.3 ± 14.5

	
84.5 ± 17.1




	
P20

	
5.0 ± 0.4 ***

	
5.6 ± 1.2

	
5.5 ± 1.0 ***

	
32.3 ± 1.9

	
43.0 ± 2.6 ****

	
73.2 ± 3.6

	
117.3 ± 22.5 ***




	
P200

	
4.0 ± 0.6

	
7.0 ± 0.0 *

	
7.0 ± 0.0

	
31.8 ± 2.0

	
47.0 ± 0.9 ****

	
70.6 ± 15.3

	
93.5 ± 35.2 *








dpi: days post-inoculation; a means ± standard deviation (n = 4). Control: (control P. divaricatum); P20: (P. divaricatum with 20 mg of P·dm−3 of soil); P200: (P. divaricatum with 200 mg of P·dm−3 of soil). Statistical difference according to Bonferroni test (p < 0.05). Significance level: **** extremely significant (p < 0.0001), *** very significant (p < 0.001), * low significance (p < 0.1).
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Table 2. Growth parameters of Piper divaricatum inoculated with AMF.
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Groups

	
Evaluation Parameters a




	
Basal Stem

(mm)

	
Leaf Number

	
Node Number

	
Height (cm)

	
Root

(cm)

	
Fresh Biomass

(Leaves)

	
Fresh Biomass

(Root)






	
30 dpi

	
Control

	
2.9 ± 0.4

	
4.0 ± 0.0

	
5.0 ± 0.0

	
27.2 ± 1.2

	
25.7 ± 0.8

	
53.9 ± 4.7

	
47.8 ± 9.1




	
AMF

	
3.5 ± 0.4

	
5.0 ± 0.0 *

	
7.0 ± 1.2 *

	
26.3 ± 0.7

	
30.5 ± 1.5 ****

	
65.8 ± 4.2 *

	
67.9 ± 2.5 *




	
60 dpi

	
Control

	
3.0 ± 0.2

	
5.3 ± 0.6

	
6.0 ± 0.0

	
29.1 ± 1.3

	
33.0 ± 1.0

	
54.6 ± 1.4

	
73.5 ± 4.7




	
AMF

	
4.0 ± 0.6 **

	
5.3 ± 0.6

	
6.5 ± 0.6

	
33.2 ± 1.5 *

	
35.5 ± 0.9 *

	
60.6 ± 1.9

	
77.2 ± 16.2




	
90 dpi

	
Control

	
3.7 ± 0.2

	
6.0 ± 0.0

	
7.8 ± 1.0

	
29.0 ± 2.5

	
36.2 ± 0.4

	
72.3 ± 14.5

	
84.5 ± 17.10




	
AMF

	
4.0 ± 0.0

	
7.3 ± 0.6 **

	
7.3 ± 0.5

	
33.0 ± 0.8 *

	
40.7 ± 0.2 ***

	
88.8 ± 2.4

	
119.2 ± 4.0 ****








dpi: days post-inoculation; a means ± standard deviation (n = 4). Control: (control P. divaricatum); AMF: (P. divaricatum inoculated with AMF). Statistical difference according to Bonferroni test (p < 0.05). Significance level: **** extremely significant (p < 0.0001), *** very significant (p < 0.001), ** significant (p < 0.01), * low significance (p < 0.1). 
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Table 3. Growth parameters of Piper divaricatum inoculated with AMF at different P concentrations.
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Groups

	
Evaluation Parameters a




	
Basal Stem

(mm)

	
Leaf

Number

	
Node

Number

	
Height (cm)

	
Root

(cm)

	
Fresh Biomass

(Leaves)

	
Fresh

Biomass

(Root)






	
30 dpi

	
Control

	
2.9 ± 0.4

	
4.0 ± 0.0

	
5.0 ± 0.0

	
27.2 ± 1.2

	
25.7 ± 0.8

	
53.9 ± 4.7

	
47.8 ± 9.1




	
P20 + AMF

	
3.1 ± 0.4

	
5.0 ± 0.0 ***

	
6.0 ± 0.0 *

	
29.1 ± 0.5

	
30.8 ± 1.4 **

	
64.9 ± 2.2

	
78.8 ± 0.9 **




	
P200 + AMF

	
3.7 ± 0.5 **

	
4.0 ± 0.0

	
4.0 ± 0.0 *

	
24.7 ± 1.8

	
29.2 ± 3.3 *

	
45.4 ± 5.5

	
48.7 ± 10.4




	
60 dpi

	
Control

	
3.0 ± 0.2

	
5.3 ± 0.6

	
6.0 ± 0.0

	
29.1 ± 1.3

	
33.0 ± 1.0

	
54.6 ± 1.4

	
73.5 ± 4.7




	
P20 + AMF

	
3.6 ± 0.3 *

	
6.0 ± 0.0 *

	
7.0 ± 0.0 *

	
30.0 ± 1.4

	
36.7 ± 0.8 *

	
80.0 ± 0.6 *

	
87.0 ± 10.9




	
P200 + AMF

	
3.6 ± 0.1 *

	
5.0 ± 0.0

	
5.8 ± 0.6

	
29.8 ± 2.3

	
30.5 ± 0.5

	
53.9 ± 3.9

	
64.0 ± 8.1




	
90 dpi

	
Control

	
3.7 ± 0.2

	
6.0 ± 0.0

	
7.8 ± 1.0

	
29.0 ± 2.5

	
36.2 ± 0.4

	
72.3 ± 14.5

	
84.5 ± 17.10




	
P20 + AMF

	
4.1 ± 0.1

	
8.0 ± 0.0 ****

	
7.3 ± 1.0

	
31.1 ± 2.3

	
43.7 ± 2.2 ****

	
84.0 ± 6.6

	
102.3 ± 25.4




	
P200 + AMF

	
4.1 ± 0.2

	
7.6 ± 0.6 ****

	
7.4 ± 1.0

	
30.7 ± 3.6

	
35.7 ± 2.5

	
84.2 ± 21.7 *

	
102.4 ± 36.7








dpi: days post-inoculation; a means ± standard deviation (n = 4). Control: (control P. divaricatum); P20 + AMF: (P. divaricatum inoculated with AMF and 20 mg of P·dm−3 of soil); P200 + AMF: (P. divaricatum inoculated with AMF and 200 mg of P·dm−3 of soil). Statistical difference according to Bonferroni test (p < 0.05). Significance level: **** extremely significant (p < 0.0001), *** very significant (p < 0.001), ** significant (p < 0.01), * low significance (p < 0.1). 
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Table 4. Chemical composition of essential oil of Piper divaricatum leaves with addition of P and inoculated with AMF (means ± standard deviation).
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30 dpi

	
Compound

	
RI a

	
RI b

	
Control

	
AMF

	
P20

	
P200

	
P20 + AMF

	
P200 + AMF




	
(E)-β-Ocimene

	
1042

	
1044

	
1.7 ± 0.9

	
3.9 ± 1.2

	
2.8 ± 0.5

	
2.6 ± 0.5

	
3.4 ± 0.6

	
3.1 ± 0.8




	
β-Elemene

	
1396

	
1389

	
6.3 ± 1.1

	
5.5 ± 0.5

	
5.6 ± 0.9

	
6.4 ± 0.2

	
6.1 ± 1.8

	
5.6 ± 0.7




	
Methyl eugenol

	
1410

	
1403

	
76.1 ± 2.6

	
85.1 ± 3.6

	
87.5 ± 3.0 **

	
87.0 ± 0.6 *

	
84.9 ± 4.2 *

	
84.3 ± 4.8 *




	
Monoterpene hydrocarbons

	

	

	
7.7 ± 8.4

	
4.2 ± 1.5

	
2.9 ± 0.6

	
2.6 ± 0.5

	
3.6 ± 0.7

	
3.2 ± 0.9




	
Sesquiterpene hydrocarbons

	

	

	
9.7 ± 2.5

	
8.1 ± 0.9

	
8.2 ± 1.86

	
9.4 ± 0.5

	
8.8 ± 2.9

	
8.8 ± 1.1




	
Phenylpropanoids

	

	

	
78.2 ± 6.1

	
86.9 ± 6.5

	
88.7 ± 5.0 *

	
87.2 ± 0.6 *

	
86.8 ± 7.7 *

	
87.5 ± 8.7 *




	
Others

	

	

	
0.2 ± 0.3

	
0.6 ± 0.2

	
0.1 ± 0.1

	
0.0 ± 0.0

	
0.32 ± 0.2

	
0.1 ± 0.1




	
Total

	

	

	
95.8 ± 17.3

	
99.9 ± 9.1

	
99.9 ± 7.6

	
99.2 ± 1.7

	
99.6 ± 11.5

	
99.6 ± 10.7




	
60 dpi

	
Compound

	
RI a

	
RI b

	
Control

	
AMF

	
P20

	
P200

	
P20 + AMF

	
P200 + AMF




	
(E)-β-Ocimene

	
1042

	
1044

	
1.62 ± 1.3

	
3.3 ± 0.3

	
3.3 ± 0.6

	
2.7 ± 0.2

	
4.1 ± 0.3

	
2.7 ± 1.6




	
β-Elemene

	
1396

	
1389

	
5.7 ± 0.7

	
6.9 ± 1.3

	
7.8 ± 0.7

	
7.1 ± 0.7

	
7.8 ± 1.0

	
7.4 ± 0.7




	
Methyl eugenol

	
1413

	
1403

	
84.6 ± 4.4

	
85.4 ± 1.8

	
82.2 ± 2.6

	
85.8 ± 0.7

	
81.8 ± 1.7

	
78.0 ± 5.9




	
Monoterpene hydrocarbons

	

	

	
5.0 ± 6.0

	
3.3 ± 0.4

	
3.4 ± 0.7

	
2.8 ± 0.3

	
4.4 ± 0.4

	
6.3 ± 8.2




	
Sesquiterpene hydrocarbons

	

	

	
8.5 ± 1.6

	
10.5 ± 2.2

	
12.8 ± 1.1

	
10.7 ± 1.3

	
12.6 ± 1.8

	
12.9 ± 1.9




	
Phenylpropanoids

	

	

	
85.2 ± 4.7

	
85.7 ± 1.9

	
83.1 ± 3.7

	
86.3 ± 1.0

	
82.2 ± 1.7

	
79.9 ± 7.1




	
Others

	

	

	
0.6 ± 0.1

	
0.3 ± 0.3

	
0.3 ± 0.1

	
0.2 ± 0.2

	
0.5 ± 0.2

	
0.4 ± 0.2




	
Total

	

	

	
99.2 ± 12.5

	
99.8 ± 4.8

	
99.6 ± 5.8

	
99.9 ± 2.8

	
99.7 ± 4.0

	
99.5 ± 17.4




	
90 dpi

	
Compound

	
RI a

	
RI b

	
Control

	
AMF

	
P20

	
P200

	
P20 + AMF

	
P200 + AMF




	
(E)-β-Ocimene

	
1040

	
1044

	
6.1 ± 2.2

	
7.6 ± 1.9

	
5.9 ± 2.3

	
4.2 ± 2.2

	
8.0 ± 1.6

	
4.8 ± 1.8




	
β-Elemene

	
1381

	
1389

	
12.7 ± 0.9

	
7.4 ± 1.6

	
8.9 ± 2.4

	
11.8 ± 5.5

	
11.5 ± 2.0

	
10.2 ± 1.8




	
Methyl eugenol

	
1409

	
1403

	
60.2 ± 11.0

	
67.5 ± 10.0

	
56.1 ± 7.3

	
58.415.7

	
53.9 ± 1.9

	
66.9 ± 2.7




	
Monoterpene hydrocarbons

	

	

	
7.5 ± 3.9

	
9.5 ± 3.8

	
7.1 ± 3.2

	
8.6 ± 9.2

	
10.1 ± 2.6

	
5.6 ± 2.4




	
Sesquiterpene hydrocarbons

	

	

	
24.2 ± 9.1

	
13.5 ± 4.5

	
16.3 ± 5.5

	
21.9 ± 11.4

	
23.7 ± 6.6

	
19.0 ± 6.5




	
Phenylpropanoids

	

	

	
62.4 ± 13.21

	
71.3 ± 12.1 *

	
64.9 ± 19.8

	
65.0 ± 21.5

	
61.1 ± 9.3

	
72.0 ± 6.0 **




	
Others

	

	

	
1.2 ± 1.5

	
0.8 ± 1.3

	
0.9 ± 1.1

	
1.2 ± 0.7

	
1.2 ± 0.7

	
1.1 ± 0.3




	
Total

	

	

	
95.3 ± 27.6

	
95.1 ± 21.7

	
89.2 ± 29.5

	
96.6 ± 42.8

	
96.1 ± 19.2

	
97.6 ± 15.2








RI a: calculated retention index; RI b: retention index of library; Control: (control P. divaricatum); AMF: (P. divaricatum inoculated with AMF); P20: (P. divaricatum with 20 mg of P·dm−3 of soil); P200: (P. divaricatum with 200 mg of P·dm−3 of soil); P20 + AMF: (P. divaricatum inoculated with AMF and 20 mg of P·dm−3 of soil); P200 + AMF: (P divaricatum inoculated with AMF and 200 mg of P·dm−3 of soil). Statistical difference according to Bonferroni test (p < 0.05). ** significant (p < 0.01), * low significance (p < 0.1). 
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