Di-n-butyl phthalate stress hampers compost multifunctionality by reducing microbial biomass, diversity and network complexity
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Abstract: 
Phthalate esters are common pollutants in agriculture. Here, we assessed the influence of di-n-butyl phthalate (DBP) on microbiome multifunctionality during composting. Results indicated that DBP stress (100 mg/kg) hampered multifunctionality from the thermophilic phase onwards and resulted in a 6.5% reduction of the temperature. DBP stress also significantly reduced microbial biomass (P < 0.05), altered microbial composition (P < 0.05), and decreased network complexity (P < 0.01). Multifunctionality was found to be strongly correlated (P < 0.001) with microbial biomass, diversity, and network complexity. In addition, keystone taxa responsive to DBP were identified as Streptomyces, Thermoactinomyces, Mycothermus, and Lutispora. These taxa were significantly (P < 0.001) affected by DBP stress, and a correlation between them and multifunctionality was shown. This study contributes to a better understanding of the negative implications of phthalates during composting processes, which is of great significance to the development of new treatment strategies for agricultural waste.
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1. Introduction
Phthalates (PAEs) are used worldwide to improve the plasticity of plastics (Zhang et al., 2021b). However, their use has raised some environmental concerns. PAE pollutants can be detected in food waste, agricultural waste and other organic solid wastes (Lü et al., 2021). If these organic solid wastes polluted by PAEs are not properly treated, they can become a new source of pollution. At present, the proper disposal of PAE-contaminated organic solid waste has attracted increased attention. Composting is considered as an environmentally friendly technology for recycling organic solid waste (Chen et al., 2022; Lü et al., 2021), because materials such as farm straw and manure are highly suitable microbial degradation (Chen et al., 2022; Zhang et al., 2020). Moreover, the finished compost products can improve soil properties and enhance soil fertility (Feng et al., 2020). Previous studies confirmed that composting can be successfully applied to degrade PAE-contaminated organic wastes (Lü et al., 2021). Although a composting system is a man-made ecosystem, several ecological functions can be found therein, similar to a natural ecosystem such as soil. These multiple ecosystem functions (referred to as ‘multifunctionality’) including matter cycling, organic waste humification, and contaminant degradation should be ideally maintained during composting of PAE-contaminated organic wastes (Chen et al., 2022; Lü et al., 2021). In recent years, multifunctionality was defined as an ecological concept that evaluates multiple ecosystem functions that are present simultaneously (Byrnes et al., 2014). This concept is widely used to describe functionality in various ecosystems (such as soil and forest) and to assess the effects of environmental stress on ecosystem functions such as primary production, matter cycles, and degradation processes (Han et al., 2022; Tresch et al., 2019). Environmental pollution was previously identified as one of the main factors leading to changes in soil multifunctionality by strongly altering soil microbial diversity, community composition, and ecological clusters (Ma et al., 2020; Li et al., 2021a). However, no studies have so far used this index to assess the effects of environmental stress on the composting process. Therefore, systematically evaluating the effect of PAE stress on the multifunctionality of the microbiome during composting and analyzing the causes of the changes therein could provide valuable knowledge. Such knowledge could not only help to understand the harm of PAE pollutants to composting systems, but also provide additional support for the development of organic solid waste composting strategies.

Composting is a biological oxidation process in which microorganisms play an irreplaceable role in regulating nutrient circulation, pollutant degradation and where they contribute to compost quality (Zhang et al., 2020; Lü et al., 2021). The biomass of microorganisms, especially functional genes related to the cycling of nutrients such as carbon and nitrogen, was found to be directly related to organic matter humification and pollutant degradation during composting (Wang et al., 2022a; Wang et al., 2022b; Liu et al., 2019b). In addition, microorganisms that coexist in the composting ecosystem fulfill many functions, which are essential for the process of converting solid waste into stable humus and producing high quality compost products (Wu et al., 2017). Changes in microbial community can affect greenhouse gas emissions, nutrient cycling, and pollutant degradation, thus having important wide-ranging effects on the environment (Lü et al., 2021; Zhang et al., 2020; Liu et al., 2019b). Therefore, it is of great significance for future optimization of solid waste composting technologies to systematically analyze the relationship between microbes (biomass and community diversity) and multifunctionality as well as the response to PAE stress as common pollutant.
Microbial communities that occur during composting are highly diverse (Wang et al., 2022a; Wu et al., 2017; Zhang et al., 2021a), but diversity is often insufficient to understand microbial functioning. Functioning is realized through individual contributions as well as by various groups of microorganisms (Qiu et al., 2021). Microbes involved in the composting process are often associated with each other, and functionally interlinked, which is required to complete the composting process (Li et al., 2021b). Connections between microorganisms can be analyzed through co-occurrence analyses (Meng et al., 2022; Zhu et al., 2020). Such analyses can be implemented to understand microbial community complexity and how this complexity changes during composting (Chen et al., 2022; Zhang et al., 2020). One of the aims of this study was to assess the negative effects of PAEs on composting systems by investigating if microbial network connections change as a response to their presence. This knowledge is important because network connectivity is a good indicator of the stability of microbial communities during composting (Qiu et al., 2021; Fanin et al., 2018), and thus directly connected to multifunctionality of the resulting compost. Furthermore, key microbial taxa can be highly interrelated and have a significant influence on the microbial community structure and function (Banerjee et al., 2018; Wang et al., 2020). Network connectivity can be negatively affected by the loss of key microbial taxa. Therefore, it is worth evaluating whether certain levels of PAE stress may cause such losses. 
Here, the response of microbial communities to PAE pollutants was evaluated by analyzing how the biomass, diversity, composition and network complexity differ between a PAE-exposed composting group and a control group. Furthermore, it was assessed whether PAE-exposed changes in microbial communities are associated with multifunctionality of composting systems. It was hypothesized that PAE pollutants would hamper multifunctionality via negative effects on the microbial community. To test this hypothesis, di-n-butyl phthalate (DBP) was used as a model for PAEs, and corn stalks mixed with chicken manure was used as composting material. Lab-scale experiments were carried out with different levels of DBP stress. The effects were evaluated by: (1) analyzing the changes in microbial biomass, diversity, composition and network complexity under DBP stress, (2) exploring the relationship between microbes and multifunctionality as a response to DBP, and (3) identifying keystone taxa and their potential implications for multifunctionality of composting systems. The findings of this study will contribute to a better understanding of the negative implications of PAEs during composting processes.
2. Materials and methods 

2.1. Composting procedure 

Corn stalks and chicken manure were used as composting raw materials, which were respectively collected from a farmland and a small-scale chicken farm in Zhoukou, China. The corn stalk was shredded into fragments (approx. 1–2 cm length) using a hay pulverizer. Fresh, air-dried (10–25oC) chicken manure that was adjusted to a water content < 30% was passed through a 5-mm sieve. In order to adjust the C/N ratio to about 30:1, corn stalks and chicken manure (w:w=2:1) were mixed thoroughly by hand. 
Four composting systems utilizing equal amounts of the raw material were set up and the only variable factor was the DBP stress level. High DBP stress (CRH), moderate DBP stress (CRM), light DBP stress (CRL), and a control group without DBP stress (CR0) were simulated in laboratory scale composting reactors. DBP stress in CRH, CRM, CRL, and CR0 was induced by adding 100 mg/kg, 10 mg/kg, 1 mg/kg, and 0 mg/kg of DBP to the raw material based on its dry mass, respectively. Each composting group included three duplicate reactors. The composting reactors were mechanically ventilated stainless steel buckets (50 L) and each composting reactor was filled with about 20 kg of mixed material. Mechanical ventilation (about 0.8 L/kg/min) was maintained during composting (Hui et al., 2018), which provided aerobic conditions during the composting process. Meanwhile, the moisture of the compost was maintained at about 60% by adding water in order to provide optimal conditions for microbial activity (Wang et al., 2022b). The composting process lasted 85 days. A total of 24 samples were collected from the initial (day 0), mesothermal (day 6), thermal (days 14, 24 and 32), cooling (day 52) and maturation (day 84) phases from the four composting groups. All described measurements and analyses were conducted in triplicates.
2.2. Physicochemical analyses
Physicochemical factors including total organic carbon (TOC), pH, temperature, total nitrogen (TN), C/N ratio (the ratio of TOC and TN), HA/FA ratio (the ratio of humic acid and fulvic acid), germination index (GI), and typical enzyme activity (cellulase and protease) were analyzed following previously published protocols (Zhang et al., 2020; Wang et al., 2022b). In addition, the quality of the finished product from all four composting systems was analyzed according to previously published methods (Zhang et al., 2020; Wang et al., 2021). The physicochemical properties assessed for the final compost products included pH, electrical conductivity (ES), TN, total phosphorus (TP), total potassium (TK), C/N ratio, HA/FA ratio, moisture, bulk density, water-holding capacity, and the GI value.
Multifunctionality of the composting system was assessed using these variables, because they provide information on a wide range of functions during the composting process. It was assessed according to the method presented by Fanin et al. (2018). The values for each of the nine measurements were standardized by z-transformation before averaging to eliminate the impacts of the measurement scale differences between variables. The null hypothesis in this study was that the level of multifunctionality was affected due to an increase in the quantity of microbial taxa or functional species. Each of the nine variables was standardized by dividing it by the maximum obtained value, which resulted in equal weighting of all the functions. The mean of standardized values was used to calculate the average multifunctionality. This method is widely used (Qiu et al., 2021; Fanin et al., 2018).
2.3. DNA extraction, qPCR, and amplicon sequencing
Total community DNA was obtained from compost samples by using the FastDNA Spin Kit (MP Biomedical, CA), and a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA) was used to determine DNA quality. All DNA samples were stored at −80oC until qPCR or amplicon sequencing analyses were conducted. An ABI 7300 qPCR System (Applied Biosystems) was used to determine the bacterial biomass, fungal biomass, and the biomass of microbes with functional genes related to N2-fixation (nifH) (Fan et al., 2017) and C-fixation (cbbLG and cbbLR) (Selesi et al., 2005). Negative controls (no template controls) were implemented to assess and eliminate any possible contamination (Wang et al., 2022b). Gene copy numbers were calculated based on the constructed calibration curves, and then converted into copies per gram of compost sample. To analyze the influence of DBP stress on the succession of microbial communities during composting, bacterial communities and fungal communities were investigated using bacteria-specific primers (515F/806R) and fungi-specific primers (ITS3/ITS4) (Zhang et al., 2020). Amplicon libraries were prepared by using the Illumina Nextera Kit. Paired-end sequencing (2 × 250) was conducted with a MiSeq PE250 Sequencer (Illumina, USA) at Major Biopharm Biotechnology Co., Ltd., located in Shanghai, China. The raw data resulting from the sequencing approach was uploaded to NCBI. It can be retrieved via the accession number PRJNA761922. 

2.4. Statistical analysis

Mothur (software version 8.0) was used to calculate alpha diversity indices including the abundance-based coverage estimate (ACE), Chao1, Shannon, and Coverage index. The WGCNA package based on Spearman’s correlation matrices was used to construct co-occurrence networks of microbial communities occurring during composting under various levels of PAE stress. The igraph package was used to obtain network properties and to explore network features of each sample as described in a previous study (Selesi et al., 2005). The node number, betweenness, and closeness were used to describe network features in the present study. Microbial keystone OTUs were identified by taking node numbers, betweenness centrality, and closeness centrality into account (Berry et al., 2014). Correlations between compost multifunctionality and microbial biomass, alpha-diversity, microbial co-occurrence, and keystone taxa abundance were assessed by linear regression analysis. 

3. Results and discussion
3.1. Performance and multifunctionality of different composting reactors
DBP stress significantly altered the performance of composting reactors. Results showed that the highest temperatures in CR0, CRL, CRM, and CRH were 66.5oC, 65.5 oC, 64.5 oC, and 65 oC, respectively. In addition, the duration of the thermophilic stage in CR0 was respectively 2 days, 5 days, and 6 days longer than in CRL, CRM, and CRH (see E-Supplementary data). These findings provided evidence that the DBP-exposed composting reactors had a shorter thermophilic phase and a lower maximum temperature. Furthermore, the pH value of CRH was slightly higher than that of the other composting groups at the early stage (see E-Supplementary data). This might be due to the fact that a higher concentration of DBP inhibited the production and transformation of NH4+. Meanwhile, the pH values of CRH, CRM, and CRL were higher than that of CR0 (P < 0.01) in the maturation phase (see E-Supplementary data), which might be due to the influence of DBP stress on the nitrification and denitrification processes during composting (Zhang et al., 2020). In addition, the percentage of TOC in composting systems exposed to different levels of DBP stress was lower than that in the control reactor. The TOC content in CR0 was significantly lower than that in three the DBP-stress-exposed groups from day 6 to day 52 (P < 0.05) (see E-Supplementary data), which indicated that DBP stress hampered the biodegradation rate of TOC during agricultural waste composting. Furthermore, from day 52, the GI value, C/N ratio and HA/FA ratio under DBP stress were significantly lower than those in the control group (P < 0.05) (see E-Supplementary data). These findings indicated that the presence of DBP slowed down the composting process, which not only might negatively affect the quality of compost, but also increase the operating costs. Moreover, the results also indicated that DBP stress hampered the cellulase and protease activity during composting (see E-Supplementary data), which was linked to a decrease and change in the number and structure of prevailing microorganisms (Wang et al., 2022b).
To further characterize the effects of DBP stress on agricultural waste composting, correlations between DBP stress and compost multifunctionality during the composting process were also determined. As shown in Fig. 1a, DBP stress significantly reduced compost multifunctionality during the composting process. More specifically, it was observed that multifunctionality decreased with the increase of DBP concentration. Notably, on day 24 of composting, the compost multifunctionality under DBP stress was significantly lower than that of the control group; the trend continued until day 84 (Fig. 1b). This suggests DBP stress has an inhibitory effect on compost multifunctionality beginning with the thermophilic phase of composting. In addition, the multifunctionality of composting ecosystem also showed a positive correlation with different composting properties (e.g., TOC degradation, the C/N ratio, and GI value) (P < 0.001, see E-Supplementary data).
One of the main aims of agricultural waste composting is to obtain high quality marketable compost (Walsh et al., 2020; Wang et al., 2021). Compost quality is known to be directly affected by microbial processes during the whole production process (Walsh et al., 2020). In this study, the quality of the finished product (including pH, ES, TN, TP, TK, C/N ratio, HA/FA ratio, moisture, bulk density, water-holding capacity, and GI value) from all four composting systems was analyzed to further determine the effects of DBP. The results showed that all assessed indicators of the analyzed samples were within normal to ideal ranges for compost that is typically sold in the agricultural industry (the composting standard of China) (see E-Supplementary data). It is worth noting that the quality of compost (e.g. C/N ratio, HA/FA ratio, water-holding capacity, and GI value) from DBP-exposed composting groups was lower than those from the control group, suggesting that the reduction of PAE pollutants might be beneficial to improve the quality of final product. Therefore, implementing degradation strategies, especially such that are based on microbes, of PAEs during the composting process should be considered in the future.
3.2. Microbial biomass and its contribution to multifunctionality

Previous data indicate at microbial biomass during composting directly affects conversion of nutrients and degradation of organic pollutants (Wang et al., 2022b; Sardar et al., 2021; Lü et al., 2021). In order to evaluate the response of microbial biomass to DBP stress and the contribution of microbial biomass to multifunctionality during the composting process, a qPCR-based approach was implemented as shown in Fig. 2a and 2b. The highest 16S rRNA gene and ITS region copy numbers were observed in the control group, which indicated that a decrease in the bacterial and fungal gene copy numbers under DBP occurred during the composting process. Nevertheless, bacterial biomass and fungal biomass were correlated positively and significantly with multifunctionality during composting (P < 0.001, Fig. 2c and 2d), and also positively correlated to most indicators for good composting performance (e.g., TOC degradation percentage, the rate of HA/FA, and GI) (P < 0.01, see E-Supplementary data). Hence, a decrease of microbial biomass in DBP-exposed groups was correlated to a decrease in composting multifunctionality. This was mainly because DBP stress resulted in a decrease of microbial biomass, which inhibited TOC decomposition and nutrient conversion as previously shown (Wang et al., 2022b), which is connected to decreased compost multifunctionality. These results also indicated that the degradation efficiency of PAE pollutants can be improved by increasing microbial diversity, thus restoring of multifunctionality in composting systems.
In addition, the impact of DBP on nitrogen fixation (nifH abundance) was also analyzed during composting. Gene copy numbers of nifH were higher during the cooling and maturation phases than during other phases of the process (see E-Supplementary data). The gene copy number of the nifH gene was significantly reduced from day 52 in the 100 mg/kg DBP group. This was even more pronounced on day 84, indicating that the carriers of the nifH gene might be sensitive to high concentrations of DBP during composting. There was no significant difference between CRM, CRL, and CR0. Genes related to the Calvin-Benson-Bassham (CBB) cycle were also analyzed, which is an important pathway for fixation of carbon dioxide (Zhou et al., 2019). The key enzyme RubisCO in the CBB cycle is encoded by the cbbL genes (including cbbLG and cbbLR) (Selesi et al., 2005). The gene copies of cbbLG and cbbLR were significantly higher in CR0 than in other samples on day 84 (see E-supplementary data). Meanwhile, the results also showed that the effect of DBP on the cbbLG and cbbLR genes changed to some extent from day 24. Notably, in mature compost, the copy numbers of the cbbLG and cbbLR genes were significantly higher in the control group than in DBP-exposed mature composts. These results suggested that the presence of PAEs hampered nitrogen fixation as well as carbon fixation in compost, indicating that PAE stress might influence greenhouse effects and matter cycling processes in general.
3.3. Microbial diversity and its contribution to multifunctionality

In addition to microbial biomass, microbial diversity has also an impact on the conversion of nutrients and the degradation of organic pollutants during composting (Wang et al., 2022a; Sardar et al., 2021; Lü et al., 2021). However, there is little data related to the influence of DBP stress on microbial diversity during composting (Wang et al., 2022b), and it is still unclear if DBP stress can cause changes in microbial diversity and multifunctionality during composting. Thus, the change of microbial (bacterial and fungal) diversity within the four composting groups was explored via amplicon sequencing. In the present study, 1,373,408 bacterial sequences and 1,311,310 fungal sequences were obtained after quality filtering of the data. The dynamics of microbial diversity were assessed for all four composting groups. Fig. 3a shows that the ACE, Chao1, and Shannon indices for bacteria under different concentrations of DBP were significantly lower than those in the control group from the 24th day onwards. In terms of the fungal community, a decrease in diversity occurred from the 14th day of composting (Fig.3c). This indicates that the presence of DBP causes a significant decrease in microbial diversity beginning with the thermophilic stage. In addition, compost multifunctionality was significantly positively correlated with bacterial and fungal diversity indices (including ACE, Chao1, and Shannon) during composting (P < 0.01, Fig. 3b and 3d). The impact of DBP stress on microbial diversity followed the same pattern as observed with TOC and TN content as well as enzyme activity in the composting system. In conclusion, the results indicated that the presence of DBP reduced microbial diversity during composting, which is linked to decrease of multifunctionality. Therefore, microbial inoculation at the beginning of composting to increase the abundance and diversity of microorganisms may support PAE degradation and restore multifunctionality.
3.4. Microbial composition changes
The impact of DBP stress on the microbial community composition was assessed at phylum level as well as family level. Bacterial communities were mainly composed of the phyla Actinobacteria and Firmicutes, accounting for 75.00%-80.84% of the overall bacterial community in all analyzed groups (Fig. 4a). Similar results were previously shown for maize straw composting (Wei et al., 2018), sewage sludge composting (Jiang et al., 2021) and pig manure composting (Jiang et al., 2020). DBP significantly reduced the relative abundance of Actinobacteria during composting, which indicated that Actinobacteria might be sensitive to DBP stress (Wang et al., 2022b). Previous studies have shown that some Actinobacteria can withstand high temperatures and might play important in the degradation of refractory organics (Zhang et al., 2020; Hui et al., 2018); thus, their abundance was linked to changes in TOC. On the contrary, the relative abundance of Firmicutes was significantly increased during composting under DBP stress (Fig. 4a). Proteobacteria (10.36%-13.01%) was found to be the third dominant bacterial phylum during composting, while DBP stress was shown to increase their abundance (Fig. 4a). The other dominant phyla (abundance > 0.1%) were Gemmatimonadota, Bacteroidota, Deinococcota, Chloroflexi, Myxococcota, and Planctomycetota. DBP decreased the abundance of Chloroflexi, but increased the abundance of Deinococcota during composting. At family level, DBP stress caused a decrease in the abundance of Pseudonocardiaceae, Micromonosporaceae, not further characterized Actinomarinales, and Fodinicurvataceae (all members of the phylum Actinobacteria), but increased the abundance of Trueperaceae (phylum: Deinococcota) and Steroidobacteraceae (phylum: Proteobacteria). These bacterial families were previously shown to decompose refractory organic compounds such as hemicellulose (Zhang et al., 2020). In addition, the abundance of Micromonosporaceae and Steroidobacteraceae was found to be positively correlated with compost multifunctionality (P=0.0698 and 0.0523, respectively).
Ascomycota was identified as the predominant fungal phylum in all four composting groups, accounting for 92.75%-94.60% of the fungal community (Fig. 4c). Previous studies have shown that this fungal phylum is commonly found during composting (Liu et al., 2021; Zhang et al., 2016; Wang et al., 2018). Basidiomycota (1.96%-5.41%), Blastocladiomycota (0.07%-0.20%), and Mortierellomycota (0.03%-0.18%) were other dominant phyla found in the present study. Unclassified fungi account for 0.94%-5.17% in the four composting groups. Notably, DBP significantly decreased the relative abundance of unclassified fungi during composting (P < 0.05). In contrast, the abundance of Ascomycota and Basidiomycota increased under DBP stress. It's worth noting that the abundance of Trichocomaceae in the control group (38.44%) was significantly higher than in the DBP-exposed groups (CRL: 19.82%, CRM: 9.53%, and CRH: 8.26%), indicating that Trichocomaceae might be sensitive to DBP stress. In addition, the abundance of this family was positively correlated with multifunctionality (P = 0.0747). 
3.5. DBP stress affects microbial networks complexity and keystone taxa 
Microbial network analysis can reveal complex connections within microbial communities and indicate how connections between different microbial taxa change in response to changes in environmental conditions (Banerjee et al., 2021; Hu et al., 2019). Microbial networks can also reveal associations and spatial effects within microbial groups (Faucon, 2020). In ecological networks, a node is the central unit (Berry et al., 2014; Liu et al., 2019a), while closeness centrality shows the average shortest path, therefore revealing the significance of a node (Freeman, 1978). Inversely, betweenness centrality indicates that a node is a bridge between network elements (Newman, 2003). The importance of certain nodes in a network is determined by the combined score of high node number, high closeness centrality, and low betweenness centrality. Bacterial as well as fungal networks were analyzed during composting by implementing a co-occurrence network analysis (Fig. 5a and 5b). The node number, closeness centrality, and betweenness centrality were used to reveal microbial network complexity, with greater node numbers, greater closeness, and lower betweenness representing higher network complexity (Banerjee et al., 2021). Notably, the betweenness centrality was higher in the DBP-exposed composting groups when compared to the control group, while the node numbers and closeness were lower (Fig. 5c–e). In addition, these tendencies increased with increasing DBP concentrations (Fig. 5c–e). These results indicated that DBP stress affected microbial connections, and therefore decreased the microbial network complexity during composting. A decrease of network complexity might be due to harmful effects caused by DBP that resulted in lower microbial biomass and diversity, which in turn reduced nutrient utilization. Moreover, network complexity was found to be significantly correlated (P < 0.001) with compost multifunctionality (Fig. 5f–k). Therefore, restoring microbial network structures may improve the performance of composting systems.
Keystone taxa are highly connected microorganisms that play an important role in the microbial community (Banerjee et al., 2019; Gibbons et al., 2020) and can be used as microbial indicators for the composting performance (Yin et al., 2018), that therefore were likely to have implications for compost multifunctionality. Keystone taxa are represented by network nodes with the highest standardized score for closeness centrality and low betweenness centrality. In this study, Streptomyces, Thermoactinomyces, and Flaviflexus (all members of the phylum Actinobacteria), Cellvibrio (phylum: Proteobacteria), and Lutispora (phylum: Firmicutes) were identified as bacterial keystone taxa (Fig. 6a). Co-occurrence network analysis also revealed that Mycothermus and Orpinomyces (both members of the phylum Ascomycota) were fungal keystone taxa during composting (Fig. 6a). The relative abundances of Streptomyces, Thermoactinomyces, and Mycothermus was positively correlated with multifunctionality, but decreased with the increase of the DBP concentration (P < 0.001, Fig. 6b). On the contrary, the relative abundance of the Lutispora increased with the increase of DBP dose and was negatively correlated with compost multifunctionality (P < 0.001, Fig. 6b). In addition, keystone OTUs assigned to Flaviflexu, Cellvibrio, and Orpinomyce were neither affected by DBP stress nor showed a correlation with multifunctionality during composting. The overall results indicated that several keystone taxa responded to DBP stress during composting. They might therefore be used as a microbial indicator for the influence of DBP stress on microbial communities and compost multifunctionality. In addition, they might be used as functional inoculants for improving composting technologies and enhancing the performance during PAE-contaminated agricultural waste composting.

4. Conclusion

This study is the first to analyz the influence of DBP on multifunctionality of composting systems. Compared to the control group, the DBP-exposed groups harbored a lower microbial biomass and diversity as well as lower network complexity. Notably, the multifunctionality was significantly reduced under DBP stress, which strongly correlated with microbial biomass, diversity, and network complexity. Moreover, keystone taxa that were affected by DBP stress were identified and showed a correlation with compost multifunctionality. These findings contribute to a better understanding of the negative implications of PAEs during composting. They could also serve as a basis for the design of future industrial composting reactors that are suitable for the degradation and reuse of PAE-contaminated waste. 
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Fig.1. Effects of DBP stress on multifunctionality during composting. CR0: control group, CRL: low DBP stress, CRM: moderate DBP stress, HCR, high DBP stress.
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Fig.2. Bacterial and fungal biomass at different DBP concentration and the correlation with multifunctionality. Bacterial and fungal biomass during composting under absence of DBP stress (CR0), low DBP stress (CRL), moderate DBP stress (CRM), and high DBP stress (HCR) (a and b), and the correlation between multifunctionality and microbial biomass (c and d). 
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Fig.3. Alpha diversity of bacterial and fungal communities exposed to DBP and the correlation between multifunctionality and alpha diversity during composting. Diversity of bacterial and fungal communities (abundance-based coverage estimate (ACE), Chao1, and Shannon index) during composting absence of DBP stress (CR0), low DBP stress (CRL), moderate DBP stress (CRM), and high DBP stress (HCR) (a and c), and the correlation between multifunctionality and microbial diversity (b and d). 
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Fig.4. Bacterial and fungal composition under DBP stress during composting. The relative abundance of the dominant phyla (a: bacteria; c: fungi) and of the dominant families (b: bacteria; d: fungi) in composting under absence of stress (CR0), low DBP stress (CRL), moderate DBP stress (CRM), and high DBP stress (HCR). Phyla with an abundance <1% and families with an abundance <5% were not listed. 
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Fig.5. Co-occurrence networks of the bacterial (a) and fungal (b) community during composting under absence of DBP stress (CR0), low DBP stress (CRL), moderate DBP stress (CRM), and high DBP stress (HCR). The sizes of the nodes (OTUs) are proportional to the number of connections. Number of network nodes (c) and the degree of betweenness (d) and closeness (e) of bacterial and fungal co-occurrence networks during composting. Correlations between multifunctionality and the number of nodes (f: bacteria; i: fungi), the degree of betweenness (g: bacteria; j: fungi), and closeness (h: bacteria; k: fungi) of co-occurrence networks.
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Fig.6. Relative abundance of keystone taxa identified by network analysis in composting processes without DBP stress (CR0), low DBP stress (CRL), moderate DBP stress (CRM), and high DBP stress (HCR) (a), and the correlation between compost multifunctionality and the abundance of keystone taxa (b).  
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