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Abstract

:

Dissolved organic matter (DOM) is the immediate energy, carbon, and other nutrient substrates for microbial growth and, therefore, plays an essential role in agroecosystem biochemical processes. The aim of this study was to elucidate the interrelationships among watermelon growth, DOM chemical characteristics, nutrient content, and microbial functional diversity in organic soilless growing substrates. We analyzed the effect of no fertilizer application (CK), PK fertilizer application (PK), and NPK fertilizer application (NPK) on fruit yield of watermelon, DOM chemical structure, nutrient status, and microbial functional diversity in organic substrates cultivated with watermelon. Compared with the CK, the NPK treatment resulted in a significantly lower fruit yield of watermelon, lower DOC concentration, significantly higher DON concentration, and higher NO3−-N concentration. The application of NPK chemical fertilizer in substrates decreased the degree of humification in DOM and microbial functional diversity compared with CK treatment. Our results demonstrate that the quality of DOM plays an important role in improving the fruit yield of watermelon and is tightly related to microbial functional diversity in organic substrates.
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1. Introduction


Substituting soil for organic substrates is a common practice for greenhouse growers. Recent research showed that replacing soil with compost as a substrate for watermelon was a feasible method. Contributing nutrients and suppressing soilborne disease, compost makes it possible to cultivate in poor soil [1,2]. Developing organic substrate cannot only minimize environmental impacts but also reduce chemical fertilization rates and nursery costs [3]. Many studies have demonstrated that organic waste compost can be used as excellent growth media [4,5,6]. Benito et al. [3] reported that as a high-quality and inexpensive peat substitute, pruning waste compost is a solution to waste management. As reported by Grigatti et al. [5], compost with either municipal waste or food processing sewage sludge as a peat substitute in pot growth media had a better effect on the growth of begonia and mimulus than peat-based growing media.



Nevertheless, the physical properties of compost may not provide optimal moisture, and aeration conditions provided all management regimes and growth stages of plants. Therefore, to manipulate the properties of the organic substrate, compost-based mixtures are used as growth media in this study. Little information is available on the properties of the compost-perlite mixed substrate and how they affect chemical and biological characteristics in the growth medium. It is of great significance to understand the characteristics of growing media, which greatly affects plant growth, to improve the recycling of the organic solid waste in plant cultivation.



Dissolved organic matter (DOM) is a reactive and small fraction of total organic matter and is very important in various biochemical processes in compost [7,8,9]. DOM is a better indicator of the transformation of total organic matter in compost [10,11]. Generally, a change in DOM is linked to changes in nutrient cycling and microbial activity in compost [12]. Making important contributions to nutrient availability and cycling, DOM is considered one of the most labile fractions of soil organic matter and is a primary source of mineralizable nitrogen and phosphorous [13]. Li et al. [14] reported that DOM removal from soil significantly decreased the cumulative mineralization of organic carbon and nitrogen. DOM could improve plant growth by increasing nitrogen and carbon availability or maintaining micronutrients at sufficient levels [15,16]. Microbial biomass itself provides an important pool of potential DOM, and microbial metabolites constitute a significant portion of DOM [16]. Microbial functional diversity relates to the properties and quantity of compost DOM because dissolved nutrients are a prerequisite for microbial uptake [17,18]. These results indicated that complex relationships exist among DOM, microbial diversity, and nutrient status in an organic substrate. These relationships can be better understood if DOM, microbial functional diversity, and nutrients are studied. Although the correlations between DOM and microorganisms in soil have been studied, little is known about that in organic soilless growing systems.



The study aimed to determine the chemical and biological properties of the growth substrate and to determine the correlations between the chemical composition of DOM, microbial functional diversity, and nutrient status under different fertilization treatments.




2. Materials and Methods


The substrate was formulated using the waste of a deep litter fermentation system for pig effluent (40%), wood peat (20%), perlite (20%), and vermiculite (20%). Wood peat (1–3 mm), perlite (1–2 mm), and vermiculite (3–5 mm) purchased from Nanjing Flower Market. The substrate (pH 6.8, EC 3300 μs/cm) used in the watermelon trial contained 165.3 g of organic carbon, 24.4 g of total nitrogen, 12.0 g of total phosphorus, 28.2 g of total potassium, 14.9 mg of ammonium nitrogen, 167.8 mg of nitrate nitrogen, 45.0 mg of available phosphorus, 2.9 g of available potassium per kilogram of substrate. The deep litter fermentation system for pig production was from a pig farm in the Luhe district (Nanjing, China).



The planting containers (240 × 100 × 25 cm) were filled with organic substrate. Five seedlings of watermelon (Citrullus lanatus L.CV. Youjia 018) were planted per m2 in containers filled with substrates, as described above, and grown in a greenhouse. Watermelon was transplanted on 1 September 2020 and harvested on 15 November 2020. We keep two vines and one fruit per plant through daily management. The plants were drip irrigated 3 times/day, and the start drip irrigation was at 8:00 and 10:00. The day temperature was between 25 °C and 30 °C, and the night temperature was 20 °C. The experimental design was a randomized complete block design. Each treatment had three replicates The experimental design was set up as follows: no fertilizer (CK), no nitrogen fertilizer (PK), and chemical fertilizer (NPK). The fertilizer use followed the recommended amount based on soil testing, and the phosphorus and potassium were constant in the PK and NPK treatments in this experiment. The chemical fertilizers were applied 15 days and 40 days after planting, and the applied fertilizer quantities were the same each time. The chemical fertilizers used were urea (46% N), superphosphate (15% P), and potassium sulfate (50% K). The NPK treatment received 5 g N/plant, 3 g P/plant, and 10 g K/plant. The PK treatment received equivalent quantities of P and K as the NPK treatment. Weeding, ventilation, and other daily management are unified local management.



2.1. Plant Analysis


Plant samples were collected after watermelon harvesting, and the root, stem, leaf, and fruit were separated for chemical analysis. Plant samples were oven-dried at 70 °C for 24 h. Total N, total P, and total K contents were analyzed by digestion of the plant samples with H2SO4 and H2O2. The concentrations of N and P of the sample were measured using colorimetrically by the indophenols-blue and molybdenum-blue methods, while K was determined by flame atomic absorption spectrometry [19].




2.2. Substrate Sampling


At the beginning and end of cultivation (65 days after transplanting), substrate samples were randomly collected using a metal cylinder (4.5 cm diameter). Samples were collected in triplicate from each plot to determine the main chemical and biological parameters. Each bag was manually removed visible root or plant material and homogenized to mix all three samples for each treatment. The mixed samples were taken from each bag and stored at 4 °C for DOM and microbial functional diversity analyses.




2.3. Substrate Chemical Analysis


Substrate samples were air-dried and used to determine organic carbon (OC), total nitrogen (TN), available phosphorus (AP), available potassium (AK) and pH. OC and TN were determined using a CHNS Elemental Analyzer (Elenentar Vario EL III, Germany). A 1:5 aqueous extract (w/v, dry basis) of the air-dried samples with deionized water was used for the analysis of the pH value (FE28-TRIS pH meter, America). Aqueous extracts (w/v = 1:10, fresh basis) of the fresh samples were mixed with CaCl2 (0.01 mol L−1) and were used to analyze the ammonium (NH4+-N) and nitrate nitrogen (NO3−-N) using a segmented flow analyzer (Bran+Luebbe, Norderstedt, Germany) [20]. AP was extracted with 0.5 mol L−1. NaHCO3 and determined by colorimetrical methods. AK was extracted with 1 mol L−1. CH3COONH4 and determined using an atomic absorption spectrometer. DOM was obtained with deionized water (w/v = 1:10, fresh basis) by shaking. The extract of fresh substrate sample was filtered using 0.45 µm polytetrafluoroethylene filters for further analysis. Dissolved organic carbon (DOC) and dissolved organic nitrogen (DON) were measured using an autoanalyzer (multi N/C 3000, Analytik Jena AG, Jena, Germany).




2.4. Fluorescence Spectroscopy


The DOM was diluted to DOC < 10 mg·L−1. Three-dimensional excitation–emission matrix (EEM) fluorescence was measured in the scanning mode of Varian Eclipse fluorescence spectrophotometer. Scanning emission (Em) spectra from 250–600 nm were obtained in 2 nm increments by varying the excitation (Ex) wavelength from 200–500 nm in 10 nm increments. When using excitation and emission slit bandwidths of 5 nm, the spectra were recorded at a scanning rate of 1200 nm/min. Each scan produced an Excel file of 176 Em (row) × 31 Ex (column) wavelengths.




2.5. Infrared Spectroscopy


The sample was prepared as a mixture of 1 mg of freeze-dried DOM and 100 mg of potassium bromide (KBr, IR grade), and this mixture was then ground and homogenized [21]. A subsample was then compressed between two clean, polished iron anvils twice in a hydraulic press at 20,000 psi to form a KBr window. A Nicolet 370 Fourier transform infrared (FTIR) spectrometer was used to collect 200 scans, and the FTIR spectra were obtained. Spectra were plotted from 500 to 4000 cm−1 with a resolution of 4 cm−1. The spectrum was baseline corrected and normalized in transmittance for unity of presentation and analysis.




2.6. Microbial Functional Diversity


Metabolic profiles of microbial communities were studied using Biolog EcoplatesTM (Biolog Inc., Hayward, CA, USA) [22]. Each 96-well plate consisted of three replicates, each comprising 31 sole carbon sources and one water blank. Aqueous extracts (w/v = 1:10, fresh basis) of the fresh samples were mixed with distilled water, were shaken for 1 h, and pre-incubated for 18 h before inoculation to make full use of soluble organic compounds for microorganisms from substrate [23]. Tenfold dilution was performed, and an aliquot of 100 µL from a 10−4 dilution was inoculated into the microplate. The microplates were incubated at 25 °C, and color change of each well was recorded with a flat-panel reader at an optical density (OD) of 590 nm every 24 h. Microbial activity in each microplate expressed as average well-color development (AWCD) was calculated as follows: AWCD = ∑ODi/31, where ODi is the optical density value from each well. Plate readings at 168 h of incubation were used to calculate AWCD.




2.7. Statistical Analyses


Data were statistically analyzed with the SPSS Base Ver. 20 statistical software. One-way analysis of variance was used to assess differences. Duncan’s multiple range test was used to compare treatment means. A probability was defined with a least significant difference at two sides of p < 0.05. Principal component analysis (PCA) was performed on the nutrient content, microbial functional diversity, and the percentage of total humic acid (PI (II + V), n).





3. Results


3.1. Watermelon Growth and Nutrient Content of Vegetative Organs of Watermelon


Fruit yield was lower in treatments of PK and NPK than in CK. Fruit yield was 66.7, 57.0, and 35.5 t ha−1 in CK, PK, and NPK, respectively (Figure 1A). Vine biomass was 557.9, 898.4, and 512.1 kg ha−1 in CK, PK, and NPK, respectively (Figure 1B).



The concentrations of TN, TP, and TK in the root, stem, leaf, and fruit material of watermelon are shown in Figure 2. After two months of growth, the watermelon plant accumulated the highest total N concentration in the root material, followed by leaf, stem, and fruit in all treatments. NPK treatment showed the highest N concentration within different plant parts of watermelon among these treatments (Figure 2A). NPK treatment showed the highest P concentration and lowest K concentration within the root, stem, and leaf among treatments (Figure 2B,C).




3.2. Nutrient Content of Substrate


As shown in Table 1, the concentrations of both NH4+-N (19.5 mg kg−1) and available P (84.4 mg kg−1) were significantly higher in CK than in other treatments (14.3–14.8 mg kg−1, 50.9–52.2 mg kg−1) (Table 1). However, the NPK treatment had the highest value of NO3−-N concentration (67.0 mg kg−1), followed by PK (41.9 mg kg−1) and CK treatments (37.3 mg kg−1). No significant difference in other nutrient content of substrates among the treatments. The CK (629.6 mg kg−1) treatment had the highest DOC concentration, followed by the PK (579.5 mg kg−1) and NPK (345.5 mg kg−1) treatments. The trend of DON concentration was similar to that of DOC in the different treatments, except that the NPK treatment (409.9 mg kg−1) had a significantly higher DON concentration than that of CK (227.2 mg kg−1) and PK (181.4 mg kg−1) treatments (Table 1).




3.3. The EEM Contours of DOM from Substrates


The fluorescence EEM contours of DOM from substrates of the three treatments are shown in Figure 3. The EEM contours of DOM from substrates exhibited two peaks at Ex/Em of 250/450–470 (Peak A) and 330–340/420–460 (Peak B). The evolution of Pi,n from regional integration analysis for different treatments is presented in Table 2. For all treatments, the highest percentages were observed in Regions (PV,n: 38.2–42.3%), followed by Regions (PIII,n: 30.6–32.9%), Regions (PIV,n: 13.8–20.4%) and Regions (PII,n: 8.4–8.8%), the lowest percentages occurred in Regions (PI,n: 2.1–2.5%). It was noted that PIV,n of NPK treatment was the highest, while PIII,n and PV,n of NPK treatment was the lowest among all treatments.




3.4. FTIR Spectroscopy of Substrate


Fourier transform infrared spectroscopy was used to express the functional groups present in the DOM. Several major absorption bands were observed in the spectra of the substrates under different treatments (Figure 4). The peak intensities at 3602, 3388, 1367, and 1110 cm−1 were stronger in NPK treatments than in PK and CK treatments. The peak at 996 cm−1 in the NPK treatment was smaller than in the PK and CK treatments.




3.5. Microbial Functional Diversity of Substrate


Different treatments had a significant effect on the consumption of carbon substrate analyzed as the carbon source type. After the incorporation of chemical fertilizer, the AWCD of PK (0.75) and NPK (0.79) treatments decreased significantly compared with the CK treatment (0.92) (Figure 5A). The microbial functional diversity assessed by the Shannon diversity index (H) is provided in Figure 5B. The diversity in the CK treatment was the highest (3.24), followed by the NPK (3.22) and PK treatments (3.16). The CK treatment showed significantly higher consumption of polymers, carbohydrates, carboxylic acids, and amino acids than PK and NPK treatments (Figure 5C).




3.6. Association among Fruit Yield of Watermelon, DOM Chemical Structure, Nutrients Content, and Microbial Functional Diversity


The PCA results showed that 66.9% of the data variability was explained by two principal components (i.e., PC1 and PC2). PC1 accounted for 67.2% and PC2 22.0% of the variability (Figure 6). PCA also showed that the fruit yield of watermelon correlated with the concentration of NO3−-N and DON negatively and with other chemical properties and microbial functional diversity (H) positively.





4. Discussion


4.1. Fruit Yield of Watermelon and Nutrient Content of Substrates


Fruit yield varied with different fertilization strategies. A significant yield decline in NPK treatment was observed. Change in the nutrient content of the substrate is considered a probable cause of such yield trends. Our results showed that the influence of CK treatment on substrate nutrient content is more beneficial than PK and NPK treatment. This result shows that the number of nutrients in the organic substrate was sufficient for the cultivation and growth of watermelon. A significant increase in NH4+-N and available P content of CK treatment was observed compared with the NPK treatment (Table 1). This result disagreed with Yadav et al. [24], who reported a higher available P content after NPK fertilizer application. The differences in the impact of chemical fertilization on available P content may be related to different agroecosystems. The reasons for the controversial findings are unclear and require further research. However, the NPK treatment had a significantly higher NO3−-N content than the CK treatment. This finding was similar to Bremner et al. [20], who reported a higher nitrate content after N fertilizer application. Thus, it is assumed that the lower TN content under the NPK treatment was due to the leaching of NO3−-N from the substrate. Our results showed that the NPK treatment significantly decreased DOC concentration and significantly increased DON concentration compared with CK treatment. Since it is hypothesized that driving N needs excess labile C [25], DOC concentrations should be low under N-saturated conditions and high under N-limited conditions, in theory [26]. Our results are similar to McDowell et al. [27], who reported that N amendment treatment significantly increased DON concentration in a field experiment. Chantigny [28] reported that applying the chemical N-fertilizer increased the concentration of DON because of its pH effect.




4.2. EEM Fluorescence Spectra of DOM


These fluorescence EEM peaks in organic substances were previously identified [29,30,31,32]. Peak A was attributable to humic-like substances, whereas Peak B belonged to fulvic-like substances [21]. The CK treatment contained the highest quantity of humic- and fulvic-like substances among the three treatments. In contrast, the NPK treatment contained the lowest quantity of humic- and fulvic-like substances.



According to Chen et al. [32], five excitations–emission regions of EEM spectroscopy were analyzed by FRI. By normalizing the cumulative excitation–emission area volumes to relative regional areas (nm2), the normalized excitation–emission area volumes (Φi,n and ΦT,n, referring to the value of Region I and the entire region) and the percent fluorescence response (Pi,n = Φi,n/ΦT,n), were calculated. In general, Region I and Region II are associated with simple aromatic proteins such as tyrosine. Region III is related to fulvic acid-like materials. Region IV is related to soluble microbial by-product-like materials. Region V is related to humic acid-like organics [32]. The percentage of total humic acid (PI (II + V), n) ranged from 47.9% to 65.5% for all treatments, which indicates that the humic acid compounds accounted for a large proportion of DOM from the substrates. The results showed that NPK treatment increased protein materials in DOM from the substrate and decreased humic- and fulvic-like compounds in DOM from the substrate compared with CK and PK treatments; this suggests that the application of NPK chemical fertilizer in substrates decreased the degree of humification in DOM.




4.3. Infrared Spectroscopy of DOM


The spectra were analyzed to verify the changes introduced by different fertilizers. The absorption bands in Figure 4 include (i) H bond of OH group at 3388 cm−1, (ii) alkene C = C and H bond of C-O at 1636 cm−1, (iii) nitrate N-O stretching at 1367 cm−1, (iv) C-O stretch of polysaccharides at 1110 cm−1 and (v) Si-O at 996 cm−1 [33,34,35,36]. The increased peak at 3388 cm−1 in NPK treatments indicated the increasing development of hydroxyl structure. A sharp peak observed at 1110 cm−1 in the NPK treatment, which was not observed in CK and PK treatments, suggested the presence of non-decomposed and unstable polysaccharides in substrates of NPK treatment. Furthermore, the increased peak at 1367 cm−1 in NPK treatments compared with CK and PK treatments indicated an increasing occurrence of nitrate in NPK treatment.




4.4. Microbial Function Diversity


The results showed that the addition of PK and NPK treatments significantly decreased the microbial functional diversity. The decreased diversity suggested that the carbon source utilization patterns were fewer. The NPK treatment changed the microbial functional diversity, probably due to the increased production of N-rich fractions [37]. It has been observed that the concentration of DOC often correlates positively with microbial respiration [18]. DOM could act as a substrate resource for microorganisms [17]. Microbial utilization of DOM leads to microbial immobilization as well as N mineralization [15]. The addition of chemical fertilizer tended to change the microbial functional diversity and microbial ability to utilize substrate, which indicated that chemical fertilizer could impact the chemical structure of DOM. Kiikkilä et al. [18] reported that DOM refractory compounds accumulate because they are easily degradable due to high microbial activity; this could explain the higher humification degree of DOM in the CK treatment.





5. Conclusions


Our study is the first report regarding the relationships of fruit yield of watermelon with DOM chemical structure in the organic substrate. The application of chemical fertilizer in substrates decreased the fruit yield of watermelon, the degree of humification in DOM, and microbial functional diversity compared with CK treatment. Our results demonstrated that the fruit yield of watermelon was closely related to the quality of DOM in the organic growing substrate. According to these results, we speculate that DOM is an essential nutrient source for watermelon and plays an important role in watermelon growth.
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Figure 1. Fruit yield (A) and vine biomass (B) of watermelon under different treatments. Means in each column followed by the same letter within different treatments were not significantly different at p < 0.05. The same below. 
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Figure 2. Total N (A), P (B) and K (C) content in root, stem, leaf and fruit of watermelon plants under different treatments (CK: no fertilizer, PK: no nitrogen fertilizer, NPK: chemical fertilizer. The same below). Means in each column followed by the same letter within different treatments were not significantly different at p < 0.05. 
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Figure 3. EEM contours of DOM from substrates under different treatments. 
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Figure 4. FTIR spectra of DOM from substrates under different treatments. 
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Figure 5. Average well-color development (AWCD) of metabolized substrates in Biolog EcoPlate (A), Shannon diversity (B) and AWCD for a functional group of carbon sources (C) under different treatments. Means in each column followed by the same letter within different treatments were not significantly different at p < 0.05. 
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Figure 6. Principal component analysis (PCA) of the nutrient content, microbial functional diversity and the percentage of total humic acid (P(III + V),n). ■: CK; ●: PK; ▲: NPK; NH-N: NH4+-N; NO-N: NO3−-N; H: Shannon diversity; P(V + III): the percentage of total humic acid (P(III + V),n). 
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Table 1. Nutrient content of substrate under different treatments.
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	Treatment
	TOC (g kg−1)
	TN (g kg−1)
	TP (g kg−1)
	TK (g kg−1)
	NH4+-N (mg kg−1)
	NO3−-N (mg kg−1)
	pH
	Available P (mg kg−1)
	Available K (g kg−1)
	DOC (mg kg−1)
	DON (mg kg−1)





	CK
	166.2 ± 3.2 a
	22.7 ± 1.4 a
	12.2 ± 1.4 a
	24.0 ± 4.1 a
	19.5 ± 0.9 a
	37.3 ± 1.6 b
	7.8 ± 0.1 a
	84.4 ± 7.3 a
	2.3 ± 0.4 a
	629.6 ± 6.6 a
	227.2 ± 0.5 b



	PK
	160.8 ± 10.7 a
	20.8 ± 0.8 a
	13.3 ± 0.8 a
	24.4 ± 3.6 a
	14.3 ± 0.1 b
	41.9 ± 7.4 b
	7.8 ± 0.1 a
	50.9 ± 2.7 b
	2.4 ± 0.3 a
	579.5 ± 0.7 a
	181.4 ± 0.3 b



	NPK
	156.1 ± 9.1 a
	20.4 ± 1.3 a
	11.8 ± 1.3 a
	22.5 ± 2.7 a
	14.8 ± 0.4 b
	67.0 ± 7.8 a
	7.7 ± 0.3 a
	52.2 ± 9.9 b
	2.2 ± 0.6 a
	345.8 ± 1.9 b
	409.9 ± 3.8 a







TOC: total organic carbon; TN: total N; TP: total P; TK: total K; DOC: dissolved organic carbon; DON: dissolved organic nitrogen. Means in each column followed by the same letter were not significantly different at p < 0.05.
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Table 2. Pi,n (%) in the five regions under different treatments.
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	PI,n
	PII,n
	PIII,n
	PIV,n
	PV,n
	P(III + V),n





	CK
	2.1
	8.8
	32.5
	15.6
	40.8
	73.3



	PK
	2.5
	8.4
	32.9
	13.8
	42.3
	75.2



	NPK
	2.2
	8.7
	30.6
	20.4
	38.2
	68.8
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