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Abstract

:

To verify the priming effects of Maillard reaction precursors on the microbial decomposition of rice straw at different incubation temperatures, the method of indoor incubation at a constant temperature was adopted. In the process, the addition of glucose, catechol or glycine solution alone or in mixed solution was conducted at incubation temperatures of 10 °C, 15 °C and 28 °C, respectively. The C content of humic-extracted acid (CHLE), humification index (the ratio of C content of humic-like acid to fulvic-like acid, CHLA/CFLA), ∆logK value of humic-like acid (HLA), and C content of humin-like acid (CHLu) were dynamically analyzed at 0, 30, 60, and 90 d, respectively. At the same time, the differences in the atomic ratio and FTIR spectra before and after incubation were systematically analyzed. The results showed that (1) the additions of glucose alone and mixed precursors were both beneficial to increasing the CHLE content at three tested temperatures, especially at two low temperatures (10 °C and 15 °C), and glucose alone manifested the most significant improvement in CHLE. In contrast, following the addition of glycine alone, the CHLE content decreased by 2.4% at 15 °C and 4.6% at 28 °C after incubation. (2) Glucose as the sole precursor was more beneficial to improving the quality of the humic substance (HS) at 28 °C, but only enhanced the condensation degree of HLA molecules at 15 °C. Compared with the results at 15 °C and 28 °C, the HLA molecules had the lowest condensation degree at 10 °C, regardless of whether a single precursor or mixed Maillard precursors were used. (3) After incubation, the amounts of N compounds in the HLA molecules decreased to varying degrees, especially at 28 °C. The O-containing functional groups, such as carboxyl groups, from HLA molecules decreased following the addition of a single precursor, while the mixed precursors resulted in an increase in O-containing functional groups. Increasing the catechol content directly enriched the unsaturated bonds of HLA. With the decomposition of rice straw, regardless of how the precursors were added, the polysaccharide content decreased to different degrees. The decomposition of polysaccharides in HLA was more temperature-sensitive, and an increase in temperature might encourage more polysaccharide consumption. Under each temperature, the molecular structure of HLA was simplified initially and then gradually became complex. Finally, the addition of glucose alone at 15 °C was more favorable for the complexity of HLA molecules, while at 28 °C, it could only alleviate the degree of simplification of the HLA molecular structure to a certain extent. (4) At the three tested temperatures, compared with the CK control, either one precursor or a mixture of three precursors could more effectively promote the decomposition of CHLu. Under the conditions of 10 °C and 15 °C, the addition of mixed precursors was more beneficial to the decomposition of CHLu, causing the CHLu content to decrease by 37.9% and 44.7%, respectively, followed by the addition of glucose alone.
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1. Introduction


Rice straw is a byproduct of large-scale rice production. Large amounts of rice straw are often disposed in paddy fields in late autumn and early winter every year in northern China, which are difficult to decompose under natural low temperatures and then affect the normal cultivation of rice during the next year. To eliminate the adverse effects of the remaining rice straw in paddy fields following tillage, most farmers choose the incineration of rice straw, which cannot be returned to paddy fields to maintain soil fertility and causes harmful environmental effects [1]. Therefore, it is urgent to determine the positive factors of straw composting in a low-temperature environment, which is not limited to research on high-efficiency microbial agents. Although we believe that composting is a useful method for managing rice straw [2], microorganisms demonstrate poor activity at low temperatures, especially fungi that can play a leading role in straw decomposition; this is the main reason for the poor effect of straw return on fertilizing fields and the longer composting cycle.



Composting is a complex biochemical process in which abiotic and biotic pathways occur simultaneously for humic substance (HS) formation [3]. Biotic pathways play an important role in HS formation during composting, in which inoculating microorganisms and regulating environmental factors can accelerate the turnover of organic matter by improving microbial metabolic activities and then producing more HS precursors, such as reducing sugars, phenols and amino acids. These precursors can be condensed to form HS in abiotic pathways [4,5]. The Maillard reaction is a non-enzymatic browning reaction, which is an abiotic humification process of three precursors (glucose, catechol and glycine) catalyzed by δ-MnO2, resulting in the formation of dark substances that are highly similar to HS [6]. Maillard precursors contribute significantly to the formation of HS [7]. Tan et al. [8] noted that in the composting process of organic materials, the condensation reaction between degradation products and precursors such as amino acids, sugars and phenols represents the key to the formation of HS. Hardie et al. [9] suggested that glucose could promote the abiotic humification of catechol catalyzed by δ-MnO2. In addition, increasing the molar ratio of glucose to catechol and glycine could also promote the production of low-molecular substances that are similar to natural humic acids in the integrated catechol–Maillard system. It could be concluded that glucose significantly contributes to the formation and nature of HS. Wu et al. [10] studied the changes in polyphenols, amino acids and polysaccharides in the composting process and noted that each precursor significantly promoted the formation of HS through the Maillard reaction mechanism. The addition of exogenous amino acids or their ionic liquid was found to improve lignocellulose degradation and HS synthesis during straw biomass composting [11]. Zhang et al. [12] investigated the effect of MnO2 on the abiotic humification of glucose and glycine by adding catechol at different concentrations. The results showed that increasing the content of catechol could promote the formation of HS, and transform more unstable FLA (fulvic-like acid) into HLA (humic-like acid), while also reducing 0.73–1.87 mg of CO2 released per mg C content of FLA. Zhang et al. [13] added benzoic acid and soybean residue to a mixture of corn stover and chicken manure to study the effects of precursors on HS formed in compost. The results showed that the addition of precursors could promote the formation of HS and the accumulation of HA in the compost. Since glucose, glycine and catechol could form darkening substances that were similar to HS through the Maillard reaction under abiotic conditions, the change in the molar ratio between Maillard precursors could affect the amount of HS formed [7]. Then, in view of the priming effects of glucose, glycine and catechol on the humification process, we investigated whether the decomposition of rice straw could be strengthened through the addition of Maillard precursors at natural low temperatures and whether the humification process and the maturation degree of rice straw could be promoted to a certain extent. The relevant scientific problems remain to be revealed.



The incubation method of simulated low temperature was adopted, with rice straw serving as the test object, and three incubation temperatures of 10 °C, 15 °C and 28 °C were selected, among which the most suitable temperature of 28 °C for decomposition was used for comparative consideration. The C content of humic-like acid (CHLA), humification index (the ratio of C content of humic-like acid to C content of fulvic-like acid, CHLA/CFLA), atomic ratio, FTIR spectra and ∆logK value of humic-like acid (HLA), and the C content of humin-like (CHLu) rice straw decomposition products were dynamically analyzed during incubation for 90 days by adding glucose (Glu), catechol (Cat), glycine (Gly) solution and the mixed solution of these components. The objective of the present study was to (i) reveal the effects of different Maillard precursors on the decomposition process of rice straw and (ii) choose a suitable method from three Maillard precursors that could promote the decomposition of rice straw at a low temperature. The clarification of the above scientific problems could provide a theoretical reference for the biotic contribution of Maillard reaction precursors to the abiotic humification of rice straw and provide a practical basis for the formulation of technical measures for the more efficient decomposition of rice straw.




2. Materials and Methods


2.1. Materials


The tested rice straw was obtained from the experimental field of Jilin Agricultural Science and Technology University. After a series of impurities were removed, washed and dried, the rice straw was crushed and sifted through a 0.10 mm sieve. The total organic C, N, P2O5, K2O and pH values of rice straw powder were 60.2%, 7.85 g/kg, 3.51 g/kg, 33.0 g/kg and 6.34, respectively, and the rice straw was composed of cellulose (32.6%), hemicelluloses (21.5%), lignin (22.4%) and ash (15.6%).



The analytical reagents manganese dioxide (MnO2), glucose (C6H12O6), catechol (C6H6O2) and glycine (C2H5NO2) were all purchased from Sinopharm Group Co. Ltd., Shanghai, China.



Preparation of the microbial inoculum was carried out as follows: the commercial EM agent was produced by Tonghua Wanying Biotechnology Co., Ltd., Jilin, China, and contained lactic acid bacteria, a photosynthetic bacteria group, yeast group, actinomycetes and a linear bacteria group. Its total number of living microbes was ≥2 × 108 cfu/mL, with a pH of 3.5–4.5. The commercial EM agent was diluted with sterile and deionized water at a ratio of 1:100 to prepare the microbial inoculum.




2.2. Methods


The incubation method was adopted in the study. A number of glass triangular bottles of 100 mL were prepared, 15.0 g of accurately weighed rice straw powder was added into the triangular bottles in batches, and 0.5 g of MnO2 powder was added to each bottle. The C/N ratios of the above mixtures were adjusted with (NH4)2SO4 solution to 25:1. According to the test objectives, the following four treatments were designed: (1) Glu treatment, which included adding 15 mL of glucose solution with a concentration of 0.12 mol/L; (2) Cat treatment, which included adding 15 mL of catechol solution with a concentration of 0.12 mol/L; (3) Gly treatment, which included adding 15 mL of glycine solution with a concentration of 0.12 mol/L; (4) Ms treatment, which included adding the mixed solution composed of 5 mL each of glucose, catechol and glycine, each with a concentration of 0.12 mol/L, and an equal volume (15 mL) of sterile, deionized water was used as the CK control. After treatment, all glass triangular bottles were covered with sterile permeable films and then sterilized with high-pressure steam sterilization at 121 °C for 20 min. After cooling naturally, all bottles were inoculated with the microbial inoculum at a dose of 5 mL/vial under aseptic operating conditions, and the breathable films were sealed again after inoculation.



The incubation temperatures were set as 10 °C, 15 °C and 28 °C, and the total incubation period for a constant temperature was designated as 90 days. Sterile water was dynamically supplemented according to the loss of weight. The samples were taken out at 0, 30, 60 and 90 days. Based on the destructive sampling method, all the samples from each treatment, temperature and sampling time were repeated three times. The samples were removed, dried at 55 °C to stop microbial activity, and then ground through a 0.10 mm sieve to analyze the C content of humic-like acid (CHLA), humification index (the ratio of C content of humic-like acid to C content of fulvic-like acid, CHLA/CFLA), atomic ratio, FTIR spectra and ∆logK value of humic-like acid (HLA), and the C content of humin-like acid (CHLu).




2.3. Analysis


The samples were analyzed according to a modified humus composition method. The brief process was as follows: a 1.0 g sample was weighed in a 100 mL polyethylene centrifuge tube, and 30 mL of distilled water was added to the tube and stirred evenly. The centrifuge tubes with samples were extracted in a water bath oscillator, maintained at 70 °C for 1 h and centrifuged (3500 r/min, 15 min). The obtained supernatant was filtered into a 50 mL volumetric flask. The samples were extracted again using 20 mL of distilled water, and the extracts from two extractions were pooled together to yield the water-soluble substance (WSS). The residue in the centrifuge tube was extracted again with a mixed solution of 0.1 mol/L Na4P2O7·10H2O and 0.1 mol/L NaOH using the same procedure as above, and the extracted solution was the humic-extracted acid (HLE). The residue in the tube was rinsed with distilled water many times until the eluent was nearly neutral and then transferred into a drying oven at 50 °C until a constant weight was achieved, which was defined as humin-like (HLu), and ground through a 0.10 mm sieve.



The HLE solution (30 mL) was adjusted to a pH of 1.0–1.5 using H2SO4 at a concentration of 0.5 mol/L, transferred to a water bath, maintained at 70 °C for 1.5 h, and then kept overnight. The solution that contained flocculent matter was filtered into a volumetric bottle and filled to 50 mL, and the filter liquor was fulvic-like acid (FLA). The flocculent matter on the filter paper was rinsed repeatedly with a dilute acid solution and dissolved into a 50 mL volumetric bottle with a heated NaOH solution at a concentration of 0.05 mol/L. The obtained solution was humic-like acid (HLA). The organic C contents of WSS, HLE, HLA and HLu (CWSS, CHLE, CHLA and CHLu) were determined by the TOC analyzer, in which the CFLA (CFLA = CHLE − CHLA) and the humification index (CHLA/CFLA ratio) were calculated. The absorbances of the HLA liquid sample at 400 and 600 nm (A400 and A600) were measured by a UV–visible light spectrophotometer (TU-1900, Beijing Purkinje General Instrument Co., Ltd., Beijing, China), and then ∆logK was calculated by the following equation: ∆logK = lgA400 − lgA600 [14]. All analyses were carried out in triplicate, and the mean values are presented.



The extracted HLA liquid samples were freeze-dried to prepare solid HLA samples for further analysis. The percentages of C, H, O and N in the solid HLA samples were measured by an elemental analyzer (PerkinElmer PE 2400II CHNS/O), and the C/N, H/C, and O/C ratios were calculated. The spectroscopic characterization of solid HLA samples was measured by FTIR spectrophotometry (model: FTIR-850, Tianjin Guangdong Sci & Tech Development Co., Ltd., Tianjin, China). FTIR spectra were acquired over the wavelength region from 400 to 4000 cm−1, analyzed with FTIR 850 software and presented as graphs with Origin 8.0 software.




2.4. Statistical Analysis of the Data


Data analysis and spectrum processing were performed using Excel 2003 and Origin 8.0. All statistical tests were performed using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). The differences among the treatment means were determined using one-way analysis of variance (ANOVA) with the least significant difference (LSD) test. The significance was set at the p < 0.05 level.





3. Results


3.1. C content of Humic-Extracted Acid (CHLE)


As shown in Figure 1, different treatments exhibited different trends at each temperature. Under the incubation temperature of 10 °C, the CHLE from the Glu treatment showed a trend of increasing first and then tending to remain stable and the CHLE in the Cat, Gly and Ms treatments showed an overall trend of increasing first and then decreasing, while the CHLE of the CK control showed a trend of decreasing first and then increasing. Compared with the result at 0 d, the CHLE of all the treatments displayed different degrees of increase after the end of incubation, and the CHLE contents in the CK control, Glu, Cat, Gly and Ms treatments were increased by 4.7%, 45.6%, 37.6%, 15.9%, and 15.1%, respectively, among which the Glu treatment had the most obvious increase, followed by the Cat treatment. At 15 °C, the CHLE of the Glu treatment gradually increased, while the CHLE of the other treatments first increased and then decreased. Compared with the result at 0 d, the CHLE in the CK control and Cat treatment had no significant change after the end of incubation, but the CHLE of the Glu and Ms treatments increased by 53.3% and 31.3%, respectively. The Glu treatment had the most significant effect on CHLE, while the CHLE of the Gly treatment was merely reduced by 2.4%. At 28 °C, the CHLE in the Glu, Cat and Gly treatments showed a trend of increasing first and then decreasing, while the CHLE of the CK control gradually increased, and the CHLE in the Ms treatment showed a trend of decreasing first and then increasing. Compared with the result at 0 d, after the end of incubation, the CHLE contents of the CK control, Glu, Cat and Ms treatments increased by 11.5%, 22.2%, 34.8% and 25.6%, respectively, while the CHLE of the Gly treatment decreased by 4.6%. Thus, it could be determined that the addition of glucose alone and mixed Maillard precursors were both beneficial to increasing the CHLE of the rice straw decomposition material at three temperatures, and the addition of glucose alone yielded the most significant increase in CHLE at the two simulated low temperatures of 10 °C and 15 °C. In contrast, after the end of incubation, the CHLE of the rice straw decomposition material was decreased by 2.4% at 15 °C and 4.6% at 28 °C by the addition of glycine alone.




3.2. Humification Index (CHLA/CFLA Ratio)


The humification index (CHLA/CFLA ratio) is widely accepted as the best index that reflects the degree of compost maturity and polymerization or the degree of condensation of the aromatic nucleus of humus [1,15]. As shown in Figure 2, the CHLA/CFLA ratios of the decomposing material of rice straw in each treatment were different at the three incubation temperatures. Compared with the result at 0 d, the CHLA/CFLA ratio decreased to different degrees after the end of incubation. At 10 °C, the CHLA/CFLA of the Cat, Gly and Ms treatments declined initially and then increased progressively. The CHLA/CFLA ratio of the Glu treatment gradually decreased, while the CHLA/CFLA ratio of the CK control showed a fluctuating decrease. Compared with the result at 0 d, after the end of incubation, the CHLA/CFLA ratios decreased in the following order: Glu (73.8%) > Cat (71.7%) > Ms (59.3%) > Gly (36.7%) > CK (21.9%). At 15 °C, the CHLA/CFLA ratio of the CK control fluctuated, and the CHLA/CFLA ratio of the Glu treatment decreased first and then increased, while the CHLA/CFLA ratios of the Cat, Gly and Ms treatments gradually decreased with incubation. Compared with the result at 0 d, after the completion of incubation, the CHLA/CFLA ratios decreased in the following order: Ms (76.1%) > Gly (67.2%) > Cat (56.4%) > Glu (9.2%), while the CHLA/CFLA ratio of the CK control increased by 42.6%. At 28 °C, the CHLA/CFLA ratios for the CK control and Cat treatment gradually decreased, while the CHLA/CFLA ratios of the Glu, Gly and Ms treatments decreased first and then increased. Compared with the result at 0 d, the descending ranges of the CHLA/CFLA ratio after the end of incubation were as follows: Cat (64.6%) > CK (62.3%) > Ms (35.8%) > Gly (3.6%). In contrast, the CHLA/CFLA ratio of the Glu treatment increased by 14.7%. Under two low temperatures (10 °C and 15 °C), the single precursor or mixed Maillard precursors did not improve the quality of HS, while under incubation at 28 °C, the addition of glucose alone improved the HS quality of the decomposing material of rice straw after incubation. With the addition of glucose alone, different incubation temperatures greatly influenced the HS quality of the decomposing material of rice straw. Under the conditions of 10 °C and 15 °C, the CHLA/CFLA ratios were decreased by 73.8% and 9.2%, respectively, while at 28 °C, the CHLA/CFLA ratio was increased by 14.7%. With the addition of glucose alone, increasing the incubation temperature could gradually improve the polymerization degree and indicate an increase in the structural complexity of HS of the decomposing material of rice straw.




3.3. Atomic Ratio, FTIR Spectra of Humic-like Acid (HLA) and ΔlogK Value of HLA Liquid Sample


The H/C ratio represented the degree of aromatic condensation [16,17]. Based on the results of the elemental analysis presented in Table 1, after incubation at 10 °C and 28 °C, the H/C ratios of HLA molecules in each treatment were all significantly higher than those before incubation, reflecting a decreasing aromatization degree of HLA after the end of incubation [16]. However, at 15 °C, the H/C ratios of HLA molecules in the CK control and Glu treatment were both lower than those before incubation, indicating that more condensed aromatic structures formed in the molecular structure of HLA [16,17]. However, the H/C ratios from the other treatments (Cat, Gly, Ms) were significantly higher than those before incubation. In contrast, the treatments supplemented with Maillard precursors obtained the highest H/C ratio of HLA molecules at an incubation temperature of 10 °C. It was indicated by the above observations that the condensation degree of HLA molecules from the decomposed material of rice straw decreased to different degrees after incubation for 90 days at 10 °C and 28 °C, but the condensation degree of HLA molecules was enhanced under the Glu treatment and CK control at 15 °C. However, the condensation degree of HLA molecules was also reduced to varying degrees at 15 °C following the addition of catechol or glycine alone and a mixture of the three precursors. Additionally, compared with the results at 15 °C and 28 °C, the condensation degree of HLA molecules was the lowest at the incubation temperature of 10 °C, regardless of whether a single precursor or mixed Maillard precursors were used. At three temperatures, compared with the result before incubation, the C/N ratio of the decomposing material of rice straw under each treatment increased to varying degrees after the end of incubation, among which the C/N ratio from each treatment at 28 °C was significantly higher than the result of the other two temperatures. It was indicated in the above observations that after incubation, the amount of N compounds in the HLA molecules decreased; the decreased range was greater in magnitude than the loss of organic C due to mineralization, thus increasing the C/N ratio. Especially at 28 °C, the loss rate of N compounds in the HLA molecules was the highest in each treatment after incubation. The O/C ratio represented the proportion of O-containing functional groups [16]. At three temperatures, based on the addition of a single precursor, compared with the result before incubation, the O/C ratio of the HLA molecules was somewhat reduced after the end of incubation. In contrast, the O/C ratio upon treatment with the mixed Maillard precursors increased significantly at the end of incubation, resulting in an increase in the number of O-containing functional groups in the HLA molecules.



The chemical characteristics of HLA extracted from the decomposing material of rice straw at different incubation temperatures were observed from the FTIR spectra in Figure 3. The spectra were characterized by (a) a broad peak at 3356–3462 cm−1, which represented the O–H stretching vibration from the hydroxyl groups of alcohols, phenols, organic acids, and other easily decomposed substances [2]; (b) the two weak bands at approximately 2922–2960 cm−1 and 2852 cm−1, which were ascribed to the aliphatic C–H stretching of CH3/CH2 groups; (c) a band at 1618–1659 cm−1, which was assigned to the C=C stretching vibration of lignin aromatic rings [9,18]; (d) a weak band at approximately 1510–1599 cm−1, ascribed to the N–H deformation and C=N stretching of amides or to lignin [18,19]; (e) a weak band at approximately 1452–1458 cm−1, assigned to the C–O asymmetric stretching of carboxyl groups [19]; (f) a band at 1385–1396 cm−1, attributed to the stretching vibration of COO- groups [20]; (g) a band observed at 1219–1265 cm−1, which corresponded with the C–O–H deformation and C–O stretching of phenolic compounds [21]; (h) a band at approximately 1045–1126 cm−1, mainly due to the C–O stretching of polysaccharides [19], which was also assigned to the C–O–C stretching vibration in cellulose and hemicellulose [22], implying high proportions of cellulose and hemicellulose.



The common features in the FTIR spectra are summarized in Table 2. Compared with the result at 0 d, the intensity of the absorption peak at 3356–3462 cm−1 of HLA extracted from the decomposing material of rice straw increased at each temperature in the Glu, Cat, Gly and Ms treatments, which showed the following trend: CK > Glu > Cat > Gly > Ms. The ratio of the aliphatic C–H stretching of CH3/CH2 groups (2922–2960 cm−1 and 2852 cm−1) to the C=C stretching vibration of aromatic rings (1618–1659 cm−1) could be expressed as the ratio c/(a + b). Compared with the result at 0 d, the c/(a + b) ratios of the CK control and Glu treatment at 15 °C were both enhanced, and the c/(a + b) ratios of the other treatments (Cat, Gly and Ms) at three temperatures were all decreased to different degrees. It was indicated that the addition of glucose alone enhanced the aromatization degree of HLA molecules at 15 °C; in contrast, the addition of glycine or catechol alone and mixed precursors could be helpful for the decomposition of rice straw and improve the degree of aliphatization at the three temperatures. At these three temperatures, compared with the result at 0 d, the intensity of the absorption peak at 1510–1599 cm−1 from each treatment decreased to different degrees following the completion of incubation. Moreover, based on the same treatment, the higher the incubation temperature, the greater the decreased range of the intensity of the peak at 1510–1599 cm−1. Under the condition of 10 °C, the peak at 1219–1265 cm−1 appeared only in HLA molecules treated with Cat, while at the temperatures of 15 °C and 28 °C, the absorption peak at 1219–1265 cm−1 appeared in all the treatments, and the vibration intensity of this peak under the Cat treatment was the highest among all the treatments. Compared with the result at 0 d, at different temperatures, the intensity of the peak at 1045–1126 cm−1, representing the polysaccharide, cellulose or hemicellulose constituents of HLA molecules in the Glu, Cat, Gly and Ms treatments, decreased to different degrees, indicating that the decomposition of cellulose and hemicellulose in the HLA [18] was accompanied by the consumption of polysaccharides. In addition, with increasing incubation temperature, the consumption of polysaccharides under the same treatment was also enhanced, so the decreased range of polysaccharides was magnified.



The ∆logK value was used in this study to describe the humification degree of HLA extracted from the decomposing material of rice straw. The increase in the humification degree and condensation aromatic structures of HLA corresponded to a decrease in the ∆logK value. As shown in Figure 4, the ∆logK value of the HLA liquid sample increased first and then decreased at three temperatures (10 °C, 15 °C and 28 °C), indicating that the structure of HLA molecules was simple at first, and then tended to become more complicated with incubation. Compared with the result at 0 d, after incubation for 90 d at 10 °C, the ∆logK values of HLA in the CK, Glu, Cat, Gly and Ms treatments were increased by 1.4%, 104.2%, 89.8%, 81.0% and 103.9%, respectively. At 15 °C, the ∆logK values of HLA in the CK control and Glu treatment were decreased by 17.2% and 3.5%, respectively, while the ∆logK values of HLA in the Cat, Gly and Ms treatments increased by 81.1%, 71.6% and 39.3%, respectively. At 28 °C, the ∆logK values of HLA treated with the CK control, Glu, Cat, Gly and Ms treatments were increased by 95.2%, 3.9%, 76.2%, 82.8% and 81.1%, respectively, among which that after treatment with glucose alone increased the most.




3.4. C Content of Humin-like (CHLu)


As shown in Figure 5, the variation in the CHLu content of the decomposing material of rice straw in each treatment was slightly different at three incubation temperatures (10 °C, 15 °C and 28 °C). Under the condition of 10 °C, while the CHLu content under the CK control exhibited an increase first followed by a decrease, the CHLu contents from the other four treatments gradually decreased. Compared with the result at 0 d, after the end of incubation, the CHLu contents of each treatment decreased in the following order: Ms (37.9%) > Glu (27.6%) > Cat (18.8%) > Gly (17.9%) > CK control (10.3%). At 15 °C, the CHLu contents of the CK control and Glu treatment increased first and then decreased, while the CHLu contents from the other three treatments gradually decreased. Compared with the result at 0 d, at the end of incubation, the CHLu contents of each treatment decreased in the following order: Ms (44.7%) > Glu (40.7%) > Gly (31.6%) > Cat (28.1%) > CK control (4.0%). At 28 °C, the contents of CHLu in the CK control and all the treatments showed a gradual decrease. Compared with the result at 0 d, after the end of incubation, the decreased ranges of CHLu content in each treatment were as follows: Cat (69.2%) > Glu (53.0%) > Gly (33.7%) > Ms (25.7%) > CK (19.2%). It could be determined from the above rules that at three temperatures, compared with the CK control, either one precursor or a mixture of three Maillard precursors could more effectively promote the decomposition of CHLu. Under the conditions of 10 °C and 15 °C, the addition of mixed Maillard precursors was more beneficial to the decomposition of CHLu, causing the CHLu content to decrease by 37.9% and 44.7%, respectively, followed by the addition of glucose alone.





4. Discussion


After large-scale rice production, a large amount of rice straw is retained in paddy fields in late autumn and early winter in northern China, which is rich in lignin and difficult to decompose under natural low temperatures. In the past, many reports focused on the research of high-efficiency microbial agents, but these studies used the abiotic condensation of Maillard precursors to contribute to the humification process. In the present study, catechol, glycine and glucose were used as representative phenols, amino acids and sugars, respectively.



The precursors were recognized as the key factors that affect HS formation [13]. The additions of glucose alone and mixed precursors were both beneficial to increasing the CHLE contents of the decomposing material of rice straw at 10 °C, 15 °C and 28 °C, especially at two low temperatures (10 °C and 15 °C), among which glucose alone yielded the most significant improvement of CHLE, enabling the CHLE content to increase by 45.6% at 10 °C and 53.3% at 15 °C, respectively, values which were significantly higher than the results from the other treatments at the same temperature. In contrast, after incubation, the CHLE contents were decreased by 2.4% at 15 °C and 4.6% at 28 °C following the addition of glycine alone. This was consistent with the conclusion that amino acids were gradually consumed to form HS, but exhibited a negative relationship with HS formation [13]. The carboxyl C and especially alkyl C contents of glycine were incorporated into the humic polycondensates, which was the main mechanism of its combination with phenols to form HS. The synthesis of CHLE might be affected to a certain extent by the addition of glycine alone when exogenous phenols are missing [23]. The stable supply of glucose could enhance humification by indirectly providing microbial carbon sources, contributing to the formation of HS and the production of CHLE [24]. Phenol, carboxyl, reducing sugars and amino acids are the main functional groups used for precursor formation during humification [9]. Therefore, adding more precursors might promote the maturity of rice straw composting and enhance its CHLE content [13].



At temperatures of 10 °C and 15 °C, neither the sole precursor nor mixed Maillard precursors promoted the conversion of FLA to HLA or effectively improved the quality of HS, while at 28 °C, the addition of glucose alone improved the HS quality after incubation, increasing the CHLA/CFLA ratio by 14.7%. Therefore, the microorganisms were the crucial promoters of HS formation, and the quality of HS could be effectively improved by a sufficient supply of carbon (glucose) at a suitable temperature (28 °C) [25].



Only under the condition of 15 °C was the addition of glucose alone more conducive to improving the condensation degree of HLA molecules, while at 10 °C and 28 °C, the condensation degrees of HLA molecules from the decomposed material of rice straw decreased to different degrees after incubation for 90 d. Additionally, compared with the results observed at 15 °C and 28 °C, the condensation degree of HLA molecules was the lowest at the incubation temperature of 10 °C, regardless of whether a single precursor or mixed Maillard precursors were used. The condensation degree of HLA molecules was related to the balance of mineralization and humification during the decomposition of rice straw. A lower temperature (10 °C) was not conducive to humification, while a higher temperature (28 °C) could promote mineralization to a certain extent. Therefore, at 15 °C, humification was slightly more prevalent than mineralization, resulting in an increase in the condensation degree of HLA molecules [26]. Compared to biotic processes, the structure of HLA showed that the HS formed by abiotic processes was more complex and more quickly generated [25]. The main reason for this was that mineralization and humification simultaneously existed in the biotic process, which was sensitive to temperature.



The amount of N compounds in the HLA molecules decreased to varying degrees after incubation, especially at 28 °C, and the loss rate of N compounds was the highest in each treatment. As Zhang et al. reported [27], composting could result in the loss of substantial quantities of nitrogen (N). N loss is generally caused by the denitrification of NH4+–N in the form of volatilization [28]. The incubation temperature could affect and reflect the microbial activity, decomposition rate, and degree of humification of the compost product, and the increase in temperature possibly enhanced ammonia volatilization [27]. Furthermore, the higher temperature (e.g., 28 °C) might trigger the Maillard reaction, causing more proteins to be consumed [29]. The contents of O-containing functional groups of HLA molecules decreased after incubation with the addition of the sole precursor, indicating that the contents of O-alkyl and carboxylic acid functional groups in HLA decreased with incubation [16]. In contrast, the mixed precursors could result in an increase in the number of O-containing functional groups. Jointly adding exogenous precursors might promote the humification process during the decomposition of rice straw [13]. Furthermore, the slight increase in O-alkyl groups in HLA possibly occurred because the microorganisms preferentially utilized these mixed precursors, according to the preferential substrate use theory [30]. The increase in O-alkyl groups suggests that some of the undecomposed precursors might have been incorporated into HLA through hydrogen bonding [31]. When a single precursor was provided, it could not meet the needs of the microorganisms in order to decrease the contents of the O-containing functional groups in HLA molecules.



The hydroxyl content of HLA molecules was increased because of the addition of MnO2 and other easily decomposed substances [2], and the effects of glucose, catechol or glycine alone were higher than that of their mixed solution. Lignin was proposed to be the main contributor to aromatic C [32]. The amount of N compounds in the HLA molecules could be decreased to various degrees and was accompanied by lignin degradation after the completion of incubation, and the decreased range was larger for higher incubation temperatures [2]. The microbial activities affected by temperature indeed caused structural differences in HLA during HS formation [25]. The peaks at 1452–1458 cm−1 and 1385–1396 cm−1 were related to the carboxyl groups. In view of this, the two peaks were combined and expressed as the sum of d and e (d + e) to determine and evaluate the carboxyl content of each treatment. Compared with the result before the incubation, the d + e of the Glu, Cat and Gly treatments decreased to different degrees after the completion of incubation. In contrast, d + e increased to varying degrees in the Ms treatment. In addition, the order of d + e was Ms > Gly > Cat > Glu > CK at all incubation temperatures. As an important intermediate product derived from the process of HS formation, carboxyl groups play an important role in increasing the aliphatic compounds and unsaturation degree of HS [9]. The addition of glucose, catechol or glycine alone could result in a decrease in the carboxyl groups in the HLA molecules after incubation; in contrast, the mixed addition of these precursors could increase the number of carboxyl groups in HLA molecules after incubation. The significant increase in the carboxyl C of HLA might be related to the oxidation of lignin side chains, aromatic rings and polysaccharides and the accumulation of fatty acids during rice straw degradation [33]. The increase in the carboxylic (COOH and COO−) groups indicated a high degree of oxidation [34], so the rule was consistent with the change in O-containing functional groups in the HLA molecules during the decomposition of rice straw. Polyphenols are described in the lignin/phenol–protein theory, and the Maillard reaction is one of the most important precursors of HS [35]. Under the condition of 10 °C, the disappearance of the peak at 1219–1265 cm−1 under all treatments, except for the Cat treatment, might be attributed to the aerobic degradation of lignin by microbial inoculum via dehydration, demethylation, or cleavage of the β-O-4 bond, indicating that Maillard precursors could stimulate microbial activity, and in turn accelerate the decomposition of rice straw. The appearance of polyphenols in the HLA molecules might be caused by the degradation of cellulose and hemicellulose derived from the decomposition of rice straw and the exogenous addition of catechol [36]. Polyphenols might significantly promote the aromaticity of HS, leading to the more stable and recalcitrant structure of HS [37]. Increasing catechol could contribute to the increase in the degree of unsaturation in HLA [7], and the increase in its concentration was also capable of introducing more N-containing substances into HLA, which further accelerated the darkening effect of humification. Increasing the catechol content directly enriched the unsaturated bonds of HLA, suggesting that catechol provided the molecular C skeleton for precursors to generate complicated organic macromolecules of HLA [7]. As a major contributor to the formation of HS [15], polysaccharides are derived from the degradation of lignin, cellulose and hemicellulose [38] and can be utilized as a primary energy and C source by microbes. With the decomposition of rice straw, the polysaccharide content decreased to different degrees with the addition of a single precursor or mixed precursors. This could be attributed to the preferential degradation of polysaccharides used for the energy requirements of the microorganisms and the enhancement of microbial activity by the suitable incubation temperature [19]. Cáceres et al. [39] mentioned that an increase in temperature might contribute to the rapid decomposition of easily degradable organic matter. Microbial activity was controlled by C availability and other specific factors, including temperature. The enzyme activity was limited by low temperature, and substrates were sufficiently available. With increasing temperature, the substrates would be consumed more quickly and become exhausted [40]. The decomposition of polysaccharides in HLA was more temperature-sensitive [41]. Valmaseda et al. [42] found that the decomposition of wheat straw by ligninolytic fungi consisted of an initial colonization stage of consumption of free sugars and a subsequent degradation stage of catabolizing the polysaccharides and lignin.



Microbial metabolism is crucial in complicating HLA structures [25]. Under each temperature, the molecular structure of HLA was simplified initially and then gradually became complicated. The synthetic function of core bacteria to improve HS humification might be more prominent in the later stage of composting [43]. However, despite the observation that the molecular structure of HLA became complicated when glucose alone and the CK control were added and the treatments were carried out separately at 15 °C, the remaining structures of the HLA molecules under other treatments eventually became simpler. At 28 °C, although all the treatments simplified the molecular structure of HLA, the addition of glucose alone alleviated the degree of simplification of the HLA molecular structure to a certain extent.



In addition, carbon transformation related to HS formation was also involved in microbial energy transformation [44]. According to Qi et al. [45], the molecular weight and degree of polymerization in HLu were greater than those in HLA and FLA, indicating the higher stability and long-lasting impacts of HLu. At the three temperatures, compared with the CK control, either the sole precursor or a mixture of the three precursors could more effectively promote the decomposition of CHLu. As a major and non-reactive component of HS, the decomposition of HLu was more conducive to improving the generation of reactive HS. Under the conditions of 10 °C and 15 °C, the addition of mixed precursors was more beneficial to the decomposition of CHLu, causing the CHLu content to decrease by 37.9% and 44.7%, respectively, followed by the addition of glucose alone. Normally, these precursors are mainly formed by organic matter degradation and microbial polymerization [46]. However, in this experiment, exogenous precursors were added to further promote the progress of the decomposition reaction and, to some extent, compensated for the adverse effects of low temperature on the decomposition reaction.




5. Conclusions







	(1)

	
The additions of glucose alone and mixed precursors were both beneficial to increase the CHLE content at three tested temperatures, especially at two low temperatures (10 °C and 15 °C), and glucose alone enabled the most significant improvement of CHLE. In contrast, following the addition of glycine alone, the CHLE content decreased by 2.4% at 15 °C and 4.6% at 28 °C after incubation.




	(2)

	
The use of glucose as the sole precursor was more beneficial to improving the quality of HS at 28 °C, but only enhanced the condensation degree of HLA molecules at 15 °C. Compared with the results at 15 °C and 28 °C, the HLA molecules had the lowest condensation degree at 10 °C, regardless of whether a single precursor or mixed Maillard precursors were used.




	(3)

	
After incubation, the amount of N compounds in the HLA molecules decreased to varying degrees, especially at 28 °C. The O-containing functional groups, such as carboxyl groups, from HLA molecules decreased following the addition of a single precursor, while the mixed precursors could result in an increase in O-containing functional groups. Increasing the catechol content directly enriched the unsaturated bonds of HLA. With the decomposition of rice straw, regardless of how the precursors were added, the polysaccharide content decreased to different degrees. The decomposition of polysaccharides in HLA was more temperature-sensitive, and an increase in temperature might encourage more polysaccharide consumption. Under each temperature, the molecular structure of HLA was simplified initially and then gradually became more complex. Finally, the addition of glucose alone at 15 °C was more favorable for the complexity of HLA molecules, while at 28 °C, it could only alleviate the degree of simplification of the HLA molecular structure to a certain extent.




	(4)

	
At the three tested temperatures, compared with the CK control, either one precursor or a mixture of three precursors could more effectively promote the decomposition of CHLu. Under the conditions of 10 °C and 15 °C, the addition of mixed precursors was more beneficial to the decomposition of CHLu, causing the CHLu content to decrease by 37.9% and 44.7%, respectively, followed by the addition of glucose alone.
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Figure 1. Effect of Maillard reaction precursors on CHLE extracted from the decomposing material of rice straw at three incubation temperatures. Note: significant difference in the different treatments with the same number of incubation days is indicated by different capital letters, and significant difference in the different incubation days under the same treatment is expressed by different lowercase letters. (a) Incubated at 10 °C; (b) incubated at 15 °C; (c) incubated at 28 °C. 
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Figure 2. Effect of Maillard reaction precursors on the CHLA/CFLA ratio of the decomposing material of rice straw at three incubation temperatures. (a) Incubated at 10 °C; (b) incubated at 15 °C; (c) incubated at 28 °C. 
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Figure 3. FTIR spectra of HLA extracted from the decomposing material of rice straw at different incubation temperatures: (a) 0 days before the incubation; (b) incubated at 10 °C for 90 days; (c) incubated at 15 °C for 90 days; (d) incubated at 28 °C for 90 days. 
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Figure 4. ∆logK value of humic-like acid liquid sample from the decomposing material of rice straw at different incubation temperatures. (a) Incubated at 10 °C; (b) incubated at 15 °C; (c) incubated at 28 °C. 
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Figure 5. Effect of Maillard reaction precursors on CHLu extracted from the decomposing material of rice straw at different incubation temperatures. Note: significant difference in the different treatments with the same number of incubation days is indicated by different capital letters, and significant difference in the different incubation days under the same treatment is expressed by different lowercase letters. (a) Incubated at 10 °C; (b) incubated at 15 °C; (c) incubated at 28 °C. 
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Table 1. Atomic ratio of HLA extracted from the decomposing material of rice straw at different incubation temperatures.
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Treatments

	
H/C Ratio

	
C/N Ratio

	
O/C Ratio






	
0 days before the incubation

	
CK

	
1.54 ± 0.02 c

	
9.4 ± 0.1 c

	
0.71 ± 0.02 a




	
Glu

	
1.60 ± 0.01 c

	
8.5 ± 0.1 c

	
0.53 ± 0.01 a




	
Cat

	
1.59 ± 0.02 d

	
11.3 ± 0.3 d

	
0.69 ± 0.02 a




	
Gly

	
1.52 ± 0.02 c

	
5.8 ± 0.1 d

	
0.62 ± 0.02 a




	
Ms

	
1.59 ± 0.03 d

	
8.8 ± 0.2 c

	
0.55 ± 0.01 c




	
Incubated at 10 °C for 90 days

	
CK

	
1.57 ± 0.02 b

	
9.6 ± 0.1 b

	
0.64 ± 0.03 b




	
Glu

	
1.89 ± 0.04 a

	
12.7 ± 0.3 b

	
0.48 ± 0.01 c




	
Cat

	
1.72 ± 0.03 a

	
11.6 ± 0.5 c

	
0.56 ± 0.02 b




	
Gly

	
1.68 ± 0.02 a

	
10.8 ± 0.2 c

	
0.48 ± 0.01 c




	
Ms

	
1.86 ± 0.03 a

	
12.2 ± 0.5 b

	
0.60 ± 0.02 a




	
Incubated at 15 °C for 90 days

	
CK

	
1.47 ± 0.01 d

	
9.6 ± 0.1 b

	
0.58 ± 0.03 d




	
Glu

	
1.58 ± 0.02 d

	
13.4 ± 0.4 a

	
0.52 ± 0.01 b




	
Cat

	
1.69 ± 0.03 b

	
12.1 ± 0.1 b

	
0.55 ± 0.02 b




	
Gly

	
1.68 ± 0.02 a

	
13.0 ± 0.3 b

	
0.48 ± 0.01 c




	
Ms

	
1.63 ± 0.01 c

	
12.3 ± 0.2 b

	
0.58 ± 0.02 b




	
Incubated at 28 °C for 90 days

	
CK

	
1.82 ± 0.05 a

	
9.8 ± 0.1 a

	
0.61 ± 0.03 c




	
Glu

	
1.63 ± 0.02 b

	
13.4 ± 0.2 a

	
0.51 ± 0.02 b




	
Cat

	
1.66 ± 0.02 c

	
13.7 ± 0.3 a

	
0.46 ± 0.01 c




	
Gly

	
1.58 ± 0.01 b

	
14.9 ± 0.4 a

	
0.51 ± 0.01 b




	
Ms

	
1.67 ± 0.04 b

	
13.2 ± 0.2 a

	
0.60 ± 0.02 a








Note: Values are expressed as the mean ± standard error (n = 3), and different lowercase letters indicate a significant difference among different incubation temperatures based on the same treatment.
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Table 2. FTIR relative intensities (% of total area) for the HLA extracted from the decomposing material.






Table 2. FTIR relative intensities (% of total area) for the HLA extracted from the decomposing material.





	

	
Treatments

	
3356–3462

	
2922–2960 a

	
2852 b

	
1618–1659 c

	
1510–1599

	
1452–1458 d

	
1385–1396 e

	
1219–1265

	
1045–1126

	
c/(a + b)

	
d + e






	
0 days before the incubation

	
CK

	
76.9

	
1.8

	
0

	
13.9

	
1.3

	
0.8

	
0

	
0

	
5.3

	
7.8

	
0.8




	
Glu

	
71.5

	
1.9

	
0

	
14.4

	
3.7

	
1.5

	
0.8

	
0

	
6.2

	
7.6

	
2.3




	
Cat

	
68.4

	
2.2

	
0

	
15.9

	
4.8

	
3.3

	
0

	
0

	
5.4

	
7.2

	
3.3




	
Gly

	
66.8

	
2.6

	
0

	
15.8

	
3.6

	
1.1

	
5.0

	
0

	
5.1

	
6.1

	
6.1




	
Ms

	
60.6

	
3.3

	
0

	
18.7

	
5.0

	
2.3

	
4.3

	
0

	
5.8

	
5.7

	
6.6




	
Incubated at 10 °C for 90 days

	
CK

	
77.6

	
1.5

	
0.3

	
13.7

	
1.3

	
0.8

	
0

	
0

	
4.8

	
7.6

	
0.8




	
Glu

	
73.5

	
1.9

	
0.4

	
14.3

	
2.4

	
1.8

	
0

	
0

	
5.7

	
6.2

	
1.8




	
Cat

	
73.3

	
1.9

	
0.2

	
11.8

	
2.5

	
1.6

	
1.4

	
2.1

	
5.2

	
5.6

	
3.0




	
Gly

	
72.8

	
2.5

	
0

	
12.6

	
2.9

	
2.2

	
2.3

	
0

	
4.7

	
5.0

	
4.5




	
Ms

	
68.6

	
3.1

	
0.1

	
13.0

	
2.7

	
3.3

	
4.4

	
0

	
4.8

	
4.2

	
7.7




	
Incubated at 15 °C for 90 days

	
CK

	
75.2

	
1.4

	
0.4

	
15.1

	
1.3

	
0.4

	
0.6

	
0.7

	
4.9

	
8.4

	
1.0




	
Glu

	
73.1

	
1.9

	
0.1

	
16.3

	
1.2

	
0.5

	
1.1

	
0.7

	
5.1

	
8.2

	
1.6




	
Cat

	
72.8

	
2.3

	
0.1

	
14.8

	
1.4

	
0.4

	
1.4

	
1.6

	
5.2

	
6.2

	
1.8




	
Gly

	
71.9

	
2.6

	
0.2

	
13.3

	
1.8

	
0.5

	
4.0

	
1.4

	
4.3

	
4.8

	
4.5




	
Ms

	
70.1

	
2.7

	
0.1

	
13.5

	
1.6

	
1.5

	
5.5

	
0.4

	
4.6

	
4.8

	
7.0




	
Incubated at 28 °C for 90 days

	
CK

	
77.9

	
1.7

	
0

	
12.2

	
1.2

	
0.2

	
1.2

	
0.3

	
5.3

	
7.2

	
1.4




	
Glu

	
77.3

	
2.1

	
0.1

	
14.2

	
0.6

	
0.6

	
1.3

	
0.8

	
3.0

	
6.5

	
1.9




	
Cat

	
73.9

	
2.7

	
0

	
14.3

	
0.4

	
0.9

	
2.0

	
1.4

	
4.4

	
5.3

	
2.9




	
Gly

	
71.5

	
4.1

	
0

	
14.2

	
0.7

	
2.9

	
1.9

	
1.0

	
3.7

	
3.5

	
4.8




	
Ms

	
64.1

	
4.3

	
0

	
16.0

	
0.6

	
3.9

	
5.7

	
1.0

	
4.4

	
3.7

	
9.6








Note: The intensity of each absorption peak is represented by the right superscript a, b, c, d, e, respectively. The ratio of aromatic C/aliphatic C in HLA molecules extracted from the decomposing material of rice straw is represented by c/(a + b), and the sum of d and e (d + e) was used to compare the contents of carboxyl groups in HLA molecules among the different treatments.
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