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The study aimed to compare the differences in organic fractions transformation, humus components and bacterial community dynamics during manure composting from different sources, and to identify the key biotic and abiotic factors driving the humification process. Five types of manure [pig manure (PM), cow dung (CD), sheep manure (SM), chicken manure (CM), and duck manure (DM)] were used as raw materials for 30 days composting. The results showed the obvious difference of organic fractions decomposition with more cellulose degradation in CD and SM composting and more hemicellulose degradation in PM and CM composting. Composting of PM and CD contained significantly higher humus fractions than the other composts. Fluorescence spectra indicated that SM composting tended to form structurally stable humic acid fractions, while CM and DM tended to form structurally complex fulvic acid fractions. Pearson correlation analysis showed that humification process of composts in category A (PM, CD) with higher humification degree than category B (SM, CM, and DM) was positively correlated with lignin and hemicellulose degradation. Bioinformatics analysis found that Lysinibacillus promoted the degradation of hemicellulose and the conversion of fulvic to humic acid in the composts of category A, and in category B, Thermobifida, Lactobacillus, and Ureibacillus were key genera for humic acid formation. Network analysis indicated that bacterial interaction patterns had obvious differences in composting with different humus and humification levels.
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1. Introduction

With the development of economy in China and the increasing demand for meat, the livestock and poultry farming industry is developing rapidly, and the accompanying environmental pollution from livestock and poultry manure is becoming increasingly serious (Sun et al., 2012). Untreated animal manure generally contains many pathogenic bacteria, parasitic eggs, and breeding flies, which may cause infectious diseases of human and animal. On the other hand, it is estimated that 3.8 billion tons of livestock and poultry manure are produced per year in China, which can provide about 53 million tons of nitrogen, phosphorus and potassium, accounting for 89% of the total amount of chemical fertilizer applied in China (Zhang et al., 2023). Therefore, recycling the nutrients from manure into the soil is a crucial way to replace chemical fertilizer, which is beneficial for the green development of agriculture.

Aerobic composting is a biochemical process mediated by microbes and a way of resource utilization and harmless disposal of livestock and poultry manure, which produces a mature compost fertilizer or a soil conditioner based on the transformation of organic matter (e.g., cellulose and lignin, etc.) to humus (Wang et al., 2021; Wei et al., 2022). Humus as the stable organic matter is important for the quality of compost products, which mainly includes fluvic acid (FA), humic acid (HA) and humin (Schellekens et al., 2017; Xu et al., 2022). Many studies have shown that the decomposition of lignocellulose produced polyphenols, quinones, polysaccharides or reducing sugars, and these organic intermediates could be directly utilized by microorganisms or participate in humus formation (Wang et al., 2022). It is reported that the conversion and humification of organic components from diverse raw materials are quite complex and different (Gao et al., 2015), and most of the researches focused on the composting using a single kind of manure as raw material (Ma et al., 2022; Zhang et al., 2022). The comparative research for the composting from different livestock and poultry manure is rarely reported. In-depth research on understanding the diverse forming regular of humus in manure composting from different sources will be beneficial for optimizing raw material formula and improving the quality of composts.

The humification process is closely related to the dynamic action of complex microbial community in composting (Albrecht et al., 2010). Studies have shown that Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes are the dominant phyla in a variety of manure composting processes, which may contribute to humus formation and organics stabilization (Zhang et al., 2021). It is reported that most of the microorganisms involved in polysaccharide hydrolysis and lignocellulose degradation could provide the main precursors for humus formation (Wang et al., 2023). Humus formation is affected by multiple metabolisms of microbial communities, such as citrate-cycle, pentose phosphate pathway, pyruvate metabolism, etc. (Yang et al., 2023) and potentially regulated by microbial community succession and interaction (Zhan et al., 2023). In recent years, network analysis among microbial species and physicochemical properties has become an important approach to determine the role of microorganisms in composting (Yu et al., 2023), which is widely used to understand the interaction of microbial community, the release of metabolites, cellulose degradation, and humus synthesis (Zheng et al., 2021). However, few reports were about the relationship between bacterial communities, organics conversion, and humification in diverse manure composting.

The aim of this study was to: (1) investigate the organic fractions conversion patterns in manure composting from five different sources, (2) assess the changes in humus fractions of different manure composts, (3) compare the dynamics of bacterial community composition and interaction, and (4) identify the correlations between humification indicators and key microorganisms in different manure composts. This study will provide a theoretical basis for further optimizing organics conversion and improving humification efficiency for manure composting.



2. Materials and methods


2.1. Composting experimental design

Five kinds of manure were prepared for composting as raw materials, including pig manure, cow manure, sheep manure, chicken manure and duck manure. Pig manure and cow manure were collected from a farm in Huzhou City, Zhejiang Province; sheep manure was taken from a sheep breeding center in Suzhou City, Jiangsu Province; chicken manure and duck manure were taken from a poultry farm in Jiangsu Province. Sawdust was used to regulate the ratio of carbon to nitrogen (C/N), which was purchased from a wood processing plant in Suzhou City. The basic characteristics of raw materials were provided in Supplementary Table S1. Pig manure, cow dung, sheep manure, chicken manure and duck manure were mixed with sawdust at a ratio of 4:1 (m:m, fresh weight) for composting, and the five treatments were recorded as PM, CD, SM, CM, and DM, respectively. Composting with 3 repetitions for each treatment was performed for 30 days in a 10 L reactor as described by Zhan et al. (2021) and ~ 8 kg fresh weight of raw material was composted in the reactor. The aeration rate was set at 0.2 L kg·DM−1·min−1 (aeration 30 min and stop 30 min), and deionized water was added during composting to maintain the moisture of the piles at about 60%. The samples (about 100 g) were collected on day 0, 4, 10, 20, and 30, and were stored at −20°C.



2.2. Analysis for physicochemical properties

Temperatures data were collected by a digital thermometer each day. Germination Index (GI), pH, and electrical conductivity (EC) were measured according to China’s standard for organic fertilizer (NY/T 525-2021). Total organic carbon (TOC) and total nitrogen (TN) were determined by an elemental analyzer (Elementar vario MACRO cube, Germany). The contents of ammonium nitrogen and nitrate nitrogen were determined by a continuous flow analyzer. The content of lignocellulose fractions (cellulose, hemicellulose, and lignin) was determined according to Van Soest et al. (1991).



2.3. Extraction and determination of humus fractions

Humus fractions were isolated and extracted as described by Zhao et al. (2020), which were divided into humic acid (HA) and fulvic acid (FA). The carbon and nitrogen content of HA and FA were determined by an elemental analyzer (Elementar vario MACRO cube, Germany). Three-dimensional fluorescence spectra of HA and FA were analyzed with a fluorescence spectrophotometer (F-7000, Hitachi Japan). The excitation-emission matrix (EEM) fluorescence data were analyzed according to Wei et al. (2007) and the interference of Rayleigh and Raman scattering was removed according to Bahram et al. (2006).



2.4. Bacterial community analysis

The extraction of DNA from compost samples was conducted based on the FastDNA spin Kit for soil (MP, Biomedicals, Santa Ana, Carlsbad, CA, United States). Primers for 16S rRNA gene amplification were the universal primers 515F (5′-GTGCCAGCMGC CGCGGTAA-3′) and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′) fused with a 12 nt unique barcode (Wang et al., 2020). Purified PCR products were sequenced using the Illumina Hiseq platform. Low-quality sequences were removed and OTUs were classified by QIIME as previously described by Zhan et al. (2021). The sequences were submitted to the NCBI (PRJNA730304). The “Vegan” package in R 3.1.2 was used to compare the microbial composition based on the Bray-Curtis distance and alpha diversity index (Chao1 index, Shannon index) was calculated according to Wang et al. (2021).



2.5. Statistical analysis

IBM SPSS (Version 22.0, United States) was used to analyze physicochemical data for estimating the statistical significance at a confidence level of p < 0.05 and the data was shown as the means of triplicates based on Origin (Version 2021, United States) software. Gephi 0.9.2 was used to visualize bacterial correlation networks at genus level.




3. Results and discussion


3.1. Changes of physicochemical properties and maturity indexes of manure compost from different sources

The change trend of temperature in five treatments was consistent during composting (Supplementary Figure S1). The temperature of PM and CD was significantly higher than that of other treatments at day 17–23. The duration time of temperature > 50°C in the five groups exceeded 7 days, which met the requirement of killing pathogens in composting (Wang et al., 2020). The EC of the five groups all was below 4 ms/cm at the end of composting, meeting the criteria for mature composts (Supplementary Figure S1) (Bernal et al., 2009). The initial pH values of PM, SM, CM, and DM were weakly alkaline, ranging from 8.16 to 9.05, however, CD was close to neutral at 7.28. After the 4th day, the pH of all composts gradually stabilized at about 9 (Figure 1A).
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FIGURE 1
 The changes of pH (A), total nitrogen (TN) (B), ammonium nitrogen (C), nitrate nitrogen (D), the ratio of carbon to nitrogen (C/N) (E), and germination index (GI) (F), in manure composting from different sources. PM, pig manure composting; CD, cow dung composting; SM, sheep manure composting; CM, chicken manure composting; DM, duck manure composting.


TN of all composts showed an increasing trend (Figure 1B) and the initial TN content of PM was the highest (3.22%). After 30 days of composting, TN of five treatments (PM, CD, SM, CM, and DM) increased by 0.41, 0.40, 0.20, 0.35 and 0.59%, respectively. The increase of TN was related to the greater degradation rate of organic carbon than the loss rate of nitrogen, leading to the concentration of nitrogen (Zheng et al., 2021). At the end of composting, the ammonium nitrogen content of PM, SM and DM decreased by 23.04, 4.36 and 53.87%, respectively, while the ammonium nitrogen content of CD and CM increased by 0.22 and 1.64%, respectively (Figure 1C). It was reported that the high-temperature alkaline environment led more ammonium nitrogen loss by promoting the conversion of NH4+−N to NH3 (Liu et al., 2023). It may be also affected by the rapid growth and propagation of ammonia-oxidizing bacteria to promote the decomposition of nitrogen-containing organics in compost (Wang et al., 2013). The content of nitrate nitrogen in the five treatments was decreased during composting (Figure 1D). The nitrate nitrogen of SM, CM, and DM decreased firstly and then increased at the maturity stage of composting, indicating that the activity of nitrifying bacteria might increase and NH4+−N was converted to NO3−−N through nitrification as the decrease of ammonium nitrogen after day 20 (Figure 1C) (Xu et al., 2022).

The C/N related to the decomposition of organic matter by microorganisms and GI reflecting the toxic effect of composts on plants, are always regarded as maturity index for composting (Bernal et al., 2009). The C/N ratio of the five treatments basically showed a downward trend (Figure 1E) and the C/N ratio of PM, CD, SM, CM, and DM decreased by 4.33, 6.49, 6.02, 5.87, and 5.01 at the end of composting compared to the initial stage. The C/N of CD and SM decreased more compared to other groups, which indicated that the organic matter decomposition of cow manure and sheep manure was faster. The GI of all treatments showed an increasing trend (Figure 1F). As for the samples from 0 d of composting, GI decreased as the following: CD > SM > DM > CM > PM, which might be related to the less toxic to seeds of plant-derived waste (cattle and sheep are mainly herbivorous) (Li et al., 2023). After day 10 of composting and until the end of composting, GI in all the treatments was above 70%, suggesting that the compost products were completely decomposed and had no toxicity to plants (Wang et al., 2020). On day 30, GI decreased as the following trend: CD > SM > PM > CM > DM. Compared to the GI of the initial stage, it could be found that PM had a more obvious increase of maturity level compared to other composts during composting.



3.2. Organics degradation of manure compost from different sources

The degradation of total organic matter is always synchronous with the change of TOC, and it can be found that the TOC content of five treatments showed a decreasing trend (Figure 2A). After 30 days composting, the TOC content of PM, CM, SM, CD, and CM decreased by 11.38, 5.56, 3.09, 7.53, and 3.67%, respectively. The organics degradation of PM and CM was higher than other composts, which was related to the rich protein, lipids and low molecular weight organic acids in pig manure and chicken manure (Kong et al., 2022).
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FIGURE 2
 Changes of total organic carbon (TOC) (A), lignin (B), cellulose (C), and hemicellulose (D), content in manure composting from different sources. PM, pig manure composting; CD, cow dung composting; SM, sheep manure composting; CM, chicken manure composting; DM, duck manure composting.


Considering that lignocellulosic fractions, as recalcitrant organic fractions, had a high proportion in animal manure, the changes of cellulose, hemicellulose, and lignin in composting of five groups were compared as shown in Figure 2. The ratio of lignin in dry matter was increased during composting due to the concentration effect as the difficulty of lignin degradation (Tuomela et al., 2000). After 30 days of composting, the cellulose content of PM, CD, SM, CM, and DM decreased by 1.99, 11.25, 7.84, 0.83, and 0.82%, respectively, and the degradation of cellulose in CD and SM was significantly higher than other composts (p < 0.05) (Figure 2C). Compared with other groups, the cellulose in composting from cow manure and sheep manure was more easily to be degraded. At the end of composting, the hemicellulose content of PM, CD, SM, and CM decreased by 12.35, 8.51, 7.46, and 3.38%, respectively, and the degradation of hemicellulose in PM was significantly higher than other composts (p < 0.05), while the ratio of hemicellulose in dry matter of DM increased by 2.46% (Figure 2D). Ghanney et al. (2023) found that when the initial content of hemicellulose in the compost was higher than that of cellulose, hemicellulose was more likely to be degraded than cellulose and lignin. The above results showed that the degradation of cellulose in composting from cow manure and sheep manure was obvious and the degradation of hemicellulose in composting from pig manure and chicken manure was prominent, indicating that the degradation of organic components might be related to its initial content.



3.3. Changes of humification index of manure compost from different sources

The content of HA and FA based on carbon level were analyzed to compare the humification process and humification index of manure composting from five sources, and nitrogen content of HA and FA was also investigated. Based on carbon (C) element, the HA-C content of PM, CD, and SM showed a gradual upward trend during composting and the HA-C of CM and DM was fluctuant (Figure 3A). The slight decrease of HA-C during composting may be related to the decomposition of simple components in HA-C by microorganism (Wei et al., 2007). As FA, an unstable humus fraction, is easy to be decomposed and utilized by microorganism (Wang et al., 2022), the C content of FA in all manure composting decreased obviously (Figure 3B). The C content of HA and FA in composting from pig manure and cow dung was significantly higher than that in other manure composts, similar to previous reports (Liu et al., 2022). The HA-C/TOC and HA-C/FA-C indices can reflect the maturity and humification degree of composts and the conversion of organic matter to humus (Kong et al., 2022). The HA-C/TOC of each treatment basically showed an increasing trend (Figure 3E). During composting, the HA-C/TOC of PM and CD was higher than that of other treatments, while the HA-C/TOC of SM had the least increase after composting. This was attributed to the fact that TOC of PM and CD might be easier to be broken down and converted into HA-C, and SM was rich in lignocellulose with a lower mineralization rate of organic matter (Li et al., 2023). In addition, at the end of composting, the HA-C/FA-C of five treatments increased by 0.59 ~ 3.09 (Figure 3G), indicating that the structure of humus became more complex at the end of aerobic composting, and this change was particularly obvious in the compost of sheep manure, chicken manure and duck manure.
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FIGURE 3
 Changes of HA-C (A), HA-N (B), FA-C (C), FA-N (D), HAC/TOC (E), HA-N/TN (F), HA-C/FA-C (G), and HA-N/FA-N (H), during manure composting from different sources. HA, humic acid; FA, fulvic acid; C, carbon; N, nitrogen; TOC, total organic carbon. PM, pig manure composting; CD, cow dung composting; SM, sheep manure composting; CM, chicken manure composting; DM, duck manure composting.


The change of nitrogen (N) content of HA among the five treatments was different (Figure 3B). The HA-N of PM and CD decreased firstly and then stabilized. However, the HA-N of SM, CM and DM showed a floating upward trend. Compared with day 0, the HA-N of PM and CD at the end of composting decreased by 14.62 and 20.29%, respectively, which was mainly decomposed at the early stage of composting. The HA-N of SM, CM and DM increased by 13.84–36.76% after composting and the HA-N content of DM increased more than other groups, suggesting that more nitrogen-containing precursors such as amino acids were involved in the formation of HA in DM composting (Zhang et al., 2018). The N in FA was ranged from 5.0 mg/g to 30.2 mg/g in diverse manure composting, which was relative stable in composting except CM with a significant increase (Figure 3D). At the end of composting, HA-N/TN decreased by 24.26, 35.85, and 5.27% for PM, CD, and CM, respectively, and HA-N/FA-N also decreased during composting (Figures 3F,H), while there was no significant change in HA-N/TN and HA-N/FA-N of SM and DM. Besides, the C/N in HA was higher than that in FA in different manure composting, suggesting that FA might be seen as the carrier for N to enhance the N reservation in composting (Ma et al., 2022). Based on the above results, it was found that N of humus in composting of pig manure, cow manure and chicken manure was easy to be transformed and utilized by microorganisms (Wei et al., 2007), but N of humus in SM and DM might be used as a potential N pool for reducing N loss as the humification process of composting.

Based on the three-dimensional fluorescence spectroscopy, HA was divided into four parallel factor components (C1 ~ C4, with progressively more complex structures), and FA was divided into three parallel factor components (C1 ~ C3) (Supplementary Figure S2). In the distribution of HA fractions, PM, CD and SM had lower C1 fractions of 4.16–14.89%, while CM and DM had higher C1 fractions of 16.25–20.92%. DM had the largest decrease in C1 of 9.10%, followed by SM (7.52%). Notably, SM had the greatest increase in C4 fraction with 18.75% compared to other groups, suggesting the more stable and complex HA in SM (Wei et al., 2014). In the distribution of FA parallel factor components, the C1 component of FA in PM had a small percentage, lower than C2 and C3. The proportions of C1, C2 and C3 fractions in CD, SM, CM, and DM were close to each other. The C3 fraction increased during composting of diverse groups, and DM had the largest increase in the proportion of C3, followed by CM. Combined with the HAC/FAC indicators, the above results indicates that SM, and DM were more inclined to form HA with more complex structure.



3.4. Influencing factors of humification process of different manure composts

In order to clarify the humification characteristics of different livestock and poultry manure composts, cluster analysis was carried out based on GI, C/N, HA-C, HA-C/TOC, and HA-C/FA-C (Supplementary Figure S3). Two categories were found and the manure composts in same category had similar humification process and the degree of maturity (Wei et al., 2022). Category A mainly included PM, CD, and category B mainly included SM, CM, and DM. Based on the previous results, it could be found that the category A had more HA and FA in composting compared to category B.

Pearson’s correlation analysis was performed to detect the influencing factors of maturity and humification indicators in the two major categories (A, B) of manure compost from different sources (Figure 4). In category A, pH showed a significantly positive correlation with HA-C/TOC (p < 0.05) and a significant negative correlation with HA-N/TN and HA-N/FA-N (p < 0.05), indicating that the increase of pH was favorable to the conversion of organic C fractions to HA-C in composting from pig manure and cow dung and would inhibit the conversion of N fractions toward HA-N with complex structure. Hemicellulose was significantly negatively correlated with GI, HA-C/FA-C (p < 0.05), which indicated that hemicellulose decomposition might produce small-molecule precursors of HA, promoting the formation of HA with more complex structure (Zhao et al., 2022).
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FIGURE 4
 Pearson correlation analysis of basic physicochemical and humification indexes of manure composting [(A) Category A including composts from pig manure and cow dung; (B) Category B including composts from sheep manure, chicken manure, and duck manure compost].


In class B, the effect of pH on humification process of composting was the same as that of class A. There was a significantly positive correlation between lignin and HA-C, HA-N, and HA-C/TOC (p < 0.05), indicating that the enrichment of lignin in manure belonging to the class B was conducive to the formation of HA in composting. There was a significant negative correlation between nitrate and HA-C/FA-C (p < 0.05). These different key influencing factors may help to regulate the content of humus in composting from different sources.



3.5. Changes in microbial community composition and diversity

At the bacterial phylum level (Figure 5A), Proteobacteria was the most abundant in PM and CD, accounting for 76.0–79.5% of the total phyla, followed by Actinobacteria (18.4%) and Firmicutes (10.0%), respectively. During the thermophilic stage, the bacterial community structure in PM and CD changed significantly, with an increase in the relative abundance of Firmicutes and Parcubacteria and a significant decrease in the relative abundance of Proteobacteria, similar to previous reports (Zhang et al., 2021). In SM, Firmicutes replaced the dominance of Proteobacteria (27.9–66.1%) after the thermophilic phase, which may be due to the high cellulose content of sheep manure and the important role of Firmicutes in cellulose decomposition (Yang et al., 2023). In addition, Proteobacteria, Firmicutes, Actinobacteria, Bacteroidetes, and Chloroflexi occupied more than 60% of the total bacterial phyla in chicken and duck manure composting, which is in line with previous reports in poultry manure compost (Zhang et al., 2018). Proteobacteria was reported to be thermotolerant and involved in carbon cycling and nitrogen transformation, and Chloroflexi was associated with amino acid and carbohydrate metabolism (Ma et al., 2022), which might be one of the main phyla during the thermophilic and maturity stages of composting to promote the humification process.
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FIGURE 5
 Bacterial community succession and diversity in manure composts from different sources. (A) Phylum-level bacterial community composition of five manure composts; (B) Genus-level bacterial community composition of manure composts from Category A (PM, CD); (C) Genus-level bacterial community composition of manure composts from Category B (SM, CM, DM); (D) α-diversity index (Shannon’s index and Chao1). PM, pig manure composting; CD, cow dung composting; SM, sheep manure composting; CM, chicken manure composting; DM, duck manure composting.


At the genus level, the composition of the top 15 genera differed significantly between the two major categories of manure composting (Figures 5B,C). In the composting from category A, Staphylococcus sp. dominated (12.3–38.0%) in the cooling period (day 20–30) of PM. Bacillus sp., Lysinibacillus sp. and Solibacillus sp. were the dominant genera in CD during day 0–20 of composting. The relative abundance of Carnobacterium sp. that could decompose carbohydrates such as cellobiose at low temperatures increased sharply on the maturity stage of composting. Among the three composts in the major category, Pseudomonas sp. was the dominant genus in SM and CM (9.0 to 10.44%). Thermobifida was dominant in all three manure composts of group B during the high temperature and maturity stages. It was reported that Thermobifida sp. belonged to the group of thermophilic actinomycetes, which produced large amounts of cellulose degrading enzymes (Kukolya et al., 2002).

The changes of alpha diversity index Chao1 and Shannon were similar for PM and CD treatments within 30 d of composting (Figure 5D). Except for the sheep manure compost, the Chao1 index of the other four treatments increased on day 4, which was attributed to the decomposition of abundant organic matter that could be directly utilized by microorganisms. The Chao1 indices of PM and DM started to decrease after day 4, which may be due to the high temperature inhibition (Liu et al., 2020). The Shannon indices of all the composts in the major category B were smaller than those of the A major category. Therefore, the microbial composition in different manure composting varied, and the dominant microorganisms continued to change during composting, which might reshape composting microbiome and their interactions, ultimately altering the microbial communities’ function.



3.6. Effect of microbial community on humification of manure composting

To further explore the potential roles of microbial community, Pearson correlation analysis was performed for the top 10 dominant bacterial genera and physicochemical and humification indexes. In manure composting of category A, Truepera was negatively correlated with TOC (p < 0.05), but positively correlated (p < 0.05) with GI, HA-C and HA-C/TOC (Figure 6A). This suggested that Truepera could promote the mineralization of organic matter and convert it to humic acid (Wang et al., 2021). Lysinibacillus, as the dominant genus of compost category A, had a significant negative correlation (p < 0.05) with hemicellulose, FA-C, and HA-N, and a significant positive correlation (p < 0.05) with HA-C/FA-C, indicating that Lysinibacillus might benefit the decomposition of hemicellulose to small molecules FA. It was reported that Lysinibacillus (Firmiculus) was usually found in the high temperature phase of composting with the function of the degradation of dissolved organic matter (Liu et al., 2020), which could improve the humification degree and aromaticity of humus (Ma et al., 2022). In composts belonging to category B, Thermovum was significantly negatively correlated with TOC, FA-C and C/N (p < 0.01), but positively correlated (p < 0.05) with GI (Figure 6B). In the high temperature phase, as a thermophilic bacterium, Thermovum can promote the degradation of organic matter in compostin (Zhang et al., 2018). Moreover, Thermobifida, Lactobacillus and Ureibacillus were significantly (p < 0.05) or extremely significantly (p < 0.01) positively correlated with lignin and HA-C, demonstrating that the presence of these three bacteria contributed to the formation of lignin-derived humus in the manure composting from group B. It has been reported that peroxidase secreted by Thermobifida can act synergistically with xylanase on lignocellulosic degradation to produce aromatic compounds, aldehydes and organic acids, which may sustain the growth of other microorganisms or directly involved in the formation of HA (Reshmy et al., 2022).
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FIGURE 6
 Pearson correlation analysis of dominant bacterial genera and different factors related to humification (a, Category [(A) including composts from pig manure and cow dung; b, Category [(B), including composts from sheep manure, chicken manure, and duck manure).


Co-occurrence network was further used for analyzing the relationship of core bacterial communities and their interaction in manure composts from different sources (Figure 7; Supplementary Table S2). The topological structure of bacterial OTUs had an obvious difference between the category A (PM and CD) and B (SM, CM, and DM). The number of core bacterial nodes in the network of category A was significantly lower than that in category B. The more complex network occurred in SM, CM, DM, which contained more links, and modules with a higher clustering coefficient. Therefore, it could be found that the ecological interaction patterns of bacterial communities in composting are sensitive to the sources of manure, and the composts with higher humification indices and humus content would reflect directly on the bacterial interaction.

[image: Figure 7]

FIGURE 7
 Network analysis of microbial interaction at genus level. (A) PM; (B) CD; (C) SM; (D) CM; (E) DM. The node size indicates the abundance of microbes. The node color indicates different phyla. The blue and red lines represent positive and negative correlations, respectively. PM, pig manure composting; CD, cow dung composting; SM, sheep manure composting; CM, chicken manure composting; DM, duck manure composting.





4. Conclusion

The decomposition of cellulose in CD and SM was higher in composting, and the hemicellulose degradation rate in PM and CM was higher than other manure composting. The content of humus components of PM and CD was significantly higher than that of other composts. More HA with complex structure was formed in SM composting, while the formed FA in CM and CM tended to be more complex. Pearson correlation analysis showed that the humification process in PM and CD (category A) was influenced by the formation of lignin precursors and hemicellulose degradation, while humification process in SM, CM, DM (category B) was mainly restricted by the decomposition rate of organics and lignin. Key bacteria Lysinibacillus were identified to promote the degradation of hemicellulose and the conversion of FA-C to HA-C in composting from category A, and Thermobifida, Lactobacillus and Ureibacillus that significantly positively correlated with lignin and HA-C were the key bacteria in composting of category B. The interaction patterns of core bacterial communities in manure composting were sensitive to the sources of raw materials, reflecting the humification indices and humus content (humification process) of composting.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

YL: Data curation, Formal analysis, Writing – original draft. JL: Data curation, Methodology, Writing – original draft. YC: Methodology, Software, Writing – original draft. RL: Data curation, Formal analysis, Software, Writing – original draft. KZ: Formal analysis, Software, Writing – original draft. YZ: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Validation, Visualization, Writing – original draft. RW: Data curation, Visualization, Writing – original draft. YW: Conceptualization, Formal analysis, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work is financially supported by Hainan Natural Science High-level talents (821RC1138), Health Industry Scientific Research Project of Hainan Province (20A200474), the Open Research Fund Program of State Environmental Protection Key Laboratory of Food Chain Pollution Control (FC2022YB01), the Independent Research Project of Science and Technology Innovation Base in Tibet Autonomous Region (XZ2022JR0007G), and National Natural Science Foundation of China (32071552).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1281633/full#supplementary-material



References

 Albrecht, R., Périssol, C., Ruaudel, F., Le Petit, J., and Terrom, G. (2010). Functional changes in culturable microbial communities during a co-composting process: carbon source utilization and co-metabolism. Waste Manag. 30, 764–770. doi: 10.1016/j.wasman.2009.12.008 

 Bahram, M., Bro, R., Stedmon, C., and Afkhami, A. (2006). Handling of Rayleigh and Raman scatter for PARAFAC modeling of fluorescence data using interpolation. J. Chemom. 20, 99–105. doi: 10.1002/cem.978

 Bernal, M. P., Alburquerque, J. A., and Moral, R. (2009). Composting of animal manures and chemical criteria for compost maturity assessment. A review. Bioresour. Technol. 100, 5444–5453. doi: 10.1016/j.biortech.2008.11.027 

 Gao, H., Zhou, C., Wang, R., and Li, X. (2015). Comparison and evaluation of co-composting corn stalk or rice husk with swine waste in China. Waste Biomass Valorization 6, 699–710. doi: 10.1007/s12649-015-9419-7

 Ghanney, P., Yeboah, S., Anning, D. K., Yang, H., Wang, Y., and Qiu, H. (2023). Moisture-induced effects on lignocellulosic and humification fractions in aerobically composted straw and manure. Fermentation 9:551. doi: 10.3390/fermentation9060551

 Kong, Z., Wang, M., Shi, X., Wang, X., Zhang, X., Chai, L., et al. (2022). The functions of potential intermediates and fungal communities involved in the humus formation of different materials at the thermophilic phase. Bioresour. Technol. 354:127216. doi: 10.1016/j.biortech.2022.127216 

 Kukolya, J., Nagy, I., Láday, M., Tóth, E., Oravecz, O., Márialigeti, K., et al. (2002). Thermobifida cellulolytica sp. nov., a novel lignocellulose-decomposing actinomycete. Int. J. Syst. Evol. Microbiol. 52, 1193–1199. doi: 10.1099/00207713-52-4-1193

 Li, L., Liu, Y., Kong, Y., Zhang, J., Shen, Y., Li, G., et al. (2023). Relating bacterial dynamics and functions to greenhouse gas and odor emissions during facultative heap composting of four kinds of livestock manure. J. Environ. Manag. 345:118589. doi: 10.1016/j.jenvman.2023.118589 

 Liu, H., Awasthi, M. K., Zhang, Z., Syed, A., Bahkali, A. H., Sindhu, R., et al. (2023). Microbial dynamics and nitrogen retention during sheep manure composting employing peach shell biochar. Bioresour. Technol. 386:129555. doi: 10.1016/j.biortech.2023.129555

 Liu, Y., Cheng, D., Xue, J., Weaver, L., Wakelin, S. A., Feng, Y., et al. (2020). Changes in microbial community structure during pig manure composting and its relationship to the fate of antibiotics and antibiotic resistance genes. J. Hazard. Mater. 389:122082. doi: 10.1016/j.jhazmat.2020.122082 

 Liu, Y., Ma, R., Tang, R., Kong, Y., Wang, J., Li, G., et al. (2022). Effects of phosphate-containing additives and zeolite on maturity and heavy metal passivation during pig manure composting. Sci. Total Environ. 836:155727. doi: 10.1016/j.scitotenv.2022.155727 

 Ma, R., Liu, Y., Wang, J., Li, D., Qi, C., Li, G., et al. (2022). Effects of oxygen levels on maturity, humification, and odor emissions during chicken manure composting. J. Clean. Prod. 369:133326. doi: 10.1016/j.jclepro.2022.133326

 Reshmy, R., Balakumaran, P. A., Divakar, K., Philip, E., Madhavan, A., Pugazhendhi, A., et al. (2022). Microbial valorization of lignin: prospects and challenges. Bioresour. Technol. 344:126240. doi: 10.1016/j.biortech.2021.126240 

 Schellekens, J., Buurman, P., Kalbitz, K., Zomeren, A. V., Vidal-Torrado, P., Cerli, C., et al. (2017). Molecular features of humic acids and fulvic acids from contrasting environments. Environ. Sci. Technol. 51, 1330–1339. doi: 10.1021/acs.est.6b03925 

 Sun, B., Zhang, L., Yang, L., Zhang, F., Norse, D., and Zhu, Z. (2012). Agricultural non-point source pollution in China: causes and mitigation measures. Ambio 41, 370–379. doi: 10.1007/s13280-012-0249-6 

 Tuomela, M., Vikman, M., Hatakka, A., and Itävaara, M. (2000). Biodegradation of lignin in a compost environment: a review. Bioresour. Technol. 72, 169–183. doi: 10.1016/S0960-8524(99)00104-2

 Van Soest, P. V., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy Sci. 74, 3583–3597. doi: 10.3168/jds.S0022-0302(91)78551-2 

 Wang, Y., Gong, J., Li, J., Xin, Y., Hao, Z., Chen, C., et al. (2020). Insights into bacterial diversity in compost: core microbiome and prevalence of potential pathogenic bacteria. Sci. Total Environ. 718:137304. doi: 10.1016/j.scitotenv.2020.137304 

 Wang, C., Lu, H., Dong, D., Deng, H., Strong, P. J., Wang, H., et al. (2013). Insight into the effects of biochar on manure composting: evidence supporting the relationship between N2O emission and denitrifying community. Environ. Sci. Technol. 47, 7341–7349. doi: 10.1021/es305293h 

 Wang, X., Tian, L., Li, Y., Zhong, C., and Tian, C. (2022). Effects of exogenous cellulose-degrading bacteria on humus formation and bacterial community stability during composting. Bioresour. Technol. 359:127458. doi: 10.1016/j.biortech.2022.127458 

 Wang, X., Wang, M., Zhang, J., Kong, Z., Wang, X., Liu, D., et al. (2021). Contributions of the biochemical factors and bacterial community to the humification process of in situ large-scale aerobic composting. Bioresour. Technol. 323:124599. doi: 10.1016/j.biortech.2020.124599 

 Wang, F., Xie, L., Gao, W., Wu, D., Chen, X., and Wei, Z. (2023). The role of microbiota during chicken manure and pig manure co-composting. Bioresour. Technol. 384:129360. doi: 10.1016/j.biortech.2023.129360

 Wei, Y., Liang, Z., and Zhang, Y. (2022). Evolution of physicochemical properties and bacterial community in aerobic composting of swine manure based on a patent compost tray. Bioresour. Technol. 343:126136. doi: 10.1016/j.biortech.2021.126136 

 Wei, Z., Xi, B., Zhao, Y., Wang, S., Liu, H., and Jiang, Y. (2007). Effect of inoculating microbes in municipal solid waste composting on characteristics of humic acid. Chemosphere 68, 368–374. doi: 10.1016/j.chemosphere.2006.12.067 

 Wei, Z., Zhao, X., Zhu, C., Xi, B., Zhao, Y., and Yu, X. (2014). Assessment of humification degree of dissolved organic matter from different composts using fluorescence spectroscopy technology. Chemosphere 95, 261–267. doi: 10.1016/j.chemosphere.2013.08.087 

 Xu, Y., Gao, Y., Tan, L., Wang, Q., Li, Q., Wei, X., et al. (2022). Exploration of bacterial communities in products after composting rural wastes with different components: core microbiome and potential pathogenicity. Environ. Technol. Innov. 25:102222. doi: 10.1016/j.eti.2021.102222

 Yang, H., Ma, L., Fu, M., Li, K., Li, Y., and Li, Q. (2023). Mechanism analysis of humification coupling metabolic pathways based on cow dung composting with ionic liquids. J. Environ. Manag. 325:116426. doi: 10.1016/j.jenvman.2022.116426 

 Yu, S., Lv, J., Jiang, L., Geng, P., Cao, D., and Wang, Y. (2023). Changes of soil dissolved organic matter and its relationship with microbial community along the Hailuogou glacier Forefield Chronosequence. Environ. Sci. Technol. 57, 4027–4038. doi: 10.1021/acs.est.2c08855 

 Zhan, Y., Chang, Y., Tao, Y., Zhang, H., Lin, Y., Deng, J., et al. (2023). Insight into the dynamic microbial community and core bacteria in composting from different sources by advanced bioinformatics methods. Environ. Sci. Pollut. Res. 30, 8956–8966. doi: 10.1007/s11356-022-20388-7 

 Zhan, Y., Wei, Y., Zhang, Z., Zhang, A. K., Li, Y., and Li, J. (2021). Effects of different C/N ratios on the maturity and microbial quantity of composting with sesame meal and rice straw biochar. Biochar 3, 557–564. doi: 10.1007/s42773-021-00110-5

 Zhang, Q., Chu, Y., Yin, Y., Ying, H., Zhang, F., and Cui, Z. (2023). Comprehensive assessment of the utilization of manure in China’s croplands based on national farmer survey data. Sci. Data 10:223. doi: 10.1038/s41597-023-02154-7 

 Zhang, T., Wu, X., Shaheen, S. M., Rinklebe, J., Bolan, N. S., Ali, E. F., et al. (2021). Effects of microorganism-mediated inoculants on humification processes and phosphorus dynamics during the aerobic composting of swine manure. J. Hazard. Mater. 416:125738. doi: 10.1016/j.jhazmat.2021.125738 

 Zhang, W., Yu, C., Wang, X., Yin, S., and Chang, X. (2022). Additives improved saprotrophic fungi for formation of humic acids in chicken manure and corn Stover mix composting. Bioresour. Technol. 346:126626. doi: 10.1016/j.biortech.2021.126626 

 Zhang, Z., Zhao, Y., Wang, R., Lu, Q., Wu, J., Zhang, D., et al. (2018). Effect of the addition of exogenous precursors on humic substance formation during composting. Waste Manag. 79, 462–471. doi: 10.1016/j.wasman.2018.08.025 

 Zhao, X., Tan, W., Peng, J., Dang, Q., Zhang, H., and Xi, B. (2020). Biowaste-source-dependent synthetic pathways of redox functional groups within humic acids favoring pentachlorophenol dechlorination in composting process. Environ. Int. 135:105380. doi: 10.1016/j.envint.2019.105380 

 Zhao, B., Wang, Y., Sun, H., and Xu, Z. (2022). Analysis of humus formation and factors for driving the humification process during composting of different agricultural wastes. Front. Environ. Sci. 10:954158. doi: 10.3389/fenvs.2022.954158

 Zheng, G., Liu, C., Deng, Z., Wei, Z., Zhao, Y., Qi, H., et al. (2021). Identifying the role of exogenous amino acids in catalyzing lignocellulosic biomass into humus during straw composting. Bioresour. Technol. 340:125639. doi: 10.1016/j.biortech.2021.125639 



OPS/images/fmicb-14-1281633-g005.jpg
2

Relative abundance (%)
&

8

20 30 4 50 100

Relative abundance (%)

10

0
0410203 0 41023 0 41005 0

1 pcasbcert
[Ee——
(R ———
[E—
[
[,

[ —,

Time (day)

04102030 0 4 1020 30

Time (day)

ottt nion WES.2
R —

Chaol

20 30 100

Relative abundance (%)

10

Time (day)

-
=

M [ co | sm ][ cm | pm

A

04102030 04102030 0 4102030 0 4102030 0 4102030
Time (day)

Sphacrobacer
Lactobacts
Thermobinds

uouueys





OPS/images/fmicb-14-1281633-g006.jpg





OPS/images/fmicb-14-1281633-g003.jpg
HA-C (mg/g)
2

2
3

20

—— P (D SM—v— CM—o— DM,

[ P [0 cp [ s™ [ oM (Tl oM

HA-N

o

2
2

FA-C (mg/g)
H

w
8

D
40

FA-N (mg/g)
N @
S g

3

30
g
(cJ 20
g
o
=
‘;><></ =
0
0 4 10 20 30
Time (day) F Time (day)
—a— PM—e— CD—— SM——CM—— DM [ p™ (I cp [ s™ [ oM [ oM

\*/{’\!-—i

HA-N /TN (%)
w
5

S
&

=3

—
15
0
0 4 10 20 30 0 4 10 20
Time (day) Time (day)
¢ 6
—— PM—e— CD—— SM—— CM——DM [ Py (0 o [ s™ [ M T om
o4
=
&
H\‘/;_H 9
=
E2
0 4 10 20 30 10
Time (day) Time (day)
H
—— PM—e— CD—— SM—— CM—— DM 0 vt [ C [ 5™ I M (5 oM
12
=
gos
“
=
=

0 4 10 20 30
Time (day)

s
=

0.0

10 20
Time (day)





OPS/images/fmicb-14-1281633-g004.jpg
vl
ovavi

LIV
Souv
Nva

ova
v
v

SN

-

*P<=0.05





OPS/images/fmicb-14-1281633-g007.jpg
W Firmicutes B Pianctomycetes

B _ictinobacteria W8 Verrucomicrobia
W Proteobacteria [0 Acidobacteria
W Chioroflexi W Others

W Bacieroidetes
W Deinococcus-Thermus
[0 Cyanobacteria/Chloroplast





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparing bacterial dynamics for the conversion of organics and humus components during manure composting from different sources



		1. Introduction



		2. Materials and methods



		2.1. Composting experimental design



		2.2. Analysis for physicochemical properties



		2.3. Extraction and determination of humus fractions



		2.4. Bacterial community analysis



		2.5. Statistical analysis









		3. Results and discussion



		3.1. Changes of physicochemical properties and maturity indexes of manure compost from different sources



		3.2. Organics degradation of manure compost from different sources



		3.3. Changes of humification index of manure compost from different sources



		3.4. Influencing factors of humification process of different manure composts



		3.5. Changes in microbial community composition and diversity



		3.6. Effect of microbial community on humification of manure composting









		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fmicb-14-1281633-g001.jpg
o
»n

ES

~

Ammonium nitrogen (mg/g)
o P

°

20

B
—a— PM—e— CD—+— SM—v— CM—+—DM —a— PM—e— CD—4— SM—v— CM—¢+— DM
4
3
s B
= —/
= ___._géz
1
0 4 10 20 30 0 4 10 20 30
Time (day) 5 Time (day)
—a— PM—e— CD—4— SM—v— CM—+— DM 09 “—a— PM—e— CD—+— SM—v— CM—+— DM
c]
=
&
£0.6
&
H
£
£
503
H
0.0
0 4 10 20 30 0 4 10 20 30
Time (day) & Time (day)
e PM—o— CD—— SM—— CM—— DM
125
100
g
575
50
25

0 4 10 20
Time (day)

30

0 4 10 20 30
Time (day)






OPS/images/fmicb-14-1281633-g002.jpg
% [ v [ cp (I s [ M (] om N o [ P (5 o [ sM (I oM [l pm
~25
S
£
(2
3
15
10
10 20 10 20
Time (day) Time (day)
c D
[ »M [ cp [l sM [l oM [ oM 40 [ p™m (] cp [ sM [ o™ [0 pm
. § 30
9 =2
2 2
Z ]
o]
[s] g
ﬁ 10
0
10 20 10 20
Time (day)

Time (day)





OPS/images/cover.jpg
' frontiers | Frontiers in Microbiology

Comparing bacterial dynamics for
the conversion of organics and
humus components during
manure composting from
different sources












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’ frontiers Frontiers in Microbiology






