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Abstract. In this study, the key factors affecting the formation of humic substances (HS) during green 

waste composting(GWC) and their potential relationships were investigated by setting up different initial 

particle sizes (IPS) (2 and 5 mm) and C/N (23, 30, and 37) for composting, evaluating the dynamic of 

environmental factors and humification parameters during the composting, and performing 

high-throughput sequencing to detect the bacterial structure and diversity dynamics. The results showed 

that the 2 mm and C/N=23 treatment could promote the degradation of organic matter, increase the 

fermentation temperature and germination index (GI), and generate a high HS content and humification 

degree, indicating that the IPS and C/N ratio were the potential controlling factors for composting 

maturation. Taxonomic analysis showed that the bacterial community structure was significantly different 

at various stages of composting, while the bacterial community composition of the same composting 

stage for the different treatments was similar. In addition, a correlation analysis and redundancy analysis 

showed that the formation of HS was significantly affected by temperature, GI, polyphenols and 

polysaccharides. Anaerolineales, Cytophagales and Blastocatellales were the important microbial 

markers of the maturation process. The above results provide insights and potential methods for 

regulating HS formation during the composting process. 

Keywords: compost, humic substances, precursor, maturity, high-throughput sequencing, redundancy 

analysis 

Introduction 

With the development of ecological construction, the quantity of green waste (GW) 

could increase accordingly. Because GW is rich in organic matter and abundant nutrient 

elements, composting treatments represent an effective method of recycling GW. 

Composting is an aerobic process through which organic matter is decomposed into HS 

under a characteristic microbial succession. The composting environment and 

composition and succession of microbial communities all have an impact on the 

formation of HS (Guo et al., 2019); therefore, we investigated the multidirectional 

feedback relationship between HS, environmental parameters and microbial 

communities to determine the key factors that affect the formation of HS. This study 

provides insights into the regulation of HS formation to improve the quality of GWC. 

HS is an important product of aerobic fermentation of organic wastes and an 

important evaluation standard for the quality of fermented products. During the 
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composting process, the formation of HS is extremely complex and affected by 

environmental factors, such as temperature, C/N ratio and particle size, and differences 

are observed in the influences of different composting processes. For example, studies 

have shown that composting could be effectively performed at low C/N (Huang et al., 

2004; Zhu, 2007), while Silva et al. (2014) found that a low initial C/N could impede 

the stability of HS and affect the quality of composting. Both Zhang and Sun (2014) and 

Liu et al. (2018) believed that the appropriate IPS was a potential controlling factor for 

the physicochemical properties of composting and bacterial diversity, which could 

accelerate the composting process, although no unified standard was proposed. In 

addition, recent studies have demonstrated that the precursors of HS, such as 

polyphenols, proteins, and polysaccharides, have significant effects on the formation of 

HS (Wu et al., 2017); and Zhang et al. (2018) believed that the addition of exogenous 

precursors could also regulate the formation of HS. Considering the differences in the 

element composition and properties of different raw materials, the effect of 

environmental factors on the rate of HS synthesis and quality of HS varies greatly 

during the composting process (Wang et al., 2015). Therefore, the relationship between 

environmental factors and HS in GWC needs further investigation. 

Microbial activities have a vital impact on the formation of HS (Song et al., 2014). 

Studies have shown that microbial diversity interacts with organic matter transformation 

and HS stability during the composting process (Xi et al., 2016; Zhang et al., 2016), 

during which bacteria have a strong and considerable influence due to their high 

quantity and good adaptability to adverse environmental conditions (López-González et 

al., 2015; Antunes et al., 2016). Bacteria have different activities during different 

composting stages, which may lead to different formation patterns of HS during the 

composting process. Therefore, it is important to study the community composition and 

dynamics of bacteria during the composting process to understand the overall 

mechanisms underlying the composting humification process. In addition, considering 

that complex composting environmental factors could influence the composition of 

microbial communities (Wang et al., 2015; Tortosa et al., 2017), the interactions 

between environmental factors, bacterial communities and HS must be clarified. Wu et 

al. (2017) studied the bacterial communities that affect HS using the traditional 

denaturing gradient gel electrophoresis (DGGE) technique to assess bacterial 

communities; however, this method is limited by the taxonomic resolution and cannot 

fully clarify the structure and diversity of composting communities. Therefore, detailed 

information on the bacterial community dynamics during humification is still lacking. 

In this study, the high-throughput sequencing method was used to comprehensively and 

accurately reflect the microbial community structure and objectively reflect the 

low-abundance but important functional microbes to provide thorough and accurate 

microbial information to explore the bacterial community succession pattern during the 

GWC process and its effect on HS. 

Therefore, the objectives of this study are to 1) investigate the dynamic changes in 

environmental factors and the evolution of bacterial community diversity during GWC 

under different C/N ratios and IPS and 2) clarify the relationships among environmental 

factors, bacterial communities and HS during the GWC process. This study aimed to 

identify the key factors that affect HS formation during GWC and promote the 

formation of HS through the regulation of key influencing factors to provide new 

insights and technical references for improving the quality of GWC. 
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Materials and methods 

Composting materials 

GW is supplied by Shoufa Tianren Co. Ltd. in Beijing, China, and the degree of 

lignification is high. Based on studies by Hanc and Dreslova (2016) and Liu et al. 

(2018), the waste materials were crushed to two sizes of 2 mm and 5 mm for 

composting. Urea and sawdust were purchased from Kaiyin Horticulture Co., Ltd. and 

used to adjust the initial C/N of composting. Combining the results of previous studies 

(Huang et al., 2004; Silva et al., 2014) and preliminary experiments, three C/N ratios of 

23, 30, and 37 were set to investigate the effect of the C/N ratio for GWC (Table 1). The 

microbial inoculum was purchased from Jingpuyuan Co., Ltd. to accelerate the initial 

composting (Zhang and Sun, 2014). Table 2 lists basic properties of the green waste and 

initial composts. 

 
Table 1. Set parameters of particle size and C/N 

Treatment Particle size (mm) C/N 

T1 2 23 

T2 2 30 

T3 2 37 

T4 5 23 

T5 5 30 

T6 5 37 

 

 
Table 2. Basic properties of green waste and initial composts 

Treatment TOC% TN% C/N ratio pH value EC (mS/cm) 

GW 34.54±0.95 1.20±0.05 28.76±0.24 6.86±0.03 0.97±0.12 

T1 33.31±1.62 1.39±0.06 23.90±0.17 7.25±0.07 1.19±0.08 

T2 34.01±1.37 1.12±0.04 30.43±0.68 7.15±0.05 0.92±0.04 

T3 37.22±0.65 1.02±0.04 36.50±0.77 7.05±0.05 0.86±0.00 

T4 34.49±2.40 1.45±0.08 23.76±1.00 7.40±0.08 1.00±0.03 

T5 35.01±0.48 1.14±0.08 30.71±0.38 7.00±0.03 0.82±0.06 

T6 36.10±1.21 0.96±0.07 37.41±0.73 7.00±0.06 0.79±0.04 

Notes: Data are reported as mean (n = 3). TOC: total organic carbon; TN: total nitrogen; EC: electrical 

conductivity 

 

 

Composting procedure and sampling 

A total of 6 treatments were performed, with 3 replicates for each treatment 

(Table 1). The mixture was placed into plastic reactors (Fig. 1) with a diameter of 

0.25 m, a height of 0.31 m and a volume of 10 L. A number of ventilation holes were 

left at the top, and a thermometer was fixed in the middle of the reactors to monitor the 

temperature change during the process. The reactor was placed in an incubator to 

compensate for the heat loss and simulate the self-heating process during the 

composting process. The temperature of the climate chamber was kept below the 

temperature of the fermenter by 3~5 °C (Li et al., 2013), and the composting process 

lasted 30 days. The water content in the compost was adjusted to 65% by the addition of 
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distilled water, and the water content was maintained at 55%-65% during the 

composting process. The reactors were manually flipped for 2 minutes every 2 days to 

ensure that sufficient oxygen was available. On the 0, 2, 5, 9, 15, 22 and 30 days, 150 g 

(wet weight) of the sample from each fermenter was collected, and it was divided into 

two parts: one part was air dried, the other part was stored at 4 °C. On the 2, 9, and 

30 days, the samples were immediately subjected to microbiological examination. The 

samples used for the microbial analysis were labelled as T1D2-T6D2, T1D9-T6D9 and 

T1D30-T6D30, and they represented the composting heating phase, thermophilic phase 

and maturity phase. 

 

Figure 1. The illustration of the composting reactor 

 

 

Chemical and physical analysis 

Air-dried samples were used to determine the total organic carbon (TOC), total 

nitrogen (TN), humic substance (HS), humic acids (HA), fulvic acid (FA), as described 

by Liu et al. (2018). Water content was measured with oven drying method (Zhang et 

al., 2020). The E4/E6 ratio is the absorbance ratio at wavelengths 465 and 665 nm, 

which was measured using an ultraviolet spectrophotometer (TU-1810DS). The 

humification indexes were calculated as Wu et al. (2017) described. The pH, electrical 

conductivity (EC), germination index (GI) were measured using fresh samples in 

accordance with Li et al. (2012), GR (germination rate) and GI was calculated as 

follows (Zhang and Sun, 2019): 
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where FGR – germination rate; ST – seed germination of treatment; SC – seed 

germination of control; FGI – germination index; LT – average root length of treatment 

(mm); LC – average root length of control (mm). 

The amino acid content was determined using a ninhydrin color liquid. The total 

polysaccharide and reducing sugar contents were determined using an anthrone reagent 
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and dinitrosalicylic acid (DNS) reagent. The calcium acetate method reported by Zhang 

et al. (2018) was used to determine the carboxyl group content. For detection of 

polyphenolic compounds contents, composting samples were extracted with 80% 

methanol, and the extraction was analysed by the Folin-Ciocalteu assay using an 

ultraviolet spectrophotometer (Li et al., 2015). 

Microbial analysis 

The DNA was extracted from fresh compost samples using the E.Z.N.A.® Bacterial 

DNA Kit (Omega Bio-tek, Norcross, GA, USA) following the manufacturer’s protocol. 

Agarose gel electrophoresis (1%) and spectrophotometry were applied to detect the 

purity and quantity of the extracted DNA. Using universal primers forward 338F 

(5'-ACTCCTACGGGAGGCAGCAG-3') and the reverse 806R 

(5'-GACTACHVGGGTWTCTAAT-3') amplified the bacterial 16S rRNA gene (V3–V4 

hypervariable region). Polymerase chain reaction (PCR) condition and the procedure 

were performed as Liu et al. (2018). Moreover, the PCR amplicons were extracted and 

purified using agarose gels (2%) and AxyPrep DNA Gel purification kit (AXYGEN 

Inc.). High-throughput sequencing and sequence read archive were on the Illumina 

MiSeq PE300 sequencing platform (Illumina Inc., CA, USA) by Beijing Allwegene 

Tech Ltd. (Beijing, China). The raw sequence data were processed and analyzed in the 

QIIME 1.8.0 to obtain high-quality sequences. 

Statistical analysis 

All analyses were repeated three times. Dynamics of environmental parameters were 

assessed by ANOVAs at significance p<0.05 level, when ANOVAs were significant, 

means were separated with an LSD test. For statistical analysis of data, Origin 2018 and 

SPSS version 23 were used. Besides, Canoco 5.0 was used to analyse the relationship 

among environmental factors, bacterial community composition, and humic substance 

by redundancy analysis. 

Results and discussion 

Dynamics of environmental factors during composting 

Temperature 

During the aerobic fermentation process, the oxidation reaction of microbes causes 

the self-heating effect of the compost, and the change in temperature reflects the 

severity of the decomposition activities of microorganisms (Dzulkurnain et al., 2017). 

As shown in the Fig. 2a, because of a suitable temperature and humidity create 

favorable conditions for fermentation, the temperature increased rapidly at the initial 

stage of composting, the average temperature at 5 mm (41.87℃) in the heating phase of 

the composting was higher than that of 2 mm (40.96℃), indicating that the 5 mm 

treatment had a stronger mineralization capacity, which might be due to the low initial 

oxygen content and lower microbial activity in the early stage caused by the small IPS. 

Afterwards, the proper compost turning treatment optimized the porosity of composting, 

the relatively high specific surface area of 2 mm IPS was more conducive to microbial 

growth and promoted heat accumulation. Thus, from heating phase to thermophilic 

phase, a larger average temperature increase was observed in the 2 mm treatments 
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(10.59℃) than that of 5 mm (8.61℃). During the whole composting process, the order 

of the average temperatures for the six treatments was T1>T2>T4>T3>T5>T6, the 

average temperature of the 2 mm IPS was higher than that of the 5 mm IPS and the 

average temperature decreased with increases in the C/N ratio. 

 

Figure 2. Dynamic of temperature (a), TOC(b), TN(c), C/N (d), pH (e) and EC (f) during 

composting [Error bars represent standard deviation (means ± SD, n=3)] 

 

 

C/N ratio 

As shown in Fig. 2b,c, compared with the initial composting, the organic carbon 

content of all composting products decreased and the TN content increased. The 

average reduction of organic carbon in the 2 mm treatment (6.04%) was greater than 

those of the 5 mm treatment (4.84%), indicating that the 2 mm IPS of GWC was more 

conducive to the decomposition activities of microorganisms. 
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The C/N ratio reflects the progress of mineralization in the composting process and is 

closely related to the maturity of the composting product (Khalil et al., 2008; Lobna et 

al., 2019). In this study, the organic carbon in the compost was catabolized faster than 

nitrogen under microbial action, all treatments C/N ratio showed a decreasing trend 

(Fig. 2d). Among them, the final C/N of T1 and T4 treatments is significantly lower 

than other treatments (p<0.05), which indicating that the low initial C/N ratio can 

accelerate the mineralization process of composting, thereby effectively promoting 

humification and improving the maturity of composting products. 

pH and EC 

pH plays an important role in the activity of composting microorganisms. 

Researchers in the composting field believe that the activity and reproductive capacity 

of common microorganisms are highest when the pH value is 6.5-7.5 (Zhang and Sun, 

2018). In this study, the pH first increased, then decreased, and then fluctuated to a 

steady state (Fig. 2e). The pH in the 2 mm treatments started to increase faster than that 

in the 5 mm treatments. In the same IPS treatments, the lower the C/N ratio, the higher 

the pH value, which is because the increase in microbial activity at the initial stage 

could increase the decomposition of easily degradable organic nitrogen, thereby 

increasing the release of ammonia and resulting in a sharp increase in pH at the initial 

stage. The low-C/N ratio treatments can provide more nitrogen sources for the 

microorganisms so that the pH increases even faster. The decrease in pH value in the 

late stage might be due to the release of NH3 and H+ during the nitrification process 

(Wang et al., 2017). 

EC reflects the total salt content in the compost (Awasthi et al., 2014) and thus can be 

used as an index for the decomposition and polymerization kinetics of organic matter. As 

shown as Fig. 2f, EC increased to a peak value in the early stage of decomposition and then 

decreased and stabilized with the binding and conversion of soluble products (such as 

organic acids and salts) into HS (Petric et al., 2012; Chen et al., 2017). The 2 mm IPS 

treatments had a high EC value, indicating that these treatments contained more salts and 

small molecules, which may be related to the high specific surface area of the small IPS 

treatments, thus increasing the ion exchange capacity. 

Precursors 

Polyphenols, carboxyl, amino acids, reducing sugars and polysaccharides are 

considered to be involved in the formation of HS through biochemical synthesis (Guo et 

al., 2019). The Fig. 3a-e showed changes in 5 HS precursor concentrations during 

composting. The contents of amino acids and reducing sugars showed a decreasing 

trend, the contents of phenolic and carboxyl groups first increased and then decreased, 

and the total polysaccharides showed an overall upward trend. The trends of different 

treatments were basically consistent, and the concentration changed more dramatically 

during the heating and thermophilic phases because of the many easily degradable 

substances and high activity of microorganisms in the early stage of composting. Under 

intense microbial degradation, lignin is partially degraded to produce small molecule 

polyphenols, and simultaneously, abundant enzymes are secreted to degrade fat and 

oxidize hydroxyl groups to form carboxyl groups; thus, polyphenols and carboxyl 

concentration are increased in the early stage. The produced amino acids and sugars, 

which are the main energy sources of microorganisms, are used in large quantities, and 

their concentrations decrease. 
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Figure 3. Changes in the precursors including(a) amino acids, (b) Polyphenols, (c) 

polysaccharides, (d) reducing sugars, (e) carboxyl; and (f)GI in different composting treatments 

[Error bars represent standard deviation (means ± SD, n=3); germination percentage with the 

same letter are not significantly different at p<0.05] 

 

 

Phytotoxicity of the compost products 

The germination index (GI) and germination rate (GR) can reflect the phytotoxicity 

and maturity of composting. High maturity can promote plant growth, whereas high 

levels of soluble salts, organic acids and pH can cause composting phytotoxicity (Wang 

et al., 2017). In this study, the GI gradually increased with composting time, and Fig. 3f 

showed the final GI (calculated as Eq.1) was ranked as T1>T4>T2>T5>T3>T6, GR 

(calculated as Eq.2) was ranked as T1=T4>T2>T5>T3>T6. The results of two-way 

ANOVA showed that C/N and IPS significantly affected GI (p<0.05), but the 

interaction between them was not significant. The 2 mm IPS and C/N=23 treatment can 

significantly improve the GI value, indicating that this treatment was more conducive to 

the degradation of toxic substances. GI value >80% indicates that composting is 
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completely decomposed (Zucconi et al., 1981), and based on this threshold, T1-T5 are 

all at a mature level. 

Dynamic changes in HS 

During the composting process, HS forms via C and N cycles. HA and FA are 

important components of HS and play a decisive role in the quality of HS to a large 

extent. At the initial stage of composting, the concentrations of HS and its components 

decrease overall (Fig. 4a-c), thus reflecting the degradation of unstable compounds in 

the structure (Barje et al., 2012). Because of the presence of many acid functional 

groups and the low molecular weight in the early stage, the water solubility of FA is 

higher than that of HA; thus, the concentration of FA is relatively high in the initial 

composting stage. Subsequently, a series of polycondensation reactions of the 

decomposed phenols, carbohydrates, and nitrogen-containing compounds result in an 

increase in the concentrations of HS and HA (Zhou et al., 2014), and the gradual 

decrease in FA suggesting that the readily available carbon in composting is reduced 

and the stability of the composting is increased. Two-way ANOVA showed that C/N 

ratio had significant effect on HS (p<0.05), the treatments with low C/N ratio had 

higher HS content. 
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Figure 4. Variation in HS(a), HA(b), FA(c), HI(d), HR(e), PHA(f), DP(g) and E4/E6 ratio(h) 

showing the humification process during the composting [Error bars represent standard 

deviation (means ± SD, n=3)] 

 

 

In addition to the changes in the HS concentration, the humification-related indices 

(DP, HI, HR and PHA) are considered to more accurately reflect the evolution of 

humification (Sánchez-Monedero et al., 1999; Kulikowska and Klimiuk, 2011). These 

indices generally showed an upward trend (Fig. 4d-g), and the increases in HI and HR 
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meant an increase in HS and a decrease in biodegradable organic matter, thus reflecting 

an increase in humification caused by composting. PHA and DP are the measurements 

of complex HA produced by FA, and an increase in these indices indicates an increase 

in the molecular weight of HS and structural complexity. E4/E6 is the ratio of the 

absorbance at 465 nm and 665 nm, which can more intuitively describe the change in 

the polymerization degree of aromatic components in HS (Awasthi et al., 2014). E4/E6 

fluctuated constantly during the composting process (Fig. 4h), indicating that 

decomposition and aggregation occurred throughout the entire composting process, and 

E4/E6 gradually decreased at the late stage, indicating the formation of more 

polycondensed HAs and a high degree of composting condensation. 

Dynamic changes in bacterial communities 

16S rDNA high-throughput sequencing technology is an important method for the 

rapid, flexible, efficient, and accurate acquisition of microbial community composition 

and diversity. A total of 1169664 high-quality bacterial sequences were obtained from 

the 16S rRNA clone library of GWC samples collected during different composting 

stages, and they aggregated into 2208 bacterial operational taxonomic units (OTUs) 

with a 3% nucleotide difference. These 2208 OTUs belonged to 36 phyla. 

Proteobacteria, Chloroflexi, Firmicutes, Actinobacteria, Bacteroidetes, and 

Acidobacteria were the six most dominant phyla among the total treatments. The 

compost samples accounted for over 92% of the gene sequences. Previous studies also 

found these dominant bacteria in lignin waste composting and other types of 

composting (Awasthi, 2017a; Liu, 2018). The relative abundance of bacteria at the 

phylum level among all the treatments is shown in Fig. 5a. 
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Figure 5. Relative abundance of the dominant bacteria in (a) phyla level and (b) order level by 

treatment 

 

 

In the early stage of composting, which mainly focuses on the degradation of simple 

organic matter, Proteobacteria and Firmicutes are the most abundant and average 

abundances of 60% and 23%, respectively. The abundance of Proteobacteria at the 
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medium-C/N was the highest at 64.5%; the abundance of Firmicutes at the low-C/N 

was the highest at 1.4 and 1.5 times that of the other two C/N groups; and significant 

differences were not observed in the treatments with different particle sizes. The results 

suggested that the nutritional environment had a greater impact on bacterial activity at 

the initial stage of composting. Proteobacteria have been shown to play an important 

role in the degradation of small molecules (such as glucose, propionate, and butyrate) 

(Zhou et al., 2019). Because Firmicutes can effectively utilize carbohydrates, it is also 

the key for early composting (Ariesyady et al., 2007). 

At the middle stage of composting, the mean abundance of Proteobacteria decreased 

to 40% and Actinobacteria increased from 3.9% to 15.9% to become the second major 

phylum, which was caused by Actinobacteria-induced microbial production of 

lignocellulosic enzymes. The lignocellulosic enzymes have an excellent effect on the 

degradation of lignocellulose (Taha et al., 2016), and their spores formed at high 

temperatures can resist the harsh environment during the composting process (growing 

at 50-60 °C) (Zhao et al., 2016; Wei, 2018). The abundance of Actinobacteria in the 

5 mm treatments was 55% higher than that in the 2 mm treatments, and the average 

abundance of Actinobacteria with the low C/N ratio was 11-20% higher than that of the 

other treatments, indicating that the difference in porosity caused by particle size started 

to affect the composting process in the middle stage and became an important 

influencing factor. 

In the maturity phase, Chloroflexi replaced Proteobacteria to become the dominant 

phylum, with the average abundance increasing from the initial 0.5% to 30%; 

Acidobacteria also continued to increase to 1.8 times that in the middle stage; and the 

abundances of other phyla decreased compared to those in the middle stage, which is 

because with the degradation of easily degraded organic matter in the early and middle 

stages and the stable increase in HS, the number of available nutrients decreased, which 

led to limited bacterial activity with simple organics as the energy source. The 

abundance of Acidobacteria for the 2 mm treatments was 41.8% higher than that for the 

5 mm treatments, and the average abundance of the low-C/N treatments was 18% higher 

than that of the other treatments. The differences were not significant for Chloroflexi. 

The top 20 orders of composting were characterized to complement and confirm the 

function of bacterial activity in the GWC (Fig. 5b). The choice of order level was based 

on the comprehensive classification hierarchy and identification rate to avoid a biased 

explanation (Shen et al., 2013). At the same time, LDA Effect Size analysis was used to 

analyze the bacterial community differences between groups to determine the specific 

major microbial population in groups. The results showed that the specific major 

bacteria species, which had significant effects (LDA>3) were consistent with the top 20 

orders basically. Specifically, Clostridiales, Bacillales, Sphingobacteriaceae, 

Sphingomonadales and Burkholderiales had the most significant influence at the early 

stage. Studies have shown that Clostridiales and Bacillales widely occur during 

composting due to their good degradation ability. In particular, Bacillus is commonly 

found in lignocellulose composting systems and can rapidly colonize and decompose 

lignocellulolytic substrates (Tortosa et al., 2017). Sphingobacteriaceae is known for its 

ability to utilize a variety of C sources, and it is reduced by the decomposition of carbon 

resources (Anderson et al., 2011). Therefore, Sphingobacteriaceae also plays an 

important role in the initial stage of composting. Streptosporangiales, Rhizobiales, 

Rhodospirillales and Phycisphaerales have a significant impact in the middle stage, and 

they are all closely related to the C or N cycles (Anderson et al., 2011; Badhai et al., 
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2015). Rhodospirillales can exhibit thermophilicity. With the decomposition of TOC 

and TN, the number of these bacteria gradually decreased. Anaerolineales, 

Blastocatellales, and Chloroflexales become the dominant orders in the late stage. 

These orders can promote the production of carboxymethyl cellulose, which is involved 

in the degradation of polysaccharides and lignocellulose compounds (Tortosa et al., 

2017; Awasthi et al., 2017b). Anaerolinaceae was the major order in the final 

composting stage, with the average abundance rising from less than 0.1% to 18.5%. 

Studies have shown that these bacteria can digest carbohydrates and peptides and may 

promote the utilization of carbohydrates or amino acids in dead cells (Yamada et al., 

2006), which promotes the polymerization of HS. These results provide insights into the 

complex microbial activities involved in the composting process, clarify the microbial 

species that have a significant impact on the composting process, and indicate potential 

methods that can be used future studies to improve composting quality via the 

inoculation and cultivation of key bacteria. 

Relationships among environmental factors, bacterial communities and HS 

According to Wu et al. (2017), environmental factors (including physicochemical 

parameters and precursors) and key bacteria are the main factors that affect the 

formation of HS. To further clarify the relationship among the three factors and 

determine the key factors affecting the formation of HS, we performed a correlation 

analysis on the environmental factors, bacterial communities and HS. 

A Pearson correlation analysis was conducted between the environmental factors and 

humification parameters to study their possible role in the composting process (Fig. 6a) 

(Dias et al., 2010). The results showed that GI, temperature, polyphenols and 

polysaccharides had a strong correlation with humification parameters (r>0.75, p<0.05), 

thus indicating that these were key environmental factors affecting the formation of HS. 

Polyphenols and carboxyl were significantly negatively correlated with humification 

parameters, confirming that carboxyl groups and phenyl groups are the main substances 

that constitute the total acidity (deMelo et al., 2016), promote the formation of HS 

through structural integration and increase the aromaticity of HS. Polysaccharides were 

positively related with HS because these substances are formed via the degradation of 

lignin, cellulose and hemicellulose (Sánchez-Monedero et al., 1999) and can be used as 

the main carbon and energy sources of bacterial communities. We can infer that 

polysaccharides are the main energy source of the bacteria in the late stage and can 

promote the bacterial aggregation effect of small molecules, thus promoting the 

formation of HS. These results also support the idea that precursors play an important 

role in HS formation and aromatization. Previous studies also found that temperature 

and GI are related to bacteria composition. Temperature affects bacteria community 

succession and composition, and GI, as a maturity index, is associated with the 

phytotoxicity, which significantly affects bacterial activity. Therefore, temperature and 

GI can significantly affect the composting process by affecting bacterial communities. 

As mentioned above, the top 20 orders were selected to analyze the relationship 

between the bacterial community and humification parameters and elaborate on the 

influence of bacterial communities on HS. As shown in the Fig. 6b, Anaerolineales, 

Chloroflexales, Blastocatellales, Cytophagales, Myxococcales and Nitrosomonadales 

were positively correlated with HS, HA, HI, HR, PHA and DP and negatively correlated 

with FA and E4/E6, which play positive roles in the composting process. According to 

the Pearson correlation analysis and previous reports (Tortosa et al., 2017), some genera 
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of the aforementioned orders could be used as biomarkers for the thermophilic phase 

and maturity phase in the composting. Among them, the OTUs of Anaerolineales, 

Cytophagales and Blastocatellales increased as composting progressed and were 

significantly correlated with all indices (r>0.75, p<0.05). Therefore, Anaerolineales, 

Cytophagales and Blastocatellales could be considered as important microorganisms 

affecting the maturity of GWC. Previous studies have confirmed that Anaerolineales 

and Cytophagaceae can digest proteins, cellulose and other macromolecules (Meng et 

al., 2018) to produce nitrogen and sugar, which may promote the formation of HS. 

However, more research is needed to confirm these results. 
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Figure 6. Pearson correlation heatmap of a) environmental factors and humification 

parameters and b) bacterial communities and humification parameters 

 

 

According to Wang et al. (2015), environmental factors may be the most manageable 

factors affecting HS formation. Thus, exploring the influence of environmental factors 

on bacterial communities is of great important to regulate the production of HS more 

conveniently. However, the relationship between the two in the GWC remains 

unknown. Therefore, redundancy analysis (RDA) is performed based on environmental 

factor parameters and bacterial abundance (Fig. 7). Results of the Monte Carlo test 

showed that the first and all canonical axes were highly significant (p=0.002), 

moreover, eigenvalues showed that the total variation in the bacterial abundance 

statistically explained by these environmental factors accounting for 97.3%, indicating 

that these environmental factors may be significant in explaining bacterial community 

formation. 

RDA indicated the relationship between environmental parameters and bacteria 

communities abundance at the order level. During the early stage of composting, the 

major bacteria (Sphingobacteriales, Pseudomonadales, Burkholderiales, and 

Sphingomonadales) were affected by more than one environmental factor, suggesting 

their growth in an intricate environment. Key bacterial and small molecule precursors 

(amino acids, reducing sugars, polyphenols and carboxyl) directly involved in the 

formation of HS were positively correlated. Therefore, the values of these indices could 

be increased in the initial stage to provide more nutrients and promote the composting 

process. Moreover, bacteria could also facilitate the generation and polymerization of 

these functional precursors by decomposing readily degradable cellulose and 
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hemicellulose, to produce more HS. As a key environmental factor, temperature had a 

certain impact on the major bacteria in the early and middle stages, and the positive 

correlation indicates that it can promote the composting process. However, temperature 

was negatively correlated with the formation of HS, indicating that the cooling stage 

after the thermophilic phase was more suitable for the formation of HS. Anaerolineales, 

Cytophagales, Blastocatellales and Nitrosomonadales were positively correlated with 

the composting samples in the late stage and the formation of HS, indicating that HS 

formation mainly occurred in the late stage and these bacteria may be related to the 

polymerization of substance. 

 

Figure 7. RDA of the correlation between environmental factors, bacterial community and 

compost samples (AA: amino acids, PP: polyphenols, PS: polysaccharides, RS: reducing 

sugars) 

 

 

Anaerolineales, Cytophagales, and Blatocatellales are the key bacteria affecting HS, 

and they were positively correlated with GI, polysaccharides, and TN, indicating that 

the high lignin content of GW resulted in very low availability of nutrients in the late 

stage of composting and suggesting that polysaccharides and TN may be the main 

sources of energy for bacteria, which confirms our previous inference. The content and 

composition of nitrogen are considered to influence the bacterial community through 

the availability of essential elements that affect the bacterial survival (Chodak et al., 

2013; Xi et al., 2016). We can increase the activity of key bacteria through the addition 

of various materials, such as bean dregs, fruit and vegetable waste, in the late stage to 

promote the formation of HS and effectively control the cost of composting. As an 

important biological indicator, GI is significantly related to quinone group, compost 

maturity and phytotoxicity (Tang et al., 2011). Increasing the abundance of these key 

bacteria could increase the content of terpenoids, thereby improving the phytotoxicity 

and maturity of composting. 

Although we have provided some suggestions for increasing the HS of GWC, the 

complexity of the composting process necessitates further study of the aspects of 

operability, cost, and quantitative control so that more precise and effective regulations 

can be developed to improve the potential applicability of the suggested techniques. 
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Conclusions 

In this study, different IPS and C/N ratios were used, the dynamic changes in 

environmental factors and bacterial communities during the GWC were studied, and the 

correlations between these factors and the formation of HS were revealed. The results 

showed that the 2 mm and C/N=23 treatment could accelerate mineralization, increase 

fermentation temperature and GI, and generate a high HS content and humification 

degree. Temperature, GI, polyphenols, and polysaccharides are environmental factors 

that significantly affect the formation of HS; and Analonineales, Cytophagales, and 

Blastocatellales are important bacteria that affect the maturity process. In future studies, 

various spectroscopy techniques (e.g. Fourier transform infrared spectroscopy, nuclear 

magnetic resonance) can be used to explore the mechanism of HS formation in green 

waste composting from the perspective of material structure, so as to further improve 

the humification process and the quality of HS. Meanwhile, regulation methods suitable 

for different scales of composting should be proposed from the perspectives of cost and 

operability. 
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