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Abstract

:

Humic substances (HS) are important soil components playing pivotal roles in guaranteeing long-term soil fertility. In this study, the chemical and biological properties of HS extracted from earthworm coprolites collected in soils subjected to different fertilization inputs (no fertilization, NF; fertilization with farmyard manure, FM; mineral input, M; mixed inputs, FMM, half farmyard manure plus half mineral input) were investigated. Results indicated a relationship between fertilization input and composition, molecular complexity and apparent molecular weight distribution of HS produced by earthworms. Coprolites from FM and FMM soils were the most enriched in organic carbon (OC), and HS from coprolites of FM soil were the highest in humic carbon (HC). Also, soil amendment with manure increased carboxylate and aromatic groups in HS, and the fraction with a high degree of polycondensation, thus indicating a positive impact of manure on plant residues’ degradation processes. These HS were the only to display hormone-like activity, which likely accounted for their most pronounced positive effects on plant growth and metabolism, including accumulation of chlorophylls, mineral nutrition, and activity of nitrogen assimilation enzymes, in oat (Avena sativa L.) plants growing in a soil-less system. We conclude that manure input favored the turnover of OC towards the humification process that led to the production of high-quality coprolites and HS with superior biological activity, and suggests that OC in coprolites and HC in HS from earthworms might be used as reliable indicators of soil fertility.
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1. Introduction


Earthworms are regarded as key biological agents in the transformation of organic matter and waste, and are considered as ecosystem engineers due to their capacity to influence soil chemistry and plant communities [1]. Indeed, earthworms exert beneficial physical, biological, and chemical actions on soils, and increase plant growth and yields in both natural and managed environments [2,3,4]. These positive effects have been ascribed to the improvement of soil mineral particles aggregation, greater accessibility of oxygen and water percolation [5], higher availability of mineral nutrients to plants [6], and promotion of microbial populations that produce biologically active metabolites functioning as plant growth regulators [7]. Earthworms are also able to quickly transform organic substances of different origin into humus-like compounds characterized by high biological activity [8]. Specifically, they accelerate the humification process by grinding and mixing mineral and organic materials with substances occurring in their gut, and by modifying the composition of microbial populations.



In recent years, earthworms have been used for the breakdown of organic substances in sewage sludges, animal and industrial wastes, and crop residues in order to obtain vermicompost [9,10]. The production of vermicompost is a process that also occurs in nature and several studies have been performed to evaluate its nutritional and ecological importance. For example, the pedological process of melanization consisting in the darkening of mineral soils, derives from the deposition of earthworm coprolites on topsoil and their mixture with the humified layers. Some authors in the past tried to quantify the amount of soil casts produced by earthworms, like Darwin [11], who reported values within 18.7–43.5 t ha−1 y−1, and Evans [12], who stated that 68 t ha−1 y−1 could be cast by earthworms in a 300-year-old pasture.



Earthworm coprolites contain a great quantity of humic substances (HS) that display a plethora of bioactive effects when applied to plants [7,8,13,14,15,16]. HS structure has been long under debate, and three main theories have been proposed so far [17,18,19,20,21]. According to Swift [19], HS possess a macromolecular structure that assumes random coil conformations in solution, while Piccolo [17] and Sutton and Sposito [18] suggest that HS consist of relatively small heterogenous organic molecules (sugars, fatty acids, polypeptides, aliphatic chains, and aromatic rings) held by intermolecular hydrophobic interactions and hydrogen bonds. Another theory states that HS behave in solution as micelles or “pseudo micellar” structures [21]. Also, some authors highlighted the issue that HS might be artifacts forming during the alkaline extraction procedure [22], but this theory has been recently contested [23].



Although the existence of these different viewpoints on HS molecular structure, some of their components are critical in the establishment of biotic relationships in the rhizosphere and can interact with plant cell receptors, while triggering plant physiological responses through mechanisms that, so far, are not yet completely elucidated [22].



Humic acids (HA) are HS constituents produced via associations of hydrophobic compounds, such as polymethylene chains, fatty acids, phenolics and steroids, which are stabilized by hydrophobic forces at neutral pH [17]. HA isolated from earthworms’ coprolites in particular, have been reported to stimulate root growth and plant defense systems against stress [24]. However, their bioactivity is a very complex and sometimes controversial issue. Some effects of HS or their constituents HA in plants are related to their hormone-like activities (auxin, gibberellin, and/or cytokine-like substances), and capacity to stimulate plant plasma membrane proton pumps (H+-ATPase), consequently promoting root growth via increased nutrient uptake, cell wall modification and cell division [25,26,27,28,29]. Bioactivity of HA is also related to their structure [10]. Muscolo et al. [30] in particular, evidenced the effectiveness of aliphatic- and carboxylic-C groups of HA in interacting with cellular membranes of carrot cell cultures, while Canellas et al. [31] established a relationship between the HA bioactivity and hydrophobicity.



In agroecosystems, the activity of earthworms strongly depends on management practices, such as tillage [32], fertilization [33], use of organic inputs [34,35], residues handling [36] and cropping systems [37]. Such practices may have an effect on the quality of HS contained in earthworm coprolites, with important agronomic implications. Indeed, owing to the morphological, physiological and biochemical effects that HS can exert in plants, soluble HS are increasingly being used as biostimulants or plant growth promoters in agriculture, and their chemical and biological properties are mainly responsible for their efficiency in this respect [16,38].



Therefore, in the present study we investigated the long-term effect of manure and mineral fertilization on the spectroscopic, chemical and biological features of HS extracted from earthworm coprolites. To this aim, the coprolites were collected in soils subjected to farmyard manure, mineral, mixed inputs or no fertilization, and the content, quality and evolution of soil organic matter (SOM) was evaluated. The biological effects of the different HS on growth and N metabolism of oat (Avena sativa L.) plants were also assayed.




2. Results


2.1. Chemical Composition and Apparent Molecular Weight of HS


The analysis performed on earthworm coprolites evidenced their alkaline pH (Table 1), with values ranging from 8.20 if they were obtained from non-fertilized soil (NF), to 8.31 when they were collected from the soil subjected to mineral fertilization (M). The alkalinity of soil is generally favorable to earthworm replication and development. Organic carbon (OC) and nitrogen (N) contents (Table 1) were considerably higher in coprolites found in fertilized soils compared to those derived from the unamended (NF) soil. In particular, coprolites collected from FM and FMM soils led to an enrichment in OC by 1.59% and 1.51%, respectively, and in N by 0.16% and 0.18% respectively. With respect to OC and N contents measured in coprolites from M soil, values were slightly lower than in coprolites picked in the FM and FMM soils (1.33% and 0.15%, respectively). The ratio C/N (Table 1) did not show significant variation among coprolite samples and ranged from 8.39 (FMM) to 10.15 (NF). The organic matter (OM) content, followed the same trend as organic carbon (Table 1). The amount of humic carbon (HC) measured in HS from earthworm coprolites was higher in fertilized soils than in NF. In particular, HS from coprolites collected in FM soil hold the highest HC value (0.53%) (Table 1).



The percent amount of the HS fraction FI (>100 kDa) varied depending on the fertilization treatment (Figure 1). The manure amendment led to a higher percentage (38.4%) of FI compared to the other treatments. In all HS, the majority of molecular weight distribution was always in the intermediate fraction (FII). The percent amount of this fraction did not significantly differ between HS from coprolites deriving from fertilized and non-fertilized soils, with the exception of HS from coprolites picked in FM soil. In this case, the value of FII percentage was indeed lower, although not significant compared to FMM. The lowest fraction (FIII), which is typical of compounds that have not been yet subjected to the polycondensation process, was more abundant in HS from coprolites of NF soil. No statistical differences in FIII percentages were observed among HS from coprolites collected in fertilized soils.




2.2. Spectroscopic Characterization of HS


The FT-IR spectra of HS from coprolites were investigated more in detail in the region from 2000 to 600 cm−1 (Figure 2). In general, the spectra showed a similar band pattern, but the relative intensity of main peaks changed in relation to different treatments.



All spectra were characterized by a shoulder at 1711 cm−1 due to C=O stretching of COOH and other carbonyl groups. The region between 1650–1600 cm−1 is usually assigned to different group vibrations including aromatic C=C, C=O stretching of amide I groups, quinonic C=O, and/or C=O of H-bonded conjugated ketones [39,40]. The band at around 1539 cm−1 is preferentially ascribed to stretching of amide II group [41]. The presence of the band at 1512 cm−1 was due to C=C stretching vibrations of aromatic ring in lignin [40,42]. The region from 1460 to1450 cm−1 was assigned to C-H deformations and aromatic ring vibrations. The region from 1420 to 1390 cm−1 was due to O-H deformation, C-OH stretching of phenols, and C-H deformation of CH2 and CH3 groups. The region from 1378 to 1330 cm−1 might be attributed to aromatic primary and secondary amines. A broad band centered at around 1216 cm−1 was assigned to C-O stretching and O-H deformation of carboxyl and C-O stretching of aryl ethers. A strong band from 1120 to 980 cm−1 with a sharp peak centered near 1028 cm−1 was attributed to C-O stretching of polysaccharides [40,41].



The spectrum of HS from coprolites obtained from the soil amended with mineral fertilizers (M) (Figure 2) did not differ from that depicted for HS extracted from coprolites harvested in the NF soil. More variations were observed when HS were derived from coprolites picked in soils amended with manure (FM, FMM). The spectrum of HS from coprolites collected in FM soil displayed an increase in carboxylate groups, as indicated by the appearance of a new shoulder at 1594 cm−1 (COO- asymmetric stretch) and by the enhancement of the relative intensity of the bands at 1417 (COO- symmetric stretch) and 1211 cm−1 (C-OH stretch) [40,42]. Moreover, amide II group vibration at 1538 cm−1 decreased compared to HS coprolites from NF and M soils. The enhancement in aromatic moieties of lignin derivative (1512 cm−1) might be ascribed to a positive impact of manure on the degradation process of plant residues [43,44]. The spectrum of HS coprolites from FMM led to a slight increase of the band assigned to vibration of amide II (1539 cm−1) compared to other treatments.



The mineral input added to the manure seemed to preserve the organic N by a mineralization process. This was also supported by N content (Table 1). In brief, the soil amended with manure (FM) led to more pronounced enrichment of HS obtained from coprolites in aromatic and carboxylic groups compared to other fertilization treatments.




2.3. Hormone-like Activity of HS


In the current study, IAA concentrations inhibited the root elongation of watercress according to a negative dose-dependent response (Figure 3). This trend was in line with a dose-dependent slight reduction of watercress root length evidenced when HS from coprolites deriving from FM soil were applied. In all other cases, inhibition of watercress root elongation was not significantly dose-responsive. GA concentrations in the growth media induced the increase in elongation of lettuce shoots according to a positive dose-dependent relationship [45] (Figure 4). A similar trend was only observed for HS of coprolites deriving from FM soil.




2.4. Effects of HS on Oat Plant Growth, Chlorophyll and Nutrient Content


The effects of HS extracted from coprolites on oat plant performance were evaluated in terms of biomass production (Figure 5A) and accumulation of chlorophyll and mineral nutrients (Table 2). When HS of coprolites collected from FM soil were supplied to plants at either 15 mg C/L or 25 mg C/L, the dry weight (DW) of plants was increased by 24% and 18%, respectively, compared to HS untreated plants (controls). Conversely, HS obtained from coprolites of NF and M soils and applied to plants at either 15 mg C/L or 25 mg C/L did not produce any significant change in plant biomass. HS of coprolites derived from FMM soil determined a plant growth increase ranging from 15% to 18% compared to untreated plants.



The trend of chlorophyll a (Chla) and b (Chlb) was as similar as that described for the dry weight, but differences in triggered effects were more remarkable for Chlb, especially when HS of coprolites from FM were furnished to plants, being values about 262% higher than those measured in the control plants (Figure 5B). The lowest chlorophyll values were detected in plants supplied with HS of coprolites harvested in NF and M soils.



Plants supplied with HS obtained from either FM or FMM contained higher concentrations of macro- (N, P, K, Ca) and micro-nutrients (Fe, Mn, Zn) per plant compared to untreated plants and plants supplied with HS of coprolites from NF and M soils. (Table 2). HS extracted from coprolites of FM soil, however, induced the greatest accumulation of nutrients in oat plants, especially when provided at the lower dosage (15 mg C/L).




2.5. Effects of HS on the Activity of N Assimilation Enzymes


The variation in activity of nitrogen assimilation enzymes, nitrate reductase, and glutamine synthase, was evaluated in oat plants treated with HS of coprolites collected from the soil plots subjected to different fertilization conditions is shown in Figure 6A,B. Changes in activity of NR and GS enzymes in leaves of plants in response to the different HS applied were similar, except for NF. Indeed, the activity of NR in leaves of plants treated with HS of coprolites from non-fertilized soil plot was comparable to that of plants given with HS of coprolites from FM soil (Figure 6A), while GS activity was lower (Figure 6B). NR and GS activity in leaves of plants treated with HS from coprolites of FMM soil displayed the lowest values and similar to those of untreated plants.





3. Discussion


The widespread use of mineral fertilizers in crop farming has increasingly led to a significant decline of agricultural soil organic matter, which in turn has resulted in soil degradation and negative impacts on environmental ecosystems. In light of these considerations, the adoption of environmental, sustainable, friendly-strategies able to preserve the soil fertility and ensure high crop yields, should be preferred to the soil mineral fertilization. The type of fertilization input is important in determining the earthworm density and population biodiversity in soil, which thus affects the production and quality of earthworm coprolites that influence the soil fertility and crop production. Earthworms and their coprolites are indeed recognized as pivotal biology components of soil [46].



In this study, we first evaluated the effects of different long-term fertilization approaches on the quality of earthworm coprolites and their endogenous HS, and further assayed the biostimulant properties of HS in oat plants grown in soil-less system. Biostimulants include substances in combination or not with microorganisms that promote plant growth, development, and resistance to stress when applied in negligible amounts to crops [16,47]. Previous studies have indicated the existence of a relationship between HS composition and chemical structure, which is then responsible for their biological properties and the physiological effects triggered in plants [8]. However, the effects of different fertilization inputs on the quality of HS from earthworm coprolites and their efficiency for a possible use a biofertilizers has been poorly investigated.



Our results show that different fertilization practices could effectively affect the quality of earthworm coprolites, as they displayed different chemical properties, especially with respect to the OC content. Earthworm coprolites collected in soil amended with manure alone (FM) or in combination with mineral fertilizers (FMM) in particular, were the most enriched in OC, thus indicating that mineral fertilization alone did not facilitate the evolution of OM in soil. It is possible that the activity of earthworm was stimulated under organic fertilizer input, while limited by mineral fertilizer application [48]. Also, HS extracted from these coprolites contained the highest amounts of humic carbon (HC). Because OC of earthworm coprolites and HC in their HS can influence soil fertility and crop performance, they could represent better indicators of the soil quality than the C/N ratio of earthworm coprolites, which in the current study was not useful in denoting differences in the quality of fertilized soils.



Beside influencing the quantity of humic carbon in HS from earthworm coprolites, the fertilization input had an effect on the molecular complexity and apparent molecular weight distribution of the different HS, as well as in their content of functional groups. The amendment of soil with manure led to an increase in carboxylate and aromatic groups of HS from earthworm coprolites that might be ascribed to a positive impact of manure on the degradation process of plant residues [37]. This hypothesis is supported by the increase of the HS fraction percentage with a high degree of polycondensation (FI), which is usually positively associated with the soil fertility.



The high abundance of carboxylic and aromatic groups in HS from earthworm coprolites picked in soil amended with manure is of biological importance, as in previous studies these groups have been reported to be responsible for eliciting hormone-like (e.g., IAA-like and GA-like) responses in plants [8,49]. In this study, we found that these HS were the only to be endowed with both IAA-like and GA-like activities. The IAA-like activity could be ascribed to presence of endogenous IAA and other auxins (e.g., phenylacetic acid and indole butyric acid), all containing a carboxyl group in addition to a hydrophobic ring [50]. Other aromatic groups with biological activity in HS, like phenol-C groups, can also contribute to explain their IAA-like activity, as reported by Muscolo et al. [30] and Pizzeghello et al. [51]. According to these studies, the same or other phenol-C groups can account for the GA-like activity of HS as well.



In order to assay whether HS from earthworm coprolites collected in soil plots subjected to different fertilization practices possessed different capacity to stimulate crop productivity, oat plants were grown in a soil-less system and supplied for two days with HS at two dosages. According to Canellas and Olivares [31], the high molecular humic size is mainly responsible for positive effects on plant metabolism, while Nardi et al. [52] reported that both low molecular and high molecular humic size are effective in this respect. The supply of high molecular size HS extracted from earthworm coprolites deriving from FM and FMM soils determined the highest increases in plant biomass and accumulation of chlorophylls compared to HS untreated plants. Elevated contents of photosynthetic pigments are known to positively correlate with the photosynthetic process in plants, which is responsible for the production of photosynthates contributing to plant growth. Consistently with our findings, higher SPAD (Soil Plant Analysis Development) values, which are indicative of higher chlorophyll content in plants, and enhanced Rubisco activity and sugar production were previously observed in maize plants treated with lignohumates [53]. The same HS from earthworm coprolites of FM and FMM soils also improved plant nutrition. In literature, HS are known to affect nutrient bioavailability by forming complexes with metallic ions, thus improving accessibility of micronutrient and macronutrients [54]. They can additionally favor plant nutrition by stimulating the activity of plasma membrane H+-ATPases, enhance the gene expression and activity of mineral nutrient transporters, and modify the root growth and architecture via hormone-like effects that promote the plant cellular division and elongation processes [8,14,24,49]. Recently, the effects of humic acids on root architecture, including the induction of lateral roots and the increase of biomass have been reported to be accompanied by changes in the energy metabolism-associated proteins [27].



HS have been additionally reported to stimulate plant growth by targeting pivotal pathways of plant metabolism, primarily nitrogen assimilation [52,53,54]. The activity of the nitrogen assimilation enzyme GS, was more increased by HS extracted from earthworm coprolites collected in FM, likely because of higher N uptake and accumulation by plants. NR and GS are enzymes whose increase in activity has been evaluated in several studies as a marker for establishing the biostimulant properties of HS and other products [55,56,57,58]. Interestingly, the GS activity strongly correlates (R2 = 98%) with the amount of chlorophyll pigments, which are N-metabolites. Therefore, HS could influence N assimilation and photosynthesis mutually. The enhancement of both metabolic processes was likely pivotal in determining promotion of plant growth.




4. Materials and Methods


4.1. Experimental Setup and HS Extraction


Earthworm coprolites were collected from the soil of the Experimental Farm of Padua University situated in Legnaro (Italy, NE 45°21′; 11°58′ E; 6 m a.s.l.). This soil has been subjected to a long-term experiment started in 1962, which represents the longest running rotation trial performed in Italy aimed at studying the organic matter turnover and the C stock in long periods. The soil is a fluvi-calcaric cambisol, silty or sandy loam, characterized by a sub-basic pH. Individual plots of this soil experienced different fertilization inputs: (i) fertilization with only organic input (FM = farmyard manure, 60 t ha−1 y−1, 20% dry matter); (ii) fertilization with only mineral input (M = high mineral input, 300 kg N ha y−1, 66 kg P ha y−1, 348 kg K ha y−1); (iii) fertilization with mixed inputs (FMM = farmyard manure, 30 t ha−1 y−1, 20% dry matter plus mineral input, 150 kg N ha y−1, 33 kg P ha y−1, 174 kg K ha y−1); (iv) no fertilization (NF) [59,60]. The experimental setup was randomized, with three replicates on 7.8m × 6m plot size. Coprolites of Nicodrilus (=Allolobophora (Eisen) = Aporrectodea (Oerley)) caliginosus (Savigny) and Allolobophora rosea (Savigny) were collected from the whole surface of unamended and fertilized soils at the farm and mixed and analyzed together. The two species of earthworms were identified and classified by the expert in the field, Prof. Maurizio Paoletti (personal communication). Once collected, coprolites were air-dried. Their pH was determined in water with a coprolite to water ratio of 1:2.5.



Humic substances were extracted from 20 g of coprolites using 0.1 N KOH (200 mL). The extract was dialyzed against distilled water with a 14 kDa molecular weight cut-off Visking membrane (Medicell, UK) according to Nardi et al. [15], desalted with ion exchange Amberlite IR-120 (H+ form) [61]. The dialyzed solution (pH = 3) was reduced in volume to about 50 mL, and freeze-dried. From 20 g of coprolites, 0.76 g of humic carbon was obtained. Humic carbon content was determined by the Walkley-Black method [62], using the oxidation with K2C2O7 0.1 M.




4.2. Chemical Analyses and Apparent Molecular Weight Distribution of HS


The pH of HS was measured in water (ratio 1:2.5). Organic carbon and nitrogen (N) content in extracts were determined using an element analyzer (vario MACRO CNS, Hanau, Germany). The organic matter value was obtained by multiplying the organic carbon percentage by 1.72 [63]. HS molecular-weight distribution was determined via gel filtration and chromatography [64]. The column calibration was obtained using standard proteins (Kit MS-II, Serva, Heidelberg, Germany). The apparent molecular weight of the various fractions was assigned as follows: FI > 100.000 Da; FII 10.000–100.000 Da; FIII < 10.000.




4.3. ATR/FT-IR Analysis of HS


The FT-IR spectra of HS from coprolites were recorded by using an ALPHA FTIR spectrometer (Bruker Optics, Ettlingen, Germany) equipped with an ATR (attenuated total reflectance) sampling device containing a diamond crystal. All spectra were collected by co-addition of 100 scans at a resolution of 4 cm−1 in the range 4000–400 cm−1. A background spectrum was recorded using only the diamond crystal prior to collection of each sample spectrum. The spectra were processed using Grams/386 spectroscopic software (Galactic Industries, Salem, NH, USA).




4.4. Determination of the Hormone-like Activities of HS


The Audus [45] test was used to establish the hormone-like activity of HS of coprolites. The IAA (indolacetic-acid)-like activity of HS was indeed estimated by measuring the reduction of watercress (Lepidium sativum L.) root length after treatment with either IAA or HS. Conversely, the gibberellin-like (GA-like) activity was determined by evaluating increases in length of lettuce (Lactuca sativa L.) epicotyls following application of GA and HS [45]. For each HS, the initial dosage applied was 1 mL (1.0), which was further subjected to 10× (0.1) and 100× (0.01) dilutions according to Ertani et al. [65]. Specifically, watercress and lettuce seeds were surface-sterilized through soaking in 8% (v/v) hydrogen peroxide for 15 min. After rinsing five times with sterile distilled water, seeds were placed on sterile filter papers inside sterile Petri dishes (10 seeds per dish). For watercress, the filter paper was wetted with 1.2 mL of 1 mM CaSO4 (control), or 1.2 mL of 0.1, 1, 10, 20 mg L−1 IAA solution (Sigma, Milan, Italy) for the calibration curve, or 1.2 mL of a serial dilution of HS. For lettuce, the experimental design was the same as described for watercress except that the sterile filter paper was wetted with 1.4 mL instead of 1.2 mL, and the calibration curve was a progression of 0.1, 1, 10, 100 mg L−1 GA solution (Sigma, Milan, Italy). The seeds were held in a germination room in the dark at 25 °C. After 48 h for watercress and 72 h for lettuce, seedlings were removed and the root or epicotyl lengths were measured with a TESA-CAL IP67 electronic calibre (TESA, Renens, Switzerland) and Data Direct software, version 1 (ArtWare, Asti, Italy). The values obtained were the means of 20 samples and five replications, with the standard errors always lower than 5% of the mean.




4.5. Plant Growth Conditions


Oat seeds (Avena Sativa var. Goodfield) were sterilized using 0.1 M Na(ClO) [66] and sowed in pots (density = 16 seeds per pot) filled with sand and placed inside a climatic chamber with a 12 h light/12 h dark cycle, air temperature of 24/21 °C, relative humidity of 70/85%. The seeds were allowed to germinate in the pots for one week in the presence of water. After this period, germinated seedlings were selected for homogeneity and only 10 per pot were left. To each pot, a Hoagland modified nutrient solution (100 mL) was added every 2 days. The nutrient solution had the following composition (μmol/L): Ca(NO3)2 (200), KNO3 (200), MgSO4 (200), KH2PO4 (40), FeNaEDTA (10), H3BO3 (4.6), MnCl2 (0.9), ZnCl2 (0.09), CuCl2 (0.036), NaMoO4 (0.01). At the fifth day, HS were also supplied in a unique application to plants for 48 h by addition to the nutrient solution, and the dosages applied corresponded to 15 and 25 mg C/L. These dosages were selected based on preliminary experiments. Plants that were not treated with HS served as controls. For each experimental condition, five pots were prepared. The experiment was repeated three times and was performed according to a randomized block design. After 14 days from sowing, plants were randomly harvested, roots were carefully washed to remove sand particles and dried with blotting paper. A sub-sample of the plant material was immediately frozen with liquid nitrogen and kept at −80 °C for physiological analyses. For fresh and dry weight measurement, ten plants per individual treatment collected from different pots were used. After measuring the fresh weight, leaf samples of individual plants were placed in a drying oven for 2 days at 70 °C, allowed to cool for 2 h inside a closed bell jar and weighed separately.




4.6. Quantification of Chlorophyll Content and Mineral Nutrients


For the determination of chlorophyll content, fresh foliar tissue (150 mg) was ground in liquid nitrogen and extracted with 15 mL of ethanol (96% v/v). The samples were kept in the dark for 2 days at 4 °C, and the extracts were filtered and then analysed spectrophotometrically (UV/vis Lambda 1; PerkinElmer, Norwalk, CT) at λ = 665 nm for chlorophyll a (Chla) and 649 nm for chlorophyll b (Chlb). The concentration of Chla and Chlb in each sample was calculated using the Welburn and Lichtenthaler formula [67]. Two measurements were performed for each plant, using six plants per treatment.



The determination of mineral nutrients in leaves of oat plants was performed after an acid-digestion procedure. Digestion reactions were carried out inside closed Teflon vessels of 100 mL volume using 500 mg dry plant material in 9 mL HNO3 and H2O2 30% (7:2) in a microwave (Millestone Start-D 1200W). Mineralized samples were then diluted in 25 mL ultrapure water and each element was assayed via Inductively Coupled Plasma Atomic Emission Spectroscopy (Optima 2000 DV, Perkin Elmer Instruments Germany).




4.7. Enzyme Extraction and Assay Conditions


For the extraction of nitrate reductase (NR, E.C.1.7.1.1) and glutamine synthetase (GS, EC 6.3.1.2), leaf tissues (1 g) were ground in a mortar and added with 100 mM HEPES (acido 4-2-idrossietil-1-piperazinil-etansolfonico)-NaOH pH 7.5, 5 mM MgCl2, and 1 mM dithiothreitol (DTT). The ratio of plant material to mixture solution was 1:3 (v/v). Extracts were filtered through two layers of muslin and clarified by centrifugation at 20,000g × 15 min. The supernatant was then used for the enzymatic assay. All steps were carefully performed at 4 °C [56]. The activity of nitrate reductase (NR) was determined in a solution containing 100 mM KH2PO4, 100 mM KNO3, and 400 μL of enzyme extract. The activity was measured spectrophotometrically at λ = 540 nm, and the calibration curve was plotted against known concentrations of NaNO2 [68]. For glutamine synthetase (GS, EC 6.3.1.2) assay, the mixture contained 90 mM imidazole-HCl (pH 7.0), 60 mM hydroxylamine (neutralized), 20 mM KAsO4, 3 mM MnCl2, 0.4 mM ADP, 120 mM glutamine, and the appropriate amount of enzyme extract. The assay was performed in a final volume of 750 μL. The enzymatic reaction was developed colorimetrically for 15 min at 37 °C. The γ-glutamyl hydroxamate was calorimetrically determined by the addition of 250 μL of a mixture (1:1:1) of 10% (w/v) FeCl3·6H2O in 0.2 M HCl, 24% (w/v) trichloroacetic acid, and 50% (w/v) HCl. The optical density was recorded at λ = 540 nm.




4.8. Statistical Analysis


For all determinations. the analysis of variance (ANOVA) was performed using the SPSS software version 19.0 (SPSS Inc. 1999), and was followed by pair-wise post hoc analyses (Student–Newman–Keuls test) to determine which means differed significantly at p < 0.05 (±SD). Homogeneity of variances was confirmed by the Levene test (SPSS). The number of biological replicates varied depending on the analysis performed and is indicated in the figures’ and tables’ legends.





5. Conclusions


The results of this study indicate that differences in apparent molecular weight, chemical and structural properties between HS from earthworm coprolites of different soils accounted for differential effects on plant biomass, activity of marker enzymes, and accumulation of photosynthetic pigments and several nutrients. The hormone-like activity of HS from coprolites of earthworms harvested in the soil amended with manure likely was responsible for these effects on the plant physiology. We conclude that the distribution of manure on soil directed the turnover of OM towards the humification process that led to the production of high-quality coprolites and endogenous HS with superior biological activity. Furthermore, we suggest that values of OC in coprolites and HC in HS from earthworm coprolites might be used as reliable indicators of soil fertility.
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Figure 1. Apparent molecular weight of humic fractions extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), or with manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM). FI > 100.000 kDa; FII 10.000–100.000 kDa; FIII < 10.000 kDa. Data represent the means of three measurements. Values above bars following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test. Comparisons were carried out within values of the same HS fraction. 
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Figure 2. FT-IR spectra of humic substances (HS) extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), or with manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM). 
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Figure 3. Auxin-like activity of HS from earthworm coprolites collected in soils fertilized with no inputs (NF), manure (FM), mineral fertilizers (M) or manure plus mineral fertilizers (FMM). Data represent the means of three measurements with ten plants in each. Values above bars following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test. 
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Figure 4. Gibberellin-like activity of HS extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), manure (FM), mineral fertilizers (M) or manure plus mineral fertilizers (FMM). Data represent the means of three measurements with ten plants in each. Values above bars following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test. 






Figure 4. Gibberellin-like activity of HS extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), manure (FM), mineral fertilizers (M) or manure plus mineral fertilizers (FMM). Data represent the means of three measurements with ten plants in each. Values above bars following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test.



[image: Agronomy 09 00659 g004]







[image: Agronomy 09 00659 g005 550] 





Figure 5. Dry weight (A) and chlorophyll content (B) of oat plant treated with HS extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), or with manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM). HS were supplied for two days at two dosages, either 15 mg C/L or 25 mg C/L. Control plants (contr) were not added with HS. Data represent the means of three measurements. Values above bars following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test. 
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Figure 6. Effect of HS extracted from earthworm coprolites collected in soils fertilized with no inputs (NF), or with manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM), on the activity of (A) nitrate reductase (NR) and (B) glutamine synthase (GS) enzymes. HS were supplied for two days at two dosages, either 15 mg C/L or 25 mg C/L, to oat plants grown for 12 days in a Hoagland modified nutrient solution. Control plants (contr) were not added with HS. Data represent the means of three measurements with five plants in each (SD). Different letters above bars indicate significant differences between treatments at p < 0.05 according to Student–Newman–Keuls test. 
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Table 1. Values of pH, organic carbon (OC), organic matter (OM), nitrogen (N) and C/N of earthworm coprolites, and humic carbon (HC) of humic substances extracted from earthworm coprolites collected in soil plots fertilized with no inputs (NF), manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM). Data represent the means of three measurements. Values in the same row following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test.
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Parameter

	
NF

	
FM

	
M

	
FMM






	
pH

	
8.20

	
±1.10a

	
8.25

	
±1.02a

	
8.31

	
±2.12a

	
8.18

	
±1.88a




	
OC %

	
0.75

	
±0.03c

	
1.59

	
±0.06a

	
1.33

	
±0.05b

	
1.51

	
±0.10a




	
OM %

	
1.29

	
±0.06c

	
2.73

	
±0.04a

	
2.28

	
±0.06b

	
2.60

	
±0.09a




	
N %

	
0.07

	
±0.01b

	
0.16

	
±0.02a

	
0.15

	
±0.04a

	
0.18

	
±0.02a




	
C/N

	
10.15

	
±1.11a

	
9.94

	
±1.04b

	
8.86

	
±1.15c

	
9.43

	
±1.28c




	
HC %

	
0.15

	
±0.02d

	
0.53

	
±0.02a

	
0.23

	
±0.03c

	
0.33

	
±0.02b
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Table 2. Leaf elemental composition of plants supplied for 48 h with HS extracted from earthworm coprolites collected in soil plots fertilized with no inputs (NF), manure (FM), mineral fertilizers (M) and with manure plus mineral fertilizers (FMM). Data for N, P, and K are expressed in percent (g/g dry weight), while for other nutrients they were expressed in mg/g dry weight. Data represent the means of three measurements with ten plants in each. Values in the same column following the same letter are not statistically different at p < 0.05 according to Student-Newman-Keuls test.
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Treatment

	
N

	
P

	
K

	
Ca

	
Fe

	
Mn

	
Zn




	

	
% (g/100g d.wt.)

	
mg/g d.wt.






	
Contr

	
4.71

	
±0.10b

	
6.60

	
±0.25b

	
20.50

	
±1.03b

	
1.10

	
±0.13c

	
0.43

	
±0.04e

	
0.061

	
±0.003d

	
0.19

	
±0.02b




	
NF 15

	
5.01

	
±0.10a

	
7.12

	
±0.33b

	
21.80

	
±1.12b

	
1.26

	
±0.10c

	
0.48

	
±0.05e

	
0.077

	
±0.004b

	
0.22

	
±0.01ab




	
NF 25

	
5.00

	
±0.10a

	
8.14

	
±0.33a

	
21.39

	
±1.35b

	
1.25

	
±0.12c

	
0.49

	
±0.03e

	
0.079

	
±0.004b

	
0,19

	
±0.02b




	
FM 15

	
5.33

	
±0.31a

	
8.12

	
±0.23a

	
26.12

	
±0.85a

	
1.82

	
±0.12a

	
0.88

	
±0.01a

	
0.102

	
±0.001a

	
0.23

	
±0.01a




	
FM 25

	
5.12

	
±0.15a

	
7.90

	
±0.21a

	
25.33

	
±0.56a

	
1.72

	
±0.12ab

	
0.81

	
±0.01b

	
0.080

	
±0.001b

	
0.23

	
±0.03ab




	
M 15

	
4.63

	
±0.20b

	
6.95

	
±0.14b

	
22.95

	
±0.13b

	
1.50

	
±0.15b

	
0.66

	
±0.03cd

	
0.071

	
±0.005bc

	
0.20

	
±0.01b




	
M 25

	
4.50

	
±0.18b

	
6.71

	
±0.10b

	
22.61

	
±0.14b

	
1.40

	
±0.13b

	
0.63

	
±0.02d

	
0.063

	
±0.002d

	
0.19

	
±0.01b




	
FMM 15

	
5.02

	
±0.15a

	
7.50

	
±0.35ab

	
24.82

	
±1.03a

	
1.66

	
±0.18ab

	
0.74

	
±0.05bc

	
0.080

	
±0.003b

	
0.22

	
±0.03ab




	
FMM 25

	
4.90

	
±0.13a

	
7.31

	
±0.18b

	
24.24

	
±1.10ab

	
1.53

	
±0.14ab

	
0.70

	
±0.02c

	
0.071

	
±0.003c

	
0.21

	
±0.02ab
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