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This study researched microbial community succession in response to sludge composting efficiency and heavy metal detoxification during municipal sludge co-composting with spent mushroom and spent bleaching. The change law of key physicochemical properties, the heavy metals contents and forms during composting were analyzed, and the passivation of heavy metals after composting was explored. High-throughput sequencing was used to analyze the microbial community structure of treat 2 during composting, and the correlation analysis of microbial community structure with heavy metal contents and forms were carried out. The results showed that the sludge of each treatment reached composting maturity after 26 days of composting. Organic matter content, electrical conductivity, pH and seed germination index of treat 2 were all in line with the standard limit of agricultural sludge. Because of the presence of compost bacteria addition, the passivating heavy metals performance of treat 2 satisfied the standard limit of agricultural sludge after composting, which was superior to that of treat 1 and treat 3. The diversity of microbial communities in treat 2 decreased during composting. Extensive bacteria such as Bacillus, Geobacter, Lactobacillus, and Pseudomonas, which possessed the abilities of heavy metal passivation and organic oxidizing, were dominant in treat 2 during the heating stage. However, as composting proceeded, Tuberibacillus with ability of organic oxidizing gradually became the most dominant species at the thermophilic and cooling stages. Changes in microbial function varied from changes of microbial community in treat 2, subsequently affected the performances of heavy metal passivation and organic oxidizing during composting.
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Highlights


-The sludge reached maturity after 26 days of co-composting with spent mushroom and spent bleaching.

-The effect of passivating heavy metals by treat 2 satisfied agricultural standard.

-The diversity of microbial community in treat 2 decreased during composting.

-Microbes with abilities of heavy metal passivation and organic oxidizing were enriched.





Introduction

With the rapid development of urbanization, and the improvement of sewage treatment rate in China, the output quantity of municipal sludge has increased rapidly (Chen Z. et al., 2021). Municipal sludge is an inevitable product of sewage treatment plants and sewage treatment. However, the composition of municipal sludge is usually very complex. Municipal sludge principally contains a large amount of salt, organic matter (OM) and heavy metals (such as Cr, Cu, Zn, As, Hg, Cd, etc.). It also contains residual refractory organic contaminants and various species of bacteria (Zhou et al., 2020). These components could cause municipal sludge and agricultural soil to exhibit certain biological toxicity (Xu et al., 2020, 2021). If the sludge enters the environment without correct treatment, it will directly result in secondary pollution of the water and the atmosphere. Consequently, it will not only reduce the capacity of sewage treatment systems, but also pose a serious threat to human living environment and health (Liao et al., 2018). It has been suggested that only 31–36% of sludge produced by municipal sewage treatment plants in China was treated with harmless treatment and disposal in 2015 (Wang et al., 2015). Compared with the increasing amount of sludge, the current rate of harmless treatment and disposal of sludge is too low to avoid serious consequences. In addition, the heavy metals in sewage sludge will cause serious pollution without the correct disposal and utilization method, which limits its application on soil nutrient (Liu et al., 2014; Chen R. et al., 2021). What’s more, the difficulty to simultaneously passivate heavy metals and enrich nutrients still existed in sewage sludge (Lu et al., 2021). Therefore, it is a matter of utmost urgency to find a proper way to reduce, render harmless and recycle sludge with complex components and huge output. Public entities in China must prepare to solve this problem.

Aerobic composting is an effective method for treating organic solid waste (Zhou et al., 2020). Composting mainly relies on the metabolic activities of various microorganisms from nature, such as bacteria, actinomycetes, fungi, and protozoa. It converts some of the available OM into inorganic matter with a simple structure and releases heat. Simultaneously, the other portion of the OM is transformed into new cytoplasm, which allows microorganisms to grow and reproduce continuously, produces more organisms and continuously degrades the OM in organic solid waste (Zorpas et al., 2017). Some studies have shown that composting can achieve heavy metal passivation and the removal of refractory organics (Liao et al., 2018; Chen R. et al., 2021). Previous researches have demonstrated that two key control parameters, initial C/N ratio and bulking agent type, can significantly affect heavy metal immobilization during composting (Guo et al., 2022). However, from an intrinsic perspective, heavy metal immobilization is highly associated with microbial activities since composting is essentially a matter transformation process mainly through the metabolism of bacteria and fungi (Mao et al., 2019). Microorganisms have an important role in the composting process. Taking microorganisms as the executor to realize the resource, harmless and reduction of solid waste has become a research hotspot for sludge disposal. Modern molecular biology technology is convenient for research regarding composting microorganisms (Wang et al., 2015). The detoxification of heavy metals and the degradation of OM in compost can be promoted by the addition of appropriate microbial community (Chen Z. et al., 2021). The efficiency and quality of the composting process depend on the diversity of the microbial flora in the compost. In the microbial composting system, there is not a clear understanding regarding the correlation among the microbial community structure, the morphological changes of heavy metals in the composting process. This is consequence of the composting system’s complexity.

Due to the property of municipal sludge itself is usually difficult to meet the conditions required by sludge composting, it is necessary to add auxiliary materials to reduce sludge moisture content (MC) and improve porosity, so as to meet the needs of microbial growth, thus speeding up the composting process, improving the composting effect and promoting the detoxification of composting to heavy metals. Spent mushroom is rich in OM and nutrients, and has a fluffy structure, so it has been used as one of the conditioner of sludge compost to improve the fertilizer and structural porosity of compost (Jordan et al., 2008). Spent bleaching earth is a by-product of refining process of oil factory. It has a large yield and high OM content of about 50%, but low heavy metal content. It can improve the odor generation by using it in compost (Ding et al., 2019). Therefore, spent mushroom and spent bleaching earth can improve the potential of composting process due to their high contents of OM and nutrients, and fluffy structure. Using spent mushroom and spent bleaching earth as auxiliary materials in urban sludge composting can effectively improve the composting effect and realize the resource utilization of spent mushroom and spent bleaching earth.

Based on the above analysis, a high-temperature aerobic composting process was proposed in this study to explore the effects of composting bacterial agent and auxiliary materials on the physicochemical properties of municipal sludge composting. Residual sludge from urban sewage treatment plants, spent mushroom and spent bleaching earth were utilized in the composting, and the initial ratio of sludge, spent mushroom, and spent bleaching earth in the compost was set as 12:10:3. In addition, the passivation of heavy metals from municipal sludge after composting was investigated. Samples were collected at different stages of composting, and high-throughput sequencing was used as a measure to analyze the microbial community structure in the composting process, so as to research the law of microbial community succession in the composting process of municipal sludge. Accordingly, the change rule of key physicochemical properties, the heavy metals contents and forms in the composting process were analyzed, and the correlation analysis of microbial community structure with heavy metal contents and forms were carried out to explore the influence of changes in microbial community structure of the compost on the passivation effect of heavy metals. An objective of the current work to provide a basic reference for the technological development of heavy metal passivation in municipal sludge composting from the perspective of microbial community succession.



Materials and methods


Experimental materials


Compost raw and auxiliary materials

Raw and auxiliary compost materials include fresh sludge, spent mushroom, and spent bleaching earth. Municipal sludge was taken from a sewage treatment plant in Dongguan City and used as the compost raw materials for this project after the drying treatment. Spent mushroom and spent bleaching earth were used as compost auxiliary materials. The basic properties and the heavy metals contents of raw and auxiliary materials are as shown in Supplementary material.



Microbial inoculum

The microbial inoculum adding to compost, which is recorded as M1, is a complex lively bacterial preparation obtained and preserved by preliminary screening in the laboratory. The content of microbial inoculum M1 adding to compost in this study was 1%.




Compost treatment method

Three composts were configured according to the addition of microbial inoculums to investigate the effects of microbial inoculums on the detoxification of heavy metals during 26 days composting process. The initial ratio of sludge, spent mushroom, and spent bleaching earth in the compost was set as 12:10:3. After the raw and auxiliary materials of the experimental compost were intensive mixed, they were stacked into a conical pile about 0.6 m high with a diameter of about 1.5 m. The pile was placed under the greenhouse of the workshop of the composting plant and was composted by the method of high temperature aerobic static ventilation without adding any ventilation equipment. During this period, the pile was operated with artificial turning. In the early stage of compost fermentation, when the temperature was less than 45°C, the compost was not turned over. When the temperature exceeded 45°C, the piles were turned once a day in the morning. If the temperature of the piles rose slowly, the piles were turned over immediately. The settings for adding microbial inoculum to the piles are listed in Table 1.


TABLE 1    Compost method setting.
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Sample collection and speciation analysis of heavy metals

Based on the composting temperature trend, the composting process was divided into different stages. Samples were collected at the pre-composting stage, the heating stage, the high-temperature stage and the cooling stage. Temperature sensors were used to measure the temperature of the upper, middle and lower parts of the reactor each morning and afternoon. The measured temperature of the day was the average value. Simultaneously, the ambient temperature was recorded.

During the composting process, the compost was turned over and stirred once every 3 days. After turning the piles and stirring evenly, samples were taken from five points in the front, back, left, right and center of the pile, and mixed equally into one sample. Then, we obtained a sample of 2 kg based on quartering after spreading and dividing it into three parts. One fresh sample was used for the determination of pH, conductivity and MC (Wang et al., 2021); one air-dried, crushed and sieved for the determination of heavy metals; one sample was placed in a kraft paper envelope and stored in a sealed bag in a cryogenic refrigerator for the determination of OM. To study the species distribution of heavy metals in the municipal sludge, a modified BCR (the Community Bureau of Reference) three-step sequential extraction method was used to determine the speciation and content of heavy metals in the samples (Rauret et al., 2000; Zhou et al., 2020). Using this method, the speciation of heavy metals can be divided into four forms: acid-exchangeable form, reducible form, oxidizable form and residual form. Finally, the samples in the temperature-increasing period, high-temperature period and mature period of treat 2 will be used for the determination of microbial community. They will be taken from the 3rd, 12th, and 24th days of the composting process, respectively. Each biological sample was subjected to three parallel experiments and named WN3d-1, WN3d-2, WN3d-3, WN12d-1, WN12d-2, WN12d-3, WN24d-1, WN24d-2, and WN24d-3.



Method of high-throughput sequencing

Microbial communities of the 12 biosamples were sequenced. The microbial signature sequence of 16S rDNA (ribosomal feature coding sequence of prokaryotes) by PCR amplification was sequenced using high-throughput sequencing technology (Liang et al., 2021). A FastDNA™ SPIN Kit for Soil (MP Biomedicals, Strasbourg, France) was used to extract microbial DNA according to the manufacturer’s instructions. The extracted DNA products were analyzed using agarose gel electrophoresis. Then the V3 + V4 region of 16S rDNA was amplified using specific primers with barcode. The primers used were as follows: 341F: CCTACGGGGGGCWGCAG, 806R: GGACTACHVGGGTATCTAAT. A QuantiFluor™ fluorometer was used for the quantitative determination of the amplified products, which were cut into gels for recovery. The purified amplified products were mixed in equal quantities and sequenced by connecting the sequencing joints. The sequencing library was constructed according to Illumina’s instructions, and the PE250 mode of Hiseq2500 was used for sequencing. The original DNA sequences were filtered by Mothur (v1.39.1) to remove the chimera, and finally the majorized sequences were obtained. Uparse (usearch v9.2.64) was used to classify the sequences. The sample and species taxon sequence abundance matrix were constructed by calculating the sequence abundance of each sample and each taxon. Multiple sequences were clustered according to their distance. Clustering the sequences with 97% identity reads into operational taxonomic units (OTUs) was the default; the rarefaction curve was analyzed based on OTU. Finally, the Chao1 index, Coverage and Shannon diversity index were calculated to measure the diversity of the samples.



Statistical analysis

All determination experiments were repeated for two-three instances, and the experimental data were expressed as the mean ± standard deviation. The differences among the data were tested using the Student’s t-test (P < 0.05).




Results and discussion


Changes in physicochemical properties during composting

The physicochemical properties of the different treatment groups are shown in Figure 1. During the composting process, the variation in temperature of all treatment groups showed a similar trend (Figure 1A), which was roughly divided into three stages: the heating stage (0–7 days), the thermophilic stage (7–15 days), and the cooling stage (15–26 days). This indicated that the number of microorganisms in all treatment groups rapidly increased and then contributed a lot of heat from degrading OMs, leading to rapid evaporation of water. Compared with other treatment groups, treat 1 showed lower temperature during the composting process, which might be a result of no special compost bacteria and auxiliary materials added to the pile of treat 1. In addition, the native microbial activity of treat 1 was obviously inhibited by heavy metals (Zhou et al., 2020). The temperature of treat 2 and treat 3 increased more quickly compared with treat 1, indicating that auxiliary materials could enhance the nutrient conditions for the composting process and the addition of composting microbes promoted the composting effect. All treatment groups rapidly reached the greatest temperatures (>50°C) at day 7, which remained above 55°C for more than 6 days, and then decreased gradually. It was reported that as the fermentation temperature was maintained 55°C for more than 3 days, the majority of pathogenic microorganisms could be inactivated, and then the compost products achieved the standard for harmless levels (Ezzariai et al., 2018; Awasthi et al., 2019).
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FIGURE 1
Changes in physicochemical characteristics of different piles during the composting process. (A) Temperature, (B) moisture content, (C) C/N, (D) organic matter content, (E) pH, (F) electrical conductivity, (G) total nitrogen content, and (H) seed germination index. Error bars represented standard deviation (n = 3).


As shown in Figure 1B, the initial MCs of all treatment groups were adjusted to be between 60 and 75% to create suitable living conditions for microorganisms. During the composting process, the MC of all treatment groups exhibited a continuous downward trend, but there were significant differences between the three treatment groups. As demonstrated in Figure 1B, after composting for 26 days, the MCs of treat 1, treat 2, and treat 3 decreased to 46.82, 48.00, and 43.94%, respectively. These values decreased by approximately 30.81, 34.96, and 27.85% of the initial MCs, respectively. By comparison, it was found that the water volatilization in treat 2 was the most rapid, resulting in the best minimization effect in treat 2.

During the composting process, carbon and nitrogen sources are essential nutrients for microbial activities, so C/N is the key factor affecting composting process and product quality. C/N can directly reflect the impact of crops in composting, and too high or too low C/N will affect the growth of composting microorganisms. As shown in Figure 1C, the C/N values of the three treatment groups at the initial composting period were around 16, which were mainly due to the high ratio of sludge in composting raw materials. The C/N values of the three treatments all showed a trend of falling first and then rising. Compared with treat 1 and treat 3, the C/N value decreased most rapidly in treat 2, which was dropped to the lowest value of 11.56, but then began to rise gradually and tended to balance. This indicated that in the first 10 days carbon source of treat 2 was rapidly degraded during the composting process, while utilization rate of nitrogen source was slower. However, the utilization rate of nitrogen source was accelerated in the follow 16 days, and the utilization rate of nitrogen source was higher than that of carbon source, therefore, C/N rose, and tended to balance with composting processing. Since no additional compost microbes were added to treat 1 and treat 3, there might be the main reason for the fastest C/N decrease in treat 2. Thus, it could be seen that the C/N ratio of treat 2 accelerated the degradation of OM during composting compared with treat 1 and treat 3, which indicated that treat 2 could not only accelerate the degradation of organic carbon in sludge compost, but also had a certain effect on nitrogen retention.

Composting is a process of humification and mineralization of OM. Therefore, as shown in Figure 1D, during the composting process, the OM content of each treatment exhibited a declining trend. The initial OM contents of treat 1, treat 2, and treat 3 were 94.22, 97.52, and 99.91 g kg–1, respectively. After composting, the OM contents of treat 1, treat 2, and treat 3 were 82.24, 77.21, and 95.54 g kg–1, respectively. These decreased by 12.71, 18.77, and 4.37%, for treat 1, treat 2, and treat 3, respectively. It was worth noting that at the end of composting, the OM content of each treatment showed an increasing trend, which might be due to the decrease in water content of the three piles and the occurrence of OM concentration phenomenon with the composting process (Mkaa et al., 2020).

Generally, the pH value affects microbial activity and the mobility of heavy metals, and the optimal pH of composting is of 6.5∼8.0. As shown in Figure 1E, except for treat 1 and treat 3, the pH of treat 2 remained between 6.5 and 7.5 during the composting process, which was suitable for the growth and reproduction of compost microorganisms (Czeka et al., 2016). The results demonstrated that the pH of treat 2 remained stable between 6.5 and 7.5, which met the physicochemical properties of organic fertilizer (Wang et al., 2013).

Electrical conductivity (EC) reflects the amount of soluble salt in compost. During composting, complex organic substrates were biodegraded into dissolved components, leading to a gradual increase in the EC of each treatment group during the composting process. As shown in Figure 1F, the EC trends between treat 1 and treat 2 showed little difference. The initial ECs of treat 1 and treat 2 were in the range of 1.8∼3.0 ms cm–1, while increased to the range of 4.0∼4.6 ms cm–1 at the end of composting. Among the three treatments, the EC trend of treat 3 was the highest during the whole composting process, rising from about 4.0 to about 7.1 ms cm–1, but less than 9 ms cm–1 (Mkaa et al., 2020), indicating that the sludge of each treatment after composting would be beneficial to soil utilization.

As shown in Figure 1G, during the composting process, the total nitrogen (TN) content of all treatment groups initially increased, subsequently decreased, and then increased, prior to finally decreasing. At the initial stage of composting, ammonia volatilization was reduced owing to the insignificant microbial ammoniation and the continuous decrease in water content. The TN content of each treatment increased with the concentration effect of composting. In the second phase, the increase in TN might be a result of the obvious decrease in water content in the piles during the thermophilic stage, leading to the concentration effect of TN (Li et al., 2015). The decrease in TN in each pile was due to the strong metabolic activity of microorganisms, which decomposed organic nitrogen into ammonia and volatilized it into air. The results indicated that all treatment groups had an effect on nitrogen preservation after composting.

Seed germination index (GI) is an important index to judge the compost maturity and can be used to directly and effectively detect the toxicity of compost products. As shown in Figure 1H, the GI value of treat 1 increased from 0.3 on day 1 to 0.53 on day 26. After mixing with auxiliary materials and adding composting bacteria, the GI values of treat 2 and treat 3 were ranged from 0.42 to 0.82 and 0.57 to 0.80, respectively. It could be seen that both GI of treat 2 and treat 3 was above 0.80, indicating that auxiliary materials and composting microorganisms addition in the compost could effectively reduce sludge toxicity.



Performance of heavy metal passivation during the composting process

Table 2 displays the changes of the total amount of heavy metals in the different treatments before and after composting. The total amount of heavy metals in the different treatments decreased after composting. As obvious water stains were observed at the bottom of the piles during the composting process, it could be supposed that leachate with some heavy metals exited from the bottom of the piles, which might be one of the reasons for the decrease in the total amount of heavy metals in each pile after composting. The contents of Cu, Cd, and Zn in treat 1 decreased by 16.05, 42.40, and 3.94%, respectively. In treat 2, the contents of Cu, Cd, and Zn decreased by 35.44, 35.71, and 0.10%, respectively. In treat 3, the contents of Cu, Cd, and Zn decreased by 26.54, 36.78, and 8.19%, respectively. It might be observed that most of the Cu and Cd contents in treat 2 and treat 3 decreased, which might be caused by the loss of more filtrate in the pile after the addition of the composting bacterial agent. As indicated by Table 2 and Figure 1F, the content of Cu, Cd, and Zn in treat 1 at the end of composting were 572.7, 0.65, and 414.2 mg kg–1, respectively. The Cu content exceeded the agricultural standard of 500 mg kg–1 (pH > 6.5), while the other two heavy metals satisfied the concentration standards prescribed in the Pollutants Control Standard for Agricultural Sludge (GB4284-2018) because of their low initial values (Zhang et al., 2016). At the end of composting, the contents of Cu, Cd, and Zn in treat 2 were 286.4, 0.54, and 294.8 mg kg–1, respectively, so the contents of the three heavy metals satisfied the concentration limit prescribed in the Pollutants Control Standard for Agricultural Sludge (GB4284-2018) while pH > 6.5 (Zhang et al., 2016). The contents of Cu, Cd, and Zn in treat 3 were 320.6, 0.55, and 314.8 mg kg–1, respectively, indicating that Cu exceeded the limit concentration of 250 mg kg–1 in agricultural standard while pH < 6.5. However, Cd and Zn concentrations satisfied the limit concentration prescribed in the Pollutants Control Standard for Agricultural Sludge (GB4284-2018) (Zhang et al., 2016). Overall, only the composting products of treat 2 met the requirements for safe agricultural use after composting.


TABLE 2    Changes of heavy metals in municipal sludge composting before and after treatment.
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The bioavailability of heavy metals is closely related to their forms. In this study, the improved BCR fractional extraction method was used to determine the different forms of heavy metals, such as acid exchangeable, reducible, oxidizable and residual fractions. As shown in Figure 2, there was a passivation effect on the Cu element in treat 2 and treat 3 after composting, which was mainly reflected in the contents of refractory forms, including residual and oxidizable fractions. As the composting process progressed, the different forms of the Cu distribution in treat 1 did not change significantly, and the percentage of refractory forms increased by only 3.77% compared with that before composting. However, the contents of the Cu refractory form in treat 2 and treat 3 increased by 7.80 and 6.24%, respectively. It could be seen that among the three treatments, the largest proportion of Cu in treat 2 had been transformed from easy migration form to refractory form, showing the best passivation effect after composting. Cd in the composting mainly existed as residual, oxidizable, reducible and acid exchangeable fractions. During the process of composting, the content of residual Cd in treat 1 was not obvious changing in treat 1. During the process of composting, the change trends of residual Cd and oxidizable Cd in treat 2 were gradually increased, the content of residual Cd in treat 2 increased from 27.20 to 39.83%, with an increment of 13.63%. Similarly, the oxidizable Cd content in treat 2 increased from 12.60 to 30.70%, with an increase of 18.10%. Therefore, the refractory Cd content increased 31.73%. The content of residual Cd was decreased from 39.73 to 24.16%, while the content of oxidizable Cd was increased from 7.87 to 23.45% after composting. The total content of refractory Cd was decreased by 0.71%. In conclusion, during the composting process, the passivation effect of Cd in treat 1 was not obvious. Compared with the composting process of treat 2 and treat 3, it was found that the additional bacterial agent to the composting had a superior passivation effect on Cd than no bacterial agent to the composting. The content of residual Zn increased from 22.71 to 31.61% with an increment of 8.90%, and the content of oxidizable Zn increased from 15.54 to 18.12% with an increment of 2.58%. Therefore, the content of refractory Zn was increased by 11.48%, and the total content of refractory Zn reached 49.72%. In the composting process of treat 2, different from that of treat 1, the content of residual Zn increased from 35.61 to 42.58% with an increment of 6.97%, while the content of oxidizable Zn only increased by 1.50%. Consequently, the total amount of refractory Zn reached 62.20%. After composting, the content of refractory Zn in treat 3 also showed a slight upward trend that increased from 43.32 to 48.02%, indicating that the passivation effect on Zn was obvious, among which the composting effect of treat 2 was superior to the other treatments. Overall, after composting, the effects of Cu, Cd, and Zn passivation in treat 2 were superior to those in treat 1 and treat 3. The results showed that the addition of composting bacteria was an important reason to promote the passivation of heavy metals such as Cu, Cd, and Zn.
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FIGURE 2
Changes in (A) Cu distribution, (B) Cd distribution, and (C) Zn distribution during the composting process.




Microbial community characteristics in treat 2 during composting


Diversity of microbial community during composting

Table 3 shows the alpha diversity indices of treat 2 biosamples including Chao1, Ace, Shannon, and Simpson during composting. As shown in Table 3, the coverage index of the treat 2 biosamples at all stages of composting were greater than 0.99, indicating that the sequencing results could better represent the real situation of microorganisms in the treat 2 biosamples (Chen et al., 2019). The Chao1 index and the ACE index were used to evaluate the ecological indices for estimating the total number of species during composting (Wang et al., 2016). As composting time progressed, the Chao1 index and the Ace index decreased from 3,263 and 3,309 on day 3 to 2,505 and 2,577 on day 24, respectively, suggesting that the alpha diversity of treat 2 biosamples decreased gradually during composting. The Shannon index and the Simpson index were important indices for estimating the diversity and richness of the microbial community distribution during composting. The larger the Shannon index, the higher the microbial community diversity of biosamples, and the larger the Simpson index, the lower the microbial community richness of biosamples (Vitali et al., 2016). The Shannon index with an average number of 8.06 at the early composting stage (WN3d) was greater than that with an average number of 4.99 at the late composting stage (WN24d), indicating that composting reduced the diversity of microbial community. Conversely, the Simpson index with an average of 0.86 at the early composting stage was significantly lower than that with an average of 0.99 at the late composting stage, indicating that composting reduced the richness of microbial community. The decrease in microbial diversity and richness might have been caused by the inactivation of microorganisms in a high temperature environment. In addition, it could be found from Table 3 that the average OTUs of WN3d was of the highest (2393), followed by WN12d (1883) and WN24d (1365). The above results indicated that the average OUTs decreased as composting proceeded.


TABLE 3    The alpha diversity of microbial communities in compost samples.
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The species distribution of microbial communities in different compost habitats was similar and specific to a certain extent. Based on the temperature, the nine compost biosamples could be divided into three groups including the heating group (WN3d), the thermophilic group (WN12d), and the cooling group (WN24d). These groups were used to perform cluster analysis on the composition of OTUs in the biosamples, to understand the common or unique information of OTUs between different biosamples. All OTUs with an average abundance greater than 1 in the comparison groups were selected for Venn diagram analysis (Figure 3). As shown in Figure 3A, WN3d, WN12d, and WN24d aggregations were filled with different colors, and the number of OTUs is marked in the diagram. Figure 3B shows the bar chart of the OTU statistics for each group. Each point represents a biosample group, and the line between the points represents the intersection of two points. As displayed in Figure 3B, the bar lengths between two connected points increase with the correlation between the two groups represented by the points. It might be observed that the shorter distance between WN3d and WN12d suggested a more similar OTU composition. The OTUs composition of WN12d and WN24d were of similar due to the shorter distance between WN12d and WN24d. However, there was a significant difference between WN3d and WN24d. The number of common OTUs in the biosamples of WN3d, WN12d, and WN24d was 921, which accounted for 16.33% of the total OTUs. The number of common OTUs between WN3d and WN12d was 1398, which accounted for 58.42 and 74.42% for WN3d and WN12d, respectively. The number of common OTUs between WN12d and WN24d was 1118, which accounted for 59.37 and 81.90% for WN12d and WN24d, respectively. Venn diagram analysis indicated that the compost temperature was the principal factor influencing the microbial community.
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FIGURE 3
(A) Venn diagram of OUTs and (B) histogram of OUTs during the composting process.


Principal component analysis (PCA) is commonly used to explore the similarities between different biosamples (Chen et al., 2020). As shown in Figure 4, PC1 and PC2 explaining the variance information accounted for 91.4 and 4.4% of the total variation, respectively. The greater the similarity between the compositions of biosamples, the smaller the distance reflected in the PCA diagram. In addition, the different biosamples might exhibit their respective aggregation distributions. The nine biosamples were divided into three groups (WN3d, WN12d, and WN24d) according to the distance between the biosamples. The PCA results showed that the biosamples at the same composting period shared more similarities, while the biosamples at different composting periods shared large differences. The cluster distance and PCA analysis indicated that the similarity in bacterial community composition was mainly influenced by the composting temperature.


[image: image]

FIGURE 4
Principal component analysis (PCA) analysis on the similarity of bacterial communities during the composting process.




Microbial community succession during the composting process

Figure 5A reflects the changes in microbial community succession in treat 2 at the phylum level during the composting process. The main phyla in treat 2 during composting included Firmicutes, Proteobacteria, Bacteroidetes, Actinobacteria, Acidobacteria, Planctomycetes, Chloroflexi, and Armatimonadetes. Among them, Proteobacteria and Firmicutes were the two most dominant phyla in WN3d with relative abundances of 35.64 and 28.01%, respectively. Other phyla such as Bacteroidetes, Actinobacteria, Armatimonadetes, Acidobacteria, Chloroflexi, and Planctomycetes accounted for a certain proportion at the heating stage (WN3d). At the thermophilic stage (WN12d), the relative abundance of Firmicutes increased significantly, while the relative abundance of Proteobacteria decreased slightly. Firmicutes and Proteobacteria were still the two most dominant phyla at the thermophilic stage (WN12d) with relative abundances of 44.45 and 33.18%, respectively. At the cooling stage (WN24d), the relative abundance of Firmicutes rapidly increased to 73.81%, and Firmicutes became the dominant phylum. Other phyla such as Proteobacteria, Actinobacteria, Bacteroidetes, Armatimonadetes, Acidobacteria, Chloroflexi, and Planctomycetes decreased to varying degrees. At the initial stage of composting, Proteobacteria was the dominant phylum. With the progress of composting, the abundance of Firmicutes increased significantly and became the dominant phyla at the thermophilic stage and the cooling stage. The main reason for this might be that Proteobacteria possessed lower heat resistance than Firmicutes. Therefore, Firmicutes gradually replaced Proteobacteria and became the most dominant phylum during composting.
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FIGURE 5
The distribution of microbial community at (A) phylum and (B) genus levels during the composting process.


A heatmap diagram of microbial community distribution at the genus level is shown in Figure 5B. It was not difficult to observe that the dominant bacteria showed obvious succession in different stages of composting. At the heating stage (WN3d), the dominant genera mainly included Weissella (5.08%), Corynebacterium_1 (3.36%), Amphiplicatus (3.01%), Enterococcus (2.32%), Bacillus (2.22%), Amphiplicatus (3.36%), Amphiplicatus (2.32%), Acinetobacter (1.87%), Macellibacteroides (1.49%), SM1A02 (1.49%), Kurthia (1.48%), Geobacter (1.28%), Ornithinibacillus (1.24%), Lactobacillus (0.93%), and Pseudomonas (0.82%), indicating the abundant community structure of treat 2 at the beginning of composting. It was also found that some common bacteria contributed to the passivation of heavy metals and removal of OM widely present in the heap compost. For example, Bacillus has a high affinity for metal binding and can adsorb and detoxify heavy metals in sewage and composting (Jacob et al., 2018). Lactobacillus is a lactic acid fermentation bacterium that may cause acidification in the presence of OM and is suitable for survival under acidic conditions (Na et al., 2021). Geobacter and Pseudomonas have good adsorption and reduction abilities for Cd, Ca, Zn, Cr, Mn, Pb, and other heavy metals (Fernández et al., 2018; Qiu et al., 2020). In addition, Pseudomonas was also the main degradation bacterium of OM (Qiu et al., 2021), which contributed significantly to the passivation of heavy metals and the removal of OM in treat 2. At the thermophilic stage (WN12d), the abundance of Tuberibacillus increased significantly and reaching 31.47%, subsequently Tuberibacillus became the most dominant bacterium in the high temperature period (Ding et al., 2019). According to literature reports, the removals of volatile organic sulfur compounds and organic acids were positively correlated with the bacterial activity of Tuberibacillus (Ding et al., 2019). Thus the enrichment of Tuberibacillus at the thermophilic stage was beneficial for the removal of OM. This might be one of the main reasons why C/N declined rapidly by treat 2 (Ding et al., 2019). The abundances of other genera including heat-resistant Bacillales_bacterium_Mi4 (Yamane et al., 2008), halophilic Salinicola (Shang et al., 2018) and heterotroph Petrimonas (Qian et al., 2020) had a small increase, reaching 4.88, 3.22, and 2.33%, respectively. These three genera could secrete amylase and protease in high temperature environments and promote the degradation of OM. The three genera could also decompose fiber, hemicellulose, lignin and other refractory OM, promoting the degradation of macromolecular OM and maintaining the stability of the heap composting (Yamane et al., 2008; Shang et al., 2018; Qian et al., 2020). However, the abundance of bacteria with ability to adsorb and passivate heavy metals, such as Idiomarina, Bacillus, Geobacter, and Pseudomonas, decreased to 1.92, 1.01, 0.43, and 0.42%, respectively. This might be due to the poor adaptability of these bacteria to high temperature environments (Zhou et al., 2020). At the cooling stage (WN24d), the abundances of Tuberibacillus and Bacillales_bacterium_Mi4 continued to significantly increase. Tuberibacillus was the dominant bacterium, accounting for 44.81%, followed by Bacillales_bacterium_Mi4, the second dominant bacterium, accounting for 18.01%. The petroleum-degrading bacterium Alcanivorax showed a slight increase (Ramasamy et al., 2020), accounting for 4.93%, while the other bacteria only accounted for a small proportion, and the species composition at the cooling stage was relatively simplified. In summary, the main microorganisms such as Tuberibacillus, Bacillus, Geobacter, Idiomarina, Lactobacillus, and Pseudomonas with heavy metal passivation and OM removal could be enriched during the composting process. At the heating stage, the dominant bacteria such as Bacillus, Geobacter, Lactobacillus, and Pseudomonas were enriched. As composting proceeded, the abundance of Tuberibacillus increased significantly and became the most dominant bacterium at the heating stage. Compared with other bacteria, Tuberibacillus exhibited a better heat-resistance activity, so it became the dominant bacterium in the high temperature period and maturity period of composting. Based on the above results, it was found that the inoculation of composting bacteria such as Tuberibacillus, Bacillus, Geobacter, Idiomarina, Lactobacillus, and Pseudomonas first promoted the process of sludge composting (increasing the temperature), and then the heat-resistance bacteria such as Tuberibacillus gradually became the dominant bacteria under high temperature conditions, and further promoted the performance of sludge composting, so that the detoxification of heavy metals might be enhanced during the process of composting.



Function prediction of microbial community during composting

The functional changes in the microbial community were predicted by the Tax4Fun method during the composting process, and the results are shown in Figure 6 and Table 4. Clearly, the abundance of functional genes in the same metabolic pathway varied significantly at different composting stages owing to the continuous succession of different dominant bacteria. Take the top 10 metabolic pathways with the greatest abundance differences at different composting stages. During the composting process, the activities of ko02010, ko00330, and ko00260 were the most significant during the cooling stage, were weakened at the thermophilic stage, and finally were inhibited at the heating stage, indicating that with composting processing, the metabolism, amino acid metabolism and membrane transport functions of composting microorganisms gradually became more active. The activities of ko02020 and ko00550 were greater during the heating stage and the cooling stage, but were inhibited at the thermophilic stage, indicating that the extracellular electron transport function of composting microorganisms is inhibited at the thermophilic stage. However, they became more active during the heating stage and the cooling stage owing to the lower temperature, suggesting that the reduction and passivation of heavy metals mainly occurred during the heating stage and the cooling stage. The activities of ko03070, ko00970, ko00500, ko00190, and ko03018 were the most active during the heating stage, and then gradually decreased during the thermophilic stage, and were inhibited during the cooling stage. This indicated that as the composting time proceeded, the carbohydrate metabolism activity of compost microorganisms decreased gradually.


[image: image]

FIGURE 6
Comparison of differences in abundance of metabolic pathway genes during the composting process (the top 10 metabolic pathways with the largest abundance differences).



TABLE 4    List of metabolic pathway functions.
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Conclusion

The sludge of treat 2 reached composting maturity after 26 days of co-composting with spent mushroom and spent bleaching. Among the three treatments, treat 2 achieved the best composting performance, and the physicochemical properties of treat 2 were more conducive to the passivation of heavy metals and the oxidation of OMs than other treatments. OM content, EC, pH, and GI of treat 2 were all in line with the standard limit of agricultural sludge. The performance of passivating heavy metals satisfied standard limit for agricultural sludge, which were superior to those of treat 1 and treat 3. The diversity of microbial communities in treat 2 decreased during the composting process. Extensive bacteria such as Bacillus, Geobacter, Lactobacillus, and Pseudomonas, which possessed the abilities of heavy metal detoxification and organic oxidizing, were dominant in treat 2 at the heating stage. However, Tuberibacillus gradually became the most dominant species at the thermophilic stage and the cooling stage, further contributed a lot to OM degradation and heavy metal passivation. Changes in microbial functions varied from microbial community observed in treat 2, subsequently affecting the performances of heavy metal passivation and OMs removal during composting. These findings may provide useful knowledge to improve the composting efficiency in the future.
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