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In this study, the influence of ciprofloxacin, chlorotetracycline, lincomycin, and sulfamethoxazole on the composition of the bacterial community structure was studied during aerobic composting with swine manure. Firmicutes (26.67%) and Chloroflexi (23.33%) were the most widely distributed phyla. Under all antibiotic treatments, the relative abundances of Bacillaceae, Streptosporangiaceae, Limnochordaceae, and Peptostreptococcaceae increased during the composting process. Moreover, norank_SBR1031, Planococcaceae, Thermomonosporaceae, Peptostreptococcaceae, Erysipelotrichaceae, Limnochordaceae, and Clostridiaceae_1 were the families showing the most significant differences across all treatments (p < 0.05). Principal co-ordinates analysis indicated that the family composition in the ciprofloxacin treatment significantly differed from the other treatments. The presence of ciprofloxacin increased both the abundance and diversity of the bacterial community (the Chao index changed from 588.44 to 680.17, and the Shannon index changed from 3.41 to 4.06) in the end of composting. Crocinitomicaceae dominated (relative abundance of 79.10%) among the unique families in the ciprofloxacin treatment. Network analysis indicated that ciprofloxacin altered the synergistic or competitive relationships between different families (norank_SBR1031 and Microscillaceae), leading to different bacterial community composition compared with other treatments. Further, a structural equation model showed that the C:N ratio was significantly negatively correlated with the bacterial community (λ = −0.869, p < 0.01), whereas pH showed a direct, significant positive relationship with the bacterial community (λ = 0.701, p < 0.01), especially in ciprofloxacin treatment. Overall, ciprofloxacin significantly influenced the physical and chemical properties of composting, altered the bacterial community structure. These findings have important implications for a better understanding of the effects of antibiotic types on bacterial community structure and the involved mechanisms during swine manure composting.
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INTRODUCTION
Antibiotics play a key role globally in the management of infectious diseases in humans, their companion animals, livestock, and the aquaculture industry. Antibiotics are being produced, consumed, and released into the environment on an unprecedented scale, and their residues can adversely affect aquatic and terrestrial ecosystems (Monteiro and Boxall, 2010; Brandt et al., 2015). Economic projections using global data have estimated that the use of antibiotics in food animal production would increase by 67% (from 63,151 ± 1,560 to 105,596 ± 3,605 tons) for the period 2010–2030 (Van Boeckel et al., 2015). Previous studies found that only a small amount of antibiotics used for animals were involved in metabolism by the body and actually utilized, with the vast majority of antibiotics incompletely absorbed and degraded. About 30–90% of administered antibiotics are eliminated from animals in the form of a bioactive drug along with their feces and urine (Alvarez et al., 2010; Zhao et al., 2010; Chen Z. et al., 2018; Ren et al., 2018). Due to their lower metabolism, many veterinary antibiotics, especially the tetracyclines, macrolides, fluoroquinolones, and sulfonamides, would persist in animal manure (Kuppusamy et al., 2018; Song et al., 2020; Cheng et al., 2021). The residual concentration of lincomycin (LIN) and ciprofloxacin (CIP) was 3,800 and 33,980 μg/kg (Zhao et al., 2010; Pan and Chu, 2017); for sulfamethoxazole (SMX) and chlorotetracycline (CTC), it was 89,000 and 139,400 μg/kg in swine manure, respectively (Chen et al., 2012; Hou et al., 2015). Composting is an environmentally and economically sound way to dispose of livestock and poultry feces (Awasthi et al., 2019; Liu et al., 2020). Many studies confirmed that those residual antibiotics present in livestock manure could be effectively removed via composting (Liu et al., 2020; Cheng et al., 2021).
Composting is the biodegradation of solids by microorganisms under aerobic conditions. The structure and function of the microbial community forms a dynamic core, which drives the decomposition and mineralization of various substances. The microorganism is the main functional factor in the process of composting (Zhong et al., 2018; Wang et al., 2020). Traditional methods of studying composting microorganisms rely on plate colony counting. For example, recently Wang L. et al. (2019) concluded that the total concentrations of culturable bacteria was 2.00 × 108 CFU/g, and the abundance of enrofloxacin, doxycycline, sulfadimidine, and tylosin-resistant bacteria was 1.33 × 106–2.67×107, 3.90 × 107–8.77×107, 1.08 × 108–1.64×108, and 4.80 × 107–1.27 × 108 CFU/g, respectively. In addition, the plate method has been implemented successfully to identify antibiotic-resistant bacteria (ARB) (Wang L. et al., 2019; Staley et al., 2020); these genera, namely Bacillus (21.05%), Enterococcus (20.00%), Sporosarcina (19.00%), Kurthia (14.28%), and Psychrobacter (14.28%) were found resistant to enrofloxacin, sulfadimidine, doxycycline, and tylosin, respectively (Wang L. et al., 2019). Generally, Enterococcus, Escherichia, Acinetobacter, Alcaligenes, Myroides, and Providencia were the most common culturable multiple ARB (Yang et al., 2017).
Moreover, techniques of modern molecular biology research are gaining more attention and traction in microbial ecology research, having now been applied to numerous studies of microbial changes during the composting process (Nakasaki et al., 2009; Knight et al., 2018). Previously, Tran et al. (2021) made use of food waste, fresh mature compost, and sawdust for composting, concluded that Lactobacillus sp. (0.4) was the most abundant by the end of the composting (i.e., on day 35). Amoxicillin’s impact on bacterial community succession was also evaluated during aerobic composting by Liu et al. (2019); they concluded that this antibiotic increased the relative abundance of Proteobacteria by 1.90–24.80%, and also inhibited the growth and reproduction of Bacteroidetes and Firmicutes, with reductions of 0–7.76% and 17.80–26.10%, respectively. Other research has shown that Chloroflexi and Proteobacteria were the major phyla found in cattle and sheep manure composts, while Firmicutes dominated the chicken and pig manure composts. Hence, the feeding habit of livestock can have predictable effects on microbial community composition during the composting of their manure (Wan et al., 2021). On day 2 of composting, the abundance of Ammoniibacillus and Thermobifida was enhanced by 1.4 and 1.8 times, respectively, in Tly25 (tylosin, 25), whereas Thermobacillus, Sinibacillus, and Symbiobacterium were enriched in Tly50, but Candidatus_Chlorothrix and Bacillus are most enriched in Tly75 (Zhang et al., 2018).
Numerous studies also provided much evidence that bacterial communities are strongly affected by residual antibiotics (Ren et al., 2018; Wang L. et al., 2019; Liu et al., 2019). Yet, surprisingly few studies have focused on the comparative effects of residual antibiotic types upon bacterial community succession during aerobic composting of manure. Our previous work indicated that ciprofloxacin (CIP) impacted the bacterial community differently than that of chlorotetracycline (CTC), lincomycin (LIN), or sulfamethoxazole (SMX) during aerobic composting with swine manure (Song et al., 2020). Accordingly, conducting a detailed analysis of the bacterial community structure, as well as elucidating the specific reasons driving the variation, is urgent. To this end, the effects of various antibiotics on alpha diversity and the composition of bacterial community structure were studied here. The bacterial competitive and synergistic correlations of different treatments were explored. We also evaluated major physical and chemical properties possibly influencing how bacteria changes at the community level. This study’s results provide a theoretical basis for how antibiotic types could modify bacterial community structure and clarify the prominent physical and chemical properties affecting it.
MATERIALS AND METHODS
Design of Composting Experiment and Sample Collection
The composting materials included pig manure, coconut shell powder, and corn stalks. The specific experimental design is already described in our previous study (Song et al., 2020). Briefly, the composting experiment was carried out in foam tanks, each having dimension of 55 cm × 45 cm × 45 cm. The ratio of total carbon (TC) to total nitrogen (TN) [C:N] was maintained at 30:1, and moisture content was about 65%, both being favorable for the aerobic composting (Zhao et al., 2020). After running some preliminary calculations, the total weight of raw material was 14.28 kg (ratio of corn straw: coconut shell powder: pig manure was 4.94: 2.67: 6.67 [in kg]). Using this ratio was suitable for performing the composting in the rectangular foam box once the moisture content was appropriately adjusted in the experiment. A treatment without any antibiotic applied served as the control (T0). The other five treatments consisted of added CTC (50 mg/kg), SMX (50 mg/kg), LIN (50 mg/kg), and CIP (50 mg/kg), as well as the four antibiotics added (CIP + CTC + SMX + LIN, 50 mg/kg), these respectively named T1, T2, T3, T4, and T5. All treatments were replicated for three times.
To ensure the composting temperature met the national standard (GBNY525-2012), the temperature of the pile was monitored daily. The composting material was turned over every 6 days, and the whole composting process lasted 35 days. At the end of composting, the upper, middle, and lower layers of the reactor were sampled using the five-point sampling method, and mixed evenly forming a composite sample per layer (per reactor). Then, 250 g of samples were collected. One part was used for measurement of physical and chemical properties (pH, moisture content, electrical conductivity (EC), TC, and TN). The pH and EC were measured by pH meter and conductivity Meter. The moisture content was calculated from oven-drying method. TN was measured by Kjeldahl method. TC was determined by the oil bath method. The final physical and chemical properties were described in previous studies (Song et al., 2020). The remaining samples were stored in a refrigerator at –80°C for the later determination of bacterial community structure and diversity.
Extraction of DNA and High-Throughput Sequencing of 16S rRNA Region
Total DNA was extracted from each sample using the TIANamp Stool DNA Kit (TIANGEN BIOTECH, USA), accord ing to the manufacturing instructions. DNA concentration was determined by Nano Drop one (Thermo, USA). DNA quality was checked on 1% agarose gel.
The PCR amplification of the V3-V4 variable region of 16S rRNA gene was performed using the primer pair 338F (5′-ACT​CCT​ACG​GGA​GCA​GCA​G-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Ren et al., 2019). PCR products from the same sample were mixed and recovered using 2% agarose gel. The extracted product was purified with the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, USA), and detected on 2% agarose gel. The recovered products were then quantified using a Quantus™ Fluorometer (Promega, USA). The NextFlex Rapid DNA-Seq Kit was used to build the sequence library: this entailed 1) a connector link; 2) the use of magnetic bead screening to remove the joint self-connecting segment; 3) enrichment of library templates by PCR amplification; and 4) PCR products’ recovery by magnetic beads, to yield the final library.
Sequencing was performed using Illumina’s Mi-Seq PE300 platform. The original sequences were qualitatively controlled using fastp software (https://github.com/OpenGene/fastp, v0.20.0) (Chen S. et al., 2018), and FLASH software was used for their splicing (http://www.cbcb.umd.edu/software/flash, version 1.2.7) (Magoc and Salzberg, 2011). Those reads smaller than 50 bp in length after quality control processing were filtered out, and any containing N bases were also removed. According to the overlap relationship between PE (paired-end) reads, pairs of reads were merged into a sequence, whose minimum overlap length was 10 bp. The allowable maximum error ratio of overlap area of a given stitching sequence was set to 0.2, and the non-conforming sequence was screened. Samples were distinguished according to their respective barcode and primers at both ends of the sequence, and the sequence direction was adjusted accordingly. The number of mismatches allowed by barcode was 0, and the maximum number of primer mismatches was 2. The UPARSE tool (http://drive5.com/uparse/, v7.1) was used to carry out the OTU (operational taxonomic unit) clustering based on 97% similarity and to eliminate chimeras (Edgar, 2013). The RDP (Ribosomal Database Project) Classifier (http://rdp.cme.msu.edu/, v2.2) was used to annotate each sequence (Wang et al., 2007).
Alpha Diversity Analysis
Alpha diversity is the term for species diversity within the habitat and conveys the degree of diversity at the different classification levels in a given sample. Mothur software (v.1.30.1 http://www.mothur.org/wiki/Schloss_SOP#Alpha_diversity) was used to perform a rarefication analysis, through which the Chao, Shannon, Simpson and Coverage indexes were obtained. The Chao index was used to estimate the number of OTUs contained in a sample, using the Chao1 algorithm, to describe the abundance of the microbial community. The higher the Chao index is, the higher the microbial community abundance is Eq. 1. The Shannon index was one of the microbial diversity indexes calculated for the samples; the higher Shannon value is, the higher microbial community diversity is Eq. 2. The Simpson index is another well-known one, also used here to derive a measure of microbial diversity for each sample; the higher the Simpson value is, the lower the microbial community diversity is Eq. 3. Finally, coverage index can be used to gauge whether the sequencing results represented the real conditions of microbial community in a given treatment Eq. 4. The corresponding formulas are as follows:
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where Schao1 is estimated OTU number; Sobs is the number of OTUs actually observed; n1 is the number of OTUs containing only one sequence (i.e., the “singletons”); n2 is the number of OTUs consisting of only two sequences (i.e., the “Doubletons”); ni is the number of sequences contained in the ith OTU; finally, N is equal to the number of sequences.
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where ni is the number of OTUs containing only one sequence, and N is the total number of sequences present in the sample.
Data Analysis
The Venn, pie, heatmap, and PcoA (principal co-ordinates analysis) results were all derived and visualized using the packages “Venn Diagram,” “Pie,” “Vegan,” and “PCoA” for R v3.5.2 (https://www.r-project.org/), respectively. One-way ANOVA (analysis of variance) was implemented using in SPSS v23.0 Statistics (IBM, Chicago, IL, USA). Tests for significant differences between species groups were made using the free online platform of Majorbio Cloud Platform (www.majorbio.com). The bacterial network was built, based on a Spearman’s correlation analysis (p < 0.05), using Networkx software (http://networkx.github.io/). A structural equation model (SEM) was developed using Smart PLS-3.3.3 (https://www.smartpls.com/).
RESULTS AND DISCUSSION
Alpha Diversity of Bacterial Community
In this study, alpha diversity of bacterial communities was analyzed at the 97% OTU similarity threshold level. Coverage index values of all treatments were >0.995, indicating that the gene sequences had a high probability of being detected in the composting samples; this also confirmed that the sequencing results could reflect the real bacterial community in the composting process (Tran et al., 2021; Tian et al., 2013). Chao index of the six treatments ranged from 588.44 to 680.17, ranked as T4 > T1 > T3 > T2 > T5 > T0, indicating that each antibiotic treatment had increased the abundance of the bacterial community by the end of composting (Figure 1A). The Shannon index was also the highest in T4 (4.06), whose Simpson index was the lowest (0.07), strongly indicating that bacterial community diversity in T4 treatment surpassed that in the other treatments. In a recent study, the Chao and Shannon indexes increased in response to CIP (10 mg/kg) and other antibiotic treatments after 42 days (end) of composting, with CIP’s influence on bacterial abundance and diversity significantly greater than that of oxytetracycline and sulfadiazine (Liu et al., 2020). Other studies showed that adding antibiotics to composting significantly increased its Shannon index, likely because antibiotics induced the replication of significant portion of the dominant ARB already present, these being found positively correlated with the antibiotic concentration used (Gao et al., 2012; Liu et al., 2012). Sulfadiazine and CTC were completely within 3 and 21 days, respectively, while 1.17 mg/kg of CIP was extracted after 56 days of composting (Selvam et al., 2012). In addition, ciprofloxacin belongs to quinolone antibiotics. The mutations generated by the bacteria against quinolone antibiotics are generally located on the target enzyme binding sites in topoisomerase IV and DNA gyrase. Resistance to quinolone antibiotics can be obtained by acquisition of a resistant plasmid from other sources in the environment through horizontal transfer, resulting to the rapid spread of resistance (Pham et al., 2019). Such findings coupled those of our study suggested that CIP was more capable of favoring the production of ARB than other antibiotics.
[image: Figure 1]FIGURE 1 | Boxplots showing the influence of antibiotic types (T0 to T5) on the alpha diversity of the bacterial community in swine manure composting: (A) the Chao index, (B) the Shannon index, (C) the Simpson index, and (D) the coverage index. T0: the control, T1: CTC added, T2: SMX added, T3: LIN added, T4: CIP added, T5: four antibiotics (CIP + CTC + SMX + LIN) added, the same below. Differences among Bacterial Communities at the OTU Level and Changes in Relative Abundance of their Members at the Family Level.
While the Chao index was lowest in T0, its Shannon index (3.41) was higher than that of either under T3 (3.35) and T5 (3.39) (Figure 1B). This revealed that LIN and the multiple-antibiotic treatments could reduce the bacterial community diversity. LIN was the main reason for the lower Shannon index of T5. In addition, CTC, SMX, and CIP were able to increase not only the abundance of bacterial community but also its diversity. These results also implicate a stronger ability of these three antibiotics (CTC, SMX, and CIP) than LIN to induce dominant ARB. When compared with T1 or T3, the Chao index was lower under T2 but the Shannon index was higher, indicating a greater influence of SMX upon bacterial community diversity than from CTC or LIN (Figure 1).
The Venn diagram can be used to derive the number of common and unique OTUs in multiple groups or samples, to intuitively show the extent of similarity and overlap of the samples’ OTU composition (Figure 2A). The OTUs ranged from 658 to 746 in all six treatments, but peaked in T4, which was consistent with the results for the Shannon and Simpson indexes (Figure 1). The number of common OTUs was 441 in six treatments. Unique OTUs were most numerous in T4, with 23, followed by T3 (with 8) and T2 (6), and with 5 OTUs in other treatments (Figure 2A). CIP obviously influenced bacterial community structure, which not only increased the number of OTUs in the community, but also favored more unique OTUs in the composting process.
[image: Figure 2]FIGURE 2 | Effects of antibiotic type on bacterial community structure in six different treatments in swine manure composting. In (A) the Venn diagram at the phylum level; in (B) the heatmap of species composition at the family level, and in (C) the significance analysis of differences at the family level among the treatments. Comparison of Bacterial Composition at the Family Level among the Treatments.
To further investigate the bacterial community composition at the family level, the relative abundance of the first 30 families was analyzed in detail (Figure 2B). These top 30 families were mainly distributed in nine phyla: Firmicutes (26.67%), Chloroflexi (23.33%), Actinobacteria (16.67%), Proteobacteria (13.33%), Bacteroidetes (6.67%), Acidobacteria (3.33%), Patescibacteria (3.33%), Planctomycetes (3.33%), and Gemmatimonadetes (3.33%). Hence, members of Firmicutes and Chloroflexi were thus the most common by the end of composting. Firmicutes often underwent relatively high enrichment during composting due to its tolerance of high temperatures (Liu et al., 2018; Liu et al., 2020). Chloroflexi is a facultative anaerobe (Song et al., 2020) and aerobic composting yields localized anaerobic microenvironments (Franke-Whittle et al., 2014). Hence, it was natural that Chloroflexi had an advantage in composting.
The relative abundances of norank_SBR1031, A4B, Microscillaceae, Bacillaceae, and Thermomonosporaceae was higher that of other families in all treatments (Figure 2B). That of norank_SBR1031 peaked in T0, at 39.66% (Figure 2B), but reduced by the other antibiotic treatments (T1 through T5), its sensitivity to these tested antibiotics. The lowest abundance of norank_SBR1031 was 7.59% in T4 treatment. CIP is a bactericidal antibiotic that causes bacterial death by inhibiting DNA synthesis and replication (Gowrie and Abiraami, 2019), while CTC, SMX, and LIN are all anti-microbial agents (Zielezny et al., 2006; Bayen et al., 2014). These might be partly reasons for the lower abundance of norank_SBR1031 than other treatments. In addition, a previous study indicated that norank_SBR1031 was highly associated with the removal of antibiotics under anaerobic-denitrifying circumstances (Zheng et al., 2020). The relative abundance of A4b and Microscillaceae increased, reaching 10.75 and 17.12%, respectively, in T4, suggesting they have stronger resistance to CIP than the other antibiotics.
Furthermore, the relative abundances of Erysipelotrichaceae, Limnochordaceae, Clostridiaceae_1, Micromonosporaceae, Paenibacillaceae, Hyphomicrobiaceae, and Rhizobiaceae were all the highest in T4. The Bacillaceae often harbor a variety of antibiotic resistance genes, endowing them with resistant to various antibiotics, and their presence has been linked to antibiotic degradation, organic degradation, and nitrification (Liu et al., 2018; Qiu et al., 2021). In this study, compared with control (T0), the relative abundances of Bacillaceae, Streptosporangiaceae, Limnochordaceae, and Peptostreptococcaceae increased in the five antibiotic treatments, indicating that these bacteria are highly resistant to the various antibiotics. One-way ANOVA was used to test for significant differences in families’ composition among the different treatments (Figure 2C). Norank_SBR1031, Planococcaceae, Thermomonosporaceae, Peptostreptococcaceae, norank_Actinomarinales, norank_WS6_Dojkabacteria, and Erysipelotrichaceae all showed significant differences (p < 0.01). Limnochordaceae and Clostridiaceae_1 were also found to be significantly different among the treatments (p < 0.05). These results support the perspective that antibiotic types influence the composition of bacterial community structure (Liu et al., 2020).
Based on previous results, PcoA was used to study the similarity or difference of all microbial communities (Wang et al., 2018; Chang et al., 2021). Points with the same color represent different samples within the same treatment, and the distance between samples correspond to the size of differences between microbial communities under the six different treatments. Together, PC1 and PC2 explained 68.51% of the bacterial community differences, with PC1 accounting for 54.61% and PC2 for 13.9% of the variance in the data (Figure 3). The sample points of T3, T0, and T1 clearly intersected together, suggesting the family composition of T3 and T1 was the most similar to the control (T0) (Figure 3A). In another study, the addition of four concentrations of SMX (0, 25, 50, and 100 mg/kg) impacted bacterial community composition and diversity: there was a significant difference between the treatment of 25 mg/kg SMX vis-à-vis the other treatments (Sardar et al., 2021). Applying a greater antibiotic concentration can thus affect microbial community structure. Over time, the preferential growth of ARB generally occurs, leading to change in the sensitivity of the whole microbial community to antibiotics (Cycon et al., 2019). Using the compochip microarray, changes to microbial community structure in the mixed composting process of biogas residue were studied by Franke-Whittle et al. (2014), who found that the bacterial community composition was affected by the original composting material as well as the composting stage. In other research, changes in microbial community were influenced more by antibiotic concentration, composting raw materials, and composting stage than by antibiotic types during the composting (Zhang et al., 2018). In our study, the concentration of each antibiotic type was fixed at 50 mg/kg, which might explain, in part, the lack of significant differences in bacterial community composition among the four treatments by the end of swine manure composting.
[image: Figure 3]FIGURE 3 | Analysis of bacterial community composition in six different treatments in swine manure composting.
The sample points of T5 intersected with a sample point of T0, but did not intersect with those of any other treatments, indicating that the effect of multiple antibiotics on family community composition was higher than that of CTC, SMX, and LIN, but still lower than that of CIP. These results indicated that CIP plays a major role in governing bacterial community composition and diversity under a multiple-antibiotic treatment (i.e., T5). Previously, the close distance showed that a mixture of three antibiotics (oxytetracycline, CIP, sulfamerazine) could reduce the selective pressure on CIP, perhaps by limiting the proliferation of certain bacteria (such as Lysinibacillus and Brachybacterium) that are resistant to CIP (Liu et al., 2020). The family composition in T4 treatment was clearly separated from the other five treatments, indicating that its families were significantly different. The common and unique families were then analyzed to study the differences between T4 and other treatments (Figure 4). Common families were the high relative abundance of bacterial community composition (Figures 2B, 4A). Eight unique families were found in the compost of T4: Crocinitomicaceae (79.10%), Saccharimonadaceae (5.97%), norank_Elusimicrobia (4.48%), Caulobacteraceae (1.49%), Methylophilaceae (2.99%), unclassified_Corynebacteriales (2.99%), Dermabacteraceae (1.49%), and norank_Actinobacteria (1.49%) (Figure 4B). Among them, Crocinitomicaceae had the highest relative abundance, by far. Yet there are few published reports about Crocinitomicaceae, what was only known was that it was a new family belonging to the class Flavobacteriia, the phylum Bacteroidetes (Munoz et al., 2016). However, it is undeniable that these unique families may partly explain the difference in bacterial community structure in T4 versus the other treatments.
[image: Figure 4]FIGURE 4 | Pie charts conveying the unique and common families in the bacterial community in swine manure composting: (A) main families common to all six antibiotic treatments (T0 to T5), and (B) those families uniquely found in response to the ciprofloxacin addition treatment (i.e., T4).
Single Factor Network Analysis
In light of the above results, networks were constructed according to the difference in bacterial community composition between T4 and the other five treatments. This approach of network analysis is often utilized to explore the co-occurrence relationships of taxa members between bacterial communities (Zhang et al., 2018). The top-30 abundant families were selected for the correlation analysis of a single factor. Steroidobacteraceae, norank_SBR1031, Peptostreptococcaceae, Clostridiaceae_1, Bacillaceae, Erysipelotrichaceae, and Euzebyaceae were revealed to be relatively important bacterial families in Figure 5A (Supplementary Table S1). Birii41, norank_Alphaproteobacteria, Paenibacillaceae, Microscillaceae, Steroidobacteraceae, Blastocatellaceae, Family_XVIII, Desulfarculaceae, norank_Gemmatimonadetes, Peptostreptococcaceae, norank_subgroup_6, Micromonosporaceae, and Phycisphaeraceae were evidently the important families in Figure 5B (Supplementary Table S2).
[image: Figure 5]FIGURE 5 | Single factor correlation networks of bacterial community structure at the family level. (A) Network analysis excluding the ciprofloxacin treatment; (B) network analysis of the ciprofloxacin treatment. Spearman correlations were used to analyze the relationships between species, rs ≥ 0.5, p value <0.05. The size of a node indicates the abundance of a species; the red lines show significant positive correlations and the green lines show the significant negative correlations.
Norank_SBR1031 was significantly negatively correlated with 11 families, including Kiloniellaceae, Streptosporangiaceae, Rhizobiaceae, Bacillaceae, and Chitinophagaceae (p < 0.05). This result indicated that norank_SBR1031 was antagonistic or competitive with these families, which could explain why its relative abundance exceeded theirs (Figure 2B). By contrast, norank_SBR1031 was significantly positively correlated with Bacillaceae, Rhizobiaceae, Streptosporangiaceae, Clostridiaceae_1, Thermomicrobiaceae, and Thermoactinomycetaceae in the community network of T4 (p < 0.05), pointing to the synergistic effects between them (Figure 5B). The relative abundance of norank_SBR1031 and Bacillaceae were 7.59 and 6.60%, respectively, in T4 (Figure 2B). Sobratee et al. (2009) also uncovered a competitive relationship among bacteria in environment. Therefore, these results could partially explain the relative abundance of different families in the total bacterial community after the composting of swine manure. Further, we found that Rhizobiaceae, Bacillaceae, and Streptosporangiaceae had significant negative correlations with norank_SBR1031 in Figure 5A, but positive correlations in Figure 5B. This suggests CIP could shift the direction of correlations between different families; perhaps another reason for the abundance and diversity of bacterial communities in T4 being starkly different from those in the other treatments.
The relative abundance of Microscillaceae was higher in T4 treatment than the other treatments (Figure 2B). Microscillaceae was significantly positively correlated with many bacterial families including Micromonosporaceae, Desulfarculaceae, Family_XVIII, and Paenibacillaceae in Figure 5A. However, Microscillaceae was negatively correlated with Thermomicrobiaceae and positively correlated with Steroidobacteraceae, norank_Actinomarinales, and Hyphomicrobiaceae in Figure 5B. In addition, these three families were all negatively correlated with norank_SBR1031, which suggests that Microscillaceae and norank_SBR1031 also engaged in an antagonistic or competitive relationship. Accordingly, the relative abundance of Microscillaceae (17.12%) increased while that of norank_SBR1031 decreased in T4 treatment. The network correlation analysis demonstrated that CIP might alter the competitive or cooperative relationships between different bacteria at the family level, resulting in bacterial community abundance and diversity that differs significantly from those of other treatments.
Main Factors Affecting the Change of Bacterial Community Structure
Previous studies indicated that changes in microbial community structure arisen in response to the physical and chemical properties of composting (Duan et al., 2019; Gurmessa et al., 2021; Wan et al., 2021). For example, redundancy analysis uncovered strong correlations between bacterial community abundance and manure’s physical and chemical properties and composition, with a positive correlation found between EC and C:N, and a negative correlation between total solids and the soluble components of heavy metals (Gurmessa et al., 2021). Another recent study revealed that the composition of both fungal and bacterial communities were significantly influenced by total phosphorus and NH4--N contents, indicating that composting’s metataxonomy is involved in phosphorus and nitrogen metabolism (Wan et al., 2021). One purpose of our study was to explore the specific physical and chemical properties of swine manure composting that might affect bacterial community composition.
Using SmartPLS software to build an SEM, a partial least-squares path model was used to assess the direct and indirect influences between the observed structures. The physical and chemical properties were taken from our previous study (Song et al., 2020). The influence of temperature, pH, EC, moisture content, and C:N upon changes to bacterial community structure was analyzed. We found that the bacterial community of the composted material was significantly affected by pH and C:N. Specifically, pH had a direct and significant positive influence on bacterial community (λ = 0.701, p < 0.01). The pH reflects the particular acid–base environment of microorganisms in the composting process, and a high or low pH could impact the growth of microorganisms and the decomposition of organic matter (Liu et al., 2019). On the one hand, microorganisms would cause organic acids to accumulate during the composting process (Lopez-Gonzalez et al., 2015); on the other hand, variation of pH values would lead to the changes in calcium and magnesium content during the composting, thus indirectly affecting the microbial community structure (Lucas et al., 2011). In our study, the pH was mostly similar across the different antibiotic treatments by the end of composting. At its early stage, it was CIP that maximally influenced the pH among the treatments (song et al., 2020). The bacterial community structure clearly became modified in the high-temperature stage of composting, perhaps because of the composting temperature’s influence on the growth and reproduction of bacterial populations, leaving the bacterial community structure highly stable in the ripening stage (Liu et al., 2020). The variation of pH is one of the main reasons for the changes in the bacterial community structure at the early stage of swine manure composting.
In addition, we found that bacterial community structure was significantly negatively affected by the C:N ratio (λ = −0.869, p < 0.01) (Figure 6), but pH was significantly positively correlated with C:N (λ = 0.592, p < 0.01). The variation in C:N was mainly due to the rapid degradation of organic matter and the decomposition of refractory substances, whose degradation was mainly driven by microorganisms’ activity in the composting process; therefore, the C:N modulated microbial community structure (Arab et al., 2017). Although temperature did not significantly affect the changed microbial community structure in this study (Figure 6), it could still lead to the changes in microbial community structure by affecting the biological activity of microorganisms (Wang J. et al., 2019). The addition of different antibiotics altered the physical and chemical properties of composting in its early stage, for which the effect of CIP was higher than other antibiotics (Song et al., 2020), leading to changes in bacterial community structure in the composting. To sum up, pH and C:N were respectively main physical and chemical factors affecting the bacterial community of swine manure composting. The change in bacterial community that occurred during the high-temperature period of composting in T4 led to its pronounced difference from other treatments by the end of composting.
[image: Figure 6]FIGURE 6 | The derived structural equation model (SEM) linking the environmental factors to the total bacterial community structure. The path coefficients are given adjacent to the arrows. Blue and red lines respectively indicate the negative and positive pathways. The significance levels are indicated by *(p < 0.05), **(p < 0.01).
CONCLUSION
The Chao index increased under the antibiotic treatments, for which the ranking was T4 > T1 > T3 > T2 > T5 > T0 (range: 588.44–680.17). Ciprofloxacin had the most pronounced effect on bacterial diversity among all treatments, under which the Shannon index increased from 3.41 to 4.06 by the end of composting. At this time, Firmicutes (26.67%) and Chloroflexi (23.33%) were the most distributed phyla; norank_SBR1031, A4b, Microscillaceae, Bacillaceae, and Thermomonosporaceae were relatively abundant at the family level (among the top 30 families). The relative abundance of A4b and Microscillaceae increased to 10.75%, and 17.12%, respectively in T4 treatment. Bacillaceae, Streptosporangiaceae, Limnochordaceae, and Peptostreptococcaceae were all resistant to a variety of antibiotics. The PcoA results showed that the family composition of T4 was different from the other treatments: it had eight unique families, of which Crocinitomicaceae was dominant (79.10%). The network analysis revealed that ciprofloxacin altered the synergistic or competitive relationships between bacteria, and then caused the differences in bacterial community abundance and composition. Further, the structural equation modeling showed that pH had a direct and significant positive influence on the bacterial community, whereas it was significantly negatively affected by C:N ratio, especially under the ciprofloxacin treatment. Overall, ciprofloxacin significantly influenced the physical and chemical properties of composting in the early stage of composting, leading to significantly different bacterial community structure compared with other antibiotics.
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