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HIGHLIGHTS GRAPHICAL ABSTRACT

@ Co-composting with microbial inocu-
lant suppressed ARGs and pathobiome
risks.

@ Widely-existed phytopathogens signifi-
cantly decreased following  co-
composting.

@ Inoculants and manure quantity mod-
ulates virus communities and ARGs.

@ Virus was a significant positive factor
influencing ARGs.

@ Gemycircularvirus was the most influ-
ential taxon in shaping ARGs changes.

ARTICLE INFO ABSTRACT
Keywords: Co-composting with exogenous microbial inoculant, presents an effective approach for the harmless utilization of
Virome livestock manure and agroforestry wastes. However, the impact of inoculant application on the variations of viral

Antibiotic resistance genes
Microbial inoculant
Bacterial community
Pathogens

and antibiotic resistance genes (ARGs) remains poorly understood, particularly under varying manure quantity
(low 10 % vs. high 20 % w/w). Thus, employing virome and metagenomic sequencing, we examined the in-
fluence of Streptomyces-Bacillus Inoculants (SBI) on viral communities, phytopathogen, ARGs, mobile genetic
elements, and their interrelations. Our results indicate that SBI shifted dominant bacterial species from Phe-
nylobacterium to thermotropic Bordetella, and the quantity of manure mediates the effect of SBI on whole bac-
terial community. Major ARGs and genetic elements experienced substantial changes with SBI addition. There
was a higher ARGs elimination rate in the composts with low (~76 %) than those with high manure (~70 %)
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application. Virus emerged as a critical factor influencing ARG dynamics. We observed a significant variation in
virus community, transitioning from Gemycircularvirus- (~95 %) to Chlamydiamicrovirus-dominance. RDA anal-
ysis revealed that Gemycircularvirus was the most influential taxon in shaping ARGs, with its abundance
decreased approximately 80 % after composting. Collectively, these findings underscore the role of microbial
inoculants in modulating virus communities and ARGs during biowaste co-composting.

1. Introduction

Due to the excessive of veterinary antibiotics for disease treatment,
prevention, and as growth promoters, livestock manures has become a
significant reservoir of antibiotic resistance genes (ARGs), posing
considerable environmental and healthcare risks [1-3]. The overuse of
antibiotics and the fluctuating prevalence of antibiotic resistance have
resulted in long-term consequences, as antibiotics tend to accumulate in
soil or water due to the improper disposal of manure waste [4]. Studies
have demonstrated that co-composting of manure and other agricultural
biowastes, can alter bacterial community structure through high tem-
peratures and reduced water content. This process results in decreased
diversity and abundance of ARGs in livestock manure following the
thermophilic phase of composting [5,6]. However, the efficiency of
antibiotic removal through microbial degradation, pyrolysis, and hy-
drolysis remains notably low, and traditional aerobic composting
methods often fail to efficiently eliminate accumulated ARGs in live-
stock manure [7]. Consequently, researchers have focused on com-
posting processes supplemented with microbial agents to enhance the
efficacy of ARG removal[8-10].

In our previous work, we observed that Streptomyces-Bacillus Inocu-
lation (SBI) significantly shortened the compost maturation time, and
the high temperature period from 15d to 8d [11]. This suggests its po-
tential to reduce pathogenic microorganisms and virus-associated ARGs
[3,12,13]. Viruses are the most abundant biological entities on Earth,
influencing microbial death through cell lysis and significantly impact-
ing ecosystem element cycling by releasing nutrients, thereby affecting
microbial community composition, diversity, and overall microbial
residues [14-16]. Despite the growing attention on the role of viruses in
nutrient turnover and organic matter mineralization in compost, our
understanding of virus and bacterial community changes during com-
posting remains limited. It is now recognized that viruses play signifi-
cant roles as carriers and disseminators of ARGs [2,17,18]. However, the
impact of SBI addition on microbial community dynamics during the
co-composting process and ARGs, remains unclear. Hence, investigating
differences in ARG distribution during composting, along with the dy-
namic interplay between bacterial and viral communities, will provide
insights into the crucial role of viruses in composting [11].

In this study, co-composting of cow manure and corn straw was
conducted to investigate changes in ARGs under varied initial cow
manure amounts, with or without the application of SBI. Specifically,
our objectives were to assess: 1) the impact of SBI and manure quantity
on the succession of dominant bacterial communities and abundance of
potentially pathogenic microorganisms during co-composting; 2) the
alteration of ARG elimination rates and transmission pathways; 3) the
response of the viral community to SBI and manure quantity changes;
and 4) the correlation between changes in ARGs and bacterial and viral
communities.

2. Material and methods
2.1. Experimental setup and sample collection

Composting was conducted using corn cob, corn straw, and cow
manure as the primary raw materials. Four treatment groups were
established based on variations in cow manure content (10 % vs. 20 %
by weight) and the presence or absence of Streptomyces-Bacillus inoc-
ulum (SBI) (Luoyang Biotechnology Co., LTD., Streptomyces-Bacillus

1:1). Thus, the treatments comprised: Low cow manure addition of 10 %
(L), low cow manure with SBI (LM), high cow manure addition of 20 %
(H), and high cow manure with SBI (HM). In the low cow manure
treatment, the ratio of cow manure, corn cob, and corn straw was 10 %,
3 %, and 86 %, respectively, while in the high cow manure treatment,
the ratio was 20 %, 3 %, and 76 %, respectively. The additional SBI
content in both LM and HM treatments was 10 g~L’1 (SBI is dissolved in
water and stirred well). After thorough mixing of the raw materials in
the specified proportions, 1 % quick lime (CaO) was added to each
treatment and thoroughly mixed. Agricultural biowastes, such as crop
straw and livestock manure, produce acids after decomposition, creating
environments unsuitable for the survival of important microorganisms
and fungi. To neutralize these acidic conditions, quicklime (CaO) was
applied. The addition of quicklime (CaO) to the compost aids in steril-
ization, disease prevention, and the neutralization of the acidic envi-
ronment in the initial compost stage [19]. A total of four piles were set.
Samples from different heights of the pile were mixed and divided into
three replicates. The mixed compost pile for each treatment had a vol-
ume of approximately 2 m>, moisture content of 60-70 %. Piles were
turned manually with a shovel at 3-day intervals to ensure adequate
aeration. Sampling intervals were based on pile’s temperature data from
the outdoor HOBO sensor (Micro Station, H21-USB), during the initial
(~20 °C), thermophilic (>60 °C), and maturation (~20 °C) phases of
composting [11]. At each sampling point, we collected samples from the
upper, middle, and lower layers of each pile and mixed as a represen-
tative sample, and stored at —-80 °C for metagenomic and virome
sequencing.

2.2. Metagenome analysis

Samples (~0.5 g) were freeze-dried and subjected to DNA extraction
using a Fast DNA Spin Kit following the manufacturer’s instructions. The
concentration and purity of the extracted DNA samples were assessed
using an ultraviolet spectrophotometer (Quawell Q3000), with an
A260/A280 ratio of 1.8-2.0 indicating satisfactory nucleic acid purity.
Total DNA sequencing was performed on the HiSeq 2500 platform
(Illumina, PE150 mode, Guangdong Meige Gene Technology Co., Ltd).
Following metagenomic sequencing, quality control was conducted
using Trimmomatic software to eliminate low-quality data. A total of
2553,884,960 reads were obtained from 48 samples. Metagenomic as-
sembly was performed using MEGAHIT (v1.2.9) on clean reads after
quality control. ORFs were predicted for each sequence using Prodigal
(v2.6.3) based on Scaftigs longer than 500 bp, with ORFs shorter than
90 bp discarded. CD-HIT was employed to cluster sequences with > 95
% sequence similarity and > 90 % reads coverage, with the longest
sequence in each cluster selected as the representative sequence
(Unigene). Non-redundant Unigene sequences were blasted against the
NCBI NR database using DIAMOND software (v0.9.10) with an e-value
<1 x 10 —5. Metagenomic sequences were also blasted against the
Pathogen Host Interactions database (PHI-base) for pathogen annota-
tion [20]. ARG annotation was conducted against the SARG database
using BLASTX via ARGs-OAP online [21]. Additionally, clean data were
searched for MGEs against an offline database comprising integrons,
gene cassettes, insertion sequences, and plasmids obtained from INTE-
GRALL, ISfinder, and the NCBI RefSeq database [22]. The data has been
deposited in the NCBI Sequence Read Archive (SRA) database under
accession number PRJINA996558.
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Fig. 1. Dynamics of dominant microbial phyla (a) and genera (b) during cow manure (10 % w/w, low manure amount (LM); and 20 % w/w high manure amount
addition (HM) and corn straw co-composting. The initial stage of the two co-composts with varied cow manure (I-LM, [-HM); the thermophilic co-composting stage
without SBI (T-LM, T-HM) and with SBI (T-LM+, T-HM-); the maturation stage of the composts without (M-LM, M-HM) and with (M-LM+, M-HM+) SBI. The specific
sampling time and maximum temperature of each composting stage and the corresponding treatment of each sample name in the corresponding figure are shown in
Table S3. Significant differences of bacterial taxa among different treatments were included in Table S6 and Table S7.

2.3. Virome sequencing, assembly, and annotation

Viral particle isolation and nucleic acid extraction techniques were
employed to selectively remove host cell and ribosomal interference,
enrich viral-like particles (VLP) in samples, and prepare a virus genome
library. Following the acquisition of pure VLP samples, nucleic acids
were extracted, encompassing double-stranded DNA (dsDNA), single-
stranded DNA (ssDNA), and RNA (ssRNA, dsRNA). Qualified DNA
samples or amplified DNA samples underwent random fragmentation
via ultrasonic disruption, producing short DNA fragments suitable for
sequencing library construction. Sequencing libraries of qualified DNA
were then subjected to sequencing on the Illumina platform with paired-
end 150 bp reads. Subsequently, the sequencing data from each sample’s
virus group underwent quality assessment and removal of low-quality
data using Trimmomatic software [23]. The clean reads were then
assembled using MEGAHIT software (v1.1.2) with default parameters
[24]. BWA software (v0.7.17) was employed to align clean reads to the
assembly results and calculate the read utilization rate [25]. The
assembled contigs were annotated using the Prodigal package within the
CheckV software [26]. Genes annotated by these fragments were
compared with Hidden Markov models (HMMs) constructed from seven
major reference databases (KEGG, VOGDB, PfamA, PfamB, IMG/VR,
TIGRFAM, RVDB) to identify microbial and viral genes. Virus sequences
were identified using CheckV and Virsorter 2 software [27]. Based on
the results of virus sequence identification and classification annotation,
RNA genome type virus sequences were filtered, and subsequent ana-
lyses were conducted on the filtered virus sequences. Following quality
control, clean reads accounted for 75.4 % (29,721,331; Supplementary
Table S3). MEGAHIT software (v1.2.9) was employed for metagenomic
assembly, yielding 4294,818 contigs with an average length of ~300 bp.
Species annotation of virus contigs identified 362,389 potential virus
contigs (>300 bp). The data has been deposited in the NCBI Sequence
Read Archive (SRA) database under accession number PRJNA1088895.

2.4. Statistical analyses

One-way and Two-way ANOVA analysis were performed using SPSS
26.0 (IBM, Armonk, NY, USA) software. Stack diagrams of bacteria,
pathogens, MGEs, and viruses were plotted using the “ggplot2” package
in the R program (v4.3.3). Heatmaps of ARGs were generated using the
“ComplexHeatmap” and “circlize” packages in the R program (v4.3.3).

We used R program (v 4.3.3) to conduct principal component analysis on
ARGs and MGE:s datasets and selected the first principal components (PC
1) for ARGs and MGEs. Furthermore, a Two-way ANOVA analysis was
performed to determine the interactive effects of cow manure amount
and SBI addition on the changes of ARGs and MGEs in compost by using
the PC1 data of ARGs and MGEs, respectively. A box plot of the virus
Shannon index was created using the “ggplot2’ package in R (v4.3.3).
Non-metric multidimensional scaling (NMDS) with Bray-Curtis distance
was employed to illustrate variations in virus community structure.
NMDS analysis was performed using the “vegan,” “ggplot2,” “ape” and
“RColorBrewer” packages in R (v4.3.3). Microbial biomarkers were
identified using LDA effect size with a threshold of LDA score > 2.0 and
p < 0.05 in virus communities. Alpha diversities of bacteria and viruses
were calculated. The “randomForest” package in R (v4.3.3) was used to
identify significant ARGs and MGEs. Redundancy analysis (RDA) of
bacterial community, viral community, MGEs, and ARGs was plotted
using the “ggplot2,” “vegan,” “ggrepel,” and “ggpubr” packages in R
(v4.3.3). Mantel-test analysis of the relationships between bacteria,
virus, MGEs and ARGs was using the “Hmisc”, “devtools”, “linkET”,
“tidyverse”, “RColorBrewer” and “geosphere” packages in R (v4.3.3).
Partial least squares path modelling (PLS-PM) analysis of the relation-
ships between bacteria, virus, MGEs and ARGs was using the “vegan”,
“ggplot2,” “ape”, and “plsm” packages in R (v4.3.3).

3. Results and discussion
3.1. Dynamics of dominant bacteria during composting

Throughout the composting process, Proteobacteria (averaging
~48.4 %) and Bacteroidetes (~11.1 %) emerged as the dominant bac-
terial phyla, followed by Actinobacteria (~5.5 %), Acidobacteria (~1.6
%), Planctomycetes (~1.8 %), and other minor taxa (relative abun-
dances < 1 %; Fig. 1a). Notably, the addition of high cow manure (20 %
w/w) led to pronounced variations in bacterial communities compared
to low manure addition (10 % w/w) practices, manifesting as signifi-
cantly increased Firmicutes and Agrobacterium (p < 0.05), and sub-
stantially decreased Flavobacterium (P < 0.05) (Table S5 and S6). Cow
manure is rich in lignocellulosic components and organic nitrogen nu-
trients, making it a key factor in influencing the growth and metabolism
of microorganisms that target these carbon and nitrogen elements [28].
Aerobic composting is primarily driven by microbial metabolic
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Fig. 2. Variations in overall pathogenic species (a) and significantly decreased (b) pathogens during cow manure and straw co-composting. Abbreviations are

explained in Fig. 1.

activities. Carbon-degrading microbes play a significant role in the
decomposition and transformation of organic matter during the com-
posting process. Consequently, variations in the initial amounts of bio-
waste can lead to corresponding changes in the composition of the
microbial community [28,29].

The interactions between exogenous microbial inoculants and
indigenous microbes within composts can directly lead to changes in
microbial diversity, structure and composition [30,31]. Microbial in-
oculants are increasingly attractive solutions to promote compost
maturation. Among them, the Streptomyces-Bacillus Inoculant (SBI) has
been proved to enhance C and N turnover [32], due to the characteristics
of SBI in surviving in diverse conditions, and secreting broad-spectrum
enzymes that capable of degrading organic matter [33]. Our results
showed that the application of SBI altered the dominant bacterial taxa
from Phenylobacterium to Bordetella during the thermophilic stage,
regardless of initial cow manure amounts (Fig. 1b). Phenylobacterium,
belonging to the Caulobacteraceae family of Proteobacteria (a-Proteo-
bacteria), dominates in the biodegradation of polycyclic aromatic hy-
drocarbons [34] and plays a role in nitrogen conversion processes [35].
Bordetella, a member of the Alcaligenes family of Proteobacteria
(B-Proteobacteria), elevates fermentation temperatures in bulk and
effectively degrades oxytetracycline [36]. Furthermore, the effect of SBI
closely correlates with the quantity of initial cow manure in
co-composting. For instance, in low manure addition treatments, Phe-
nylobacterium and Bordetella remained dominant during the maturation
stage, while high manure treatments exhibited co-dominance by Bor-
detella (~30 %) and Arenimonas (~30 %). Arenimonas, affiliated with
the Xanthomonas family of Proteobacteria (y-proteobacteria), thrives in
eutrophic environments such as reservoirs, estuarine sediments, and
compost samples [37-40], suggesting its proliferation under high initial
cow manure conditions.

In contrast, non-SBI-treated high cow manure composting was
dominated by Sphingopyxis (~25 %) and Stenotrophomonas (~25 %),
indicative of a community function aimed at suppressing hazardous
substances. Notably, Stenotrophomonas secretes anti-fungal compounds
and synthesizes anti-pathogenic extracellular enzymes [41].

Sphingopyxis, belonging to the family Sphingomonadaceae Proteobacteria
(a-Proteobacteria), commonly inhabits agricultural soils, demonstrating
versatility in diverse ecological niches [42] and capability in environ-
mental pollutant degradation [43,44].

Proteobacteria (from 35.4 to 46.9 %), Planctomycetes (0.5-2.8 %),
Verrucomicrobia (0.5-3.2 %), Acidobacteria (0.5-2.9 %), Chloroflexi
(0.2-1.1 %), Gemmatimonadetes (0.04-0.4 %), and Cyanobacteria
(0.1-0.2 %), while the Actinobacteria dramatically decreased form
13.6 % (at the initial stage) to 2.3 % (maturation stage) (Fig. la;
Table S6). At the genus level, substantial changes were observed, with
notable increases in Pseudoxanthomonas, Chryseolinea, Steroidobacter,
Mesorhizobium, Hydrogenophaga, Phenylobacterium, and Sphingopyaxis,
while Sphingomonas, Pseudomonas, Stenotrophomonas, and Micro-
bacterium experienced relative abundance decreases (Fig. 1b; Table S7).
These substantial shifts align with previous co-composting studies using
similar cow manure and corn straw substrates [45], possibly driven by
temperature-based substrate alterations and the subsequent succession
from mesophilic to thermophilic bacterial taxa [5,46,47]. Notably, a
significant increase in dominant Proteobacteria from the initial to the
thermophilic stage suggests their trophic role in efficiently utilizing
macromolecular organic materials at elevated temperatures [48-50].

3.2. Changes in potential pathogenic microorganisms during composting

Salmonella enterica emerged as the most abundant species, with a
mean relative abundance of 0.96 %, followed closely by Pseudomonas
aeruginosa (~0.95 %), Xanthomonas oryzae (~0.95 %), and Staphylo-
coccus aureus (0.64 %). These four species collectively constituted half of
the pathogenic bacteria sequences across all samples, exhibiting stable
abundances regardless of variations in SBI application during com-
posting stages (Fig. 2a). At the initial stage, the relative abundance of
Salmonella enterica, Pseudomonas aeruginosa, Escherichia coli, Mycobac-
terium tuberculosis, Erwinia amylovora, Klebsiella pneumoniae, and Pseu-
domonas syringae, in the low cow manure treatment (I-LM) were
significantly lower than that in the high cow manure treatment (I-HM)
(Table S7). During the thermophilic stage, the variation of cow manure
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amount did not result in a significant difference in pathogenic bacteria
abundance in the absence of SBI (T-LM vs. T-HM; P > 0.05; Table S7).
However, the relative abundance of Escherichia coli, Xanthomonas ory-
zae, Aspergillus fumigatus, and Xanthomonas campestris significantly
increased in the SBI-treated high-manure treatment (T-HM+; Fig. 2a). At
the maturation stage of the low cow manure addition group, except for
Mycobacterium tuberculosis, Borreliella burgdorferi, Listeria monocytogenes,
and Botrytis cinerea, the abundance of other pathogens in SBI-treated
compost (M-LM+) exceeded that in non-SBI compost (M-LM; Fig. 2a).
Conversely, under the high cow manure condition, the abundance of
major pathogenic microorganisms, except for Xanthomonas oryzae,
Klebsiella pneumoniae, Xanthomonas campestris, and Ralstonia sol-
anacearum was lower in SBI-treated compost compared to non-SBI-
treated compost (Fig. 2a).

Among the pathogens, four taxa exhibited significant decreases
during co-composting (Fig. 2b). Fusarium graminaceum, a member of the
Gibberella ascomycetes, known for causing wheat scab, showed a sig-
nificant decrease after composting, indicating reduced threats to human
health given its potential to produce mycotoxins [51,52]. Additionally,
two widely spread plant pathogenic fungi, Magnaporthe oryzae and
Botrytis cinerea (both belonging to the phylum Ascomycota), were
significantly reduced after co-composting (P < 0.05; Table S8), under-
scoring the co-composting’s role in controlling crop diseases and miti-
gating potential economic losses. Magnaporthe oryzae, a major rice
pathogen causing rice blast, annually leads to 10-30 % yield reductions
[53,54]. Similarly, Botrytis cinerea infects over 200 plant species,
including tomatoes, strawberries, and cucumbers, posing significant
threats to plant growth and development [55]. Furthermore, the animal
pathogen Borreliella burgdorferi, transmitted from ticks to humans and
resulting in long-term organ dysfunction, also experienced substantial
reduction after co-composting (Fig. 2b). Our results underscored the
presence of diverse pathogenic types and their widespread existence in
mature composts, posing potential pathogenicity risks [56-58]. Except
for Borreliella burgdorferi, the other three pathogens (Fusarium gramina-
ceum, Magnaporthe oryzae, and Botrytis cinerea) did not significantly
differ between SBI and non-inoculant treatments (Fig. 2b), possibly due
to the stronger influence of elevated temperature on pathogenic bacteria
activities compared to that of exogenous bacterial inoculants, and fungi
are less likely to survive the thermophilic phase. In manure-involved
aerobic composting, SBI had no to little effect on potential pathogens
(or the most abundant ones), high temperature primarily drives path-
ogen inactivation [59].

3.3. Changes in antibiotic resistance genes (ARGs) and mobile genetic
elements (MGEs) during composting

Resistance to sulfonamides primarily involves genes sull, sul2, and
sul3 encoding dihydropteroate synthases insensitive to sulfonamides
[60]. During composting, genes associated with sulfonamides (such as
sull/sul2) exhibited increased abundance, especially at the thermophilic
stage (Fig. 3a). This trend aligns with previous findings of highly
enriched sulfonamide resistance genes during composting [61,62]. The
thermophilic stage of composting (>55 °C) is recognized as critical for
antibiotic and ARG degradation [63]. While, for sulfonamide-resistant
genes (sull and sul2), they correlate positively with composting tem-
perature [64]. Thus, the observed increase in sull and sul2 may relate to
advantageous conditions for the proliferation and dissemination of these
genes under aerobic thermal conditions [65]. Additionally, antibiotic
selection pressure and horizontal transfer of dihydropteroate reductase
coding genes via integrons may contribute to their increased abundance
[66].

While the majority of highly abundant ARGs (18/29) exhibited
decreasing trends during the thermophilic and maturation stages, ARGs
associated with sulfonamide, macrolide, and vancomycin (macA, smeD,
sul2, ermF, floR, sull, and ABC transporter) increased during composting
(Fig. 3a). This diverse trend in ARG changes is consistent with studies on
livestock manure co-composting experiments [67,68], possibly due to
diverse potential host bacteria for the same gene. For example, tetA, tetX,
and sul2 can be hosted by Actinobacteria, Bacteroides, Proteobacteria,
and Firmicutes during composting [69]. In our study, sul2 exhibited a
high positive correlation with Firmicutes (Fig. S1), suggesting a poten-
tial hosting relationship between sul2 and Firmicutes. Variations in host
bacterial abundance with compost temperature may enhance the
adaptability of these genes to different temperatures (Table. S9).
Elevated resistance genes (sull and sul2) introduced into the environ-
ment can alter microbial community structures, disrupting ecosystem
stability and function and posing risks to human health through the food
chain [70].

Comparing the elimination of abundant ARGs (top 6, with a relative
abundance >90 %), we found that the low manure addition treatment
exhibited a higher eliminating rate (ER) of abundant genes than the high
manure treatment (averaged 88.8 % vs. 79.6 %). Among them, the top 4
genes (including emrB, TolC, mexT, and rosB) had an ER exceeding 90 %.
This aligns with other studies indicating that aerobic composting is
effective at eliminating abundant ARGs [61,62]. After inoculation with
SBI, 11 types of ARGs in pig manure compost were all reduced, and the
reduction effect of ARGs in the treatment with microbial inoculant was
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Table 1
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Abundant ARGs (Top 10 in relative abundance) and their elimination rates (ER in %) in composts with various manure addition and Streptomyces-Bacillus Inoculant
(SBI). ER refers to the calculation of the removal rate of ARGs in mature composts compared with the initial composting stage. Statistics of gene abundance among

treatments were included in Table S9.

Treatments Eliminating rate (ER, in %) of the top 6 abundant ARGs average ER (%)
Low manure (10 %) emrB TolC mexT rosB mdtB acrB
Amount 98.4 97.3 95.5 90.6 87.3 63.4 88.8
High manure (20 %) emrB TolC mexT rosB mexW vanR
Amount 98.1 93 86.7 79.9 74.1 45.7 79.6
SBI inoculant + cpxR mexT macB mexW bacA mexF
Low manure 97.6 81.5 73.5 51.9 43.2 34.2 63.7
SBI inoculant + cpxR mexT macB mexW bacA mexF
High manure 83.1 95.8 5.7 88.8 39.5 38 58.5
a
Thermophilic Maturation Thermophilic Maturation
Two-way ANOVA P value é
0.20 Cow manure 0.212
SBI 0.087 020
Cow manure * SBI  0.212 $ ?
3 3 .
2 0.15 e
< <
= 5 000
a g- Two-way ANOVA P value
5 = Two-way ANOVA P value Cow manure 0.113
6 @A Cow manure 0.229 SBI 0.000
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C 3 *SBI  0.006
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0.05
Two-way ANOVA P value
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SBI 0.009 -0.40
Cow manure * SBI  0.835
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Fig. 4. Importance of antibiotic resistance genes (ARGs; a) and mobile genetic elements (MGEs; b) under the cow manure and Streptomyces-Bacillus Inoculants (SBI)
addition during composting. Full meaning of abbreviations are the same than those presented in Fig. 1 legend.

significantly higher than that in the no-inoculant group [71]. This
reduction may result from the high temperature generated during
composting (Table. S9), which degrades antibiotics and hormones,
thereby reducing selective pressure on ARGs and decreasing their
abundance [72]. Diehl and LaPara [73] found that removal rates and
efficiency of tetracycline-related genes (i.e., tetA, tetO, tetW, tetX, and
tetl) increased with temperature, suggesting ARGs degradation may
relate to host bacteria succession under temperature changes [74].

After applying the SBI, the average elimination rate of dominant
ARGs was higher in the low-manure (averaged 63.7 %) than high-
manure (58.5 %) treatments (Table 1), consistent with non-SBI treat-
ments, indicating initial manure amount as the key factor affecting ARGs
elimination, given livestock manure’s high ARG reservoir [75-77]. In
our study, the abundant ARGs detected in mature composts differed
from those in non-SBI treatments after applying the SBI. This variation in
dominant ARG types induced by the SBI (Table 1) may result from the
mechanisms for the selection of ARGs in thermophilic bacteria, as
indicated by the difference between the Bordetella-dominance of SBI
treatments and the Phenylobacterium-dominated non-SBI treatments
(Fig. 1b).

Mobile genetic elements (MGEs) showed various changes under the
application of SBI and/or varied manure amount (Fig. 3b). Insertion
Sequences (IS) and transposase constitute the predominant fraction
(averaging ~83.7 %) across all treatments, playing indispensable roles
in MGE transposition [78,79]. For example, IS, short DNA sequences, are
ubiquitous in bacterial and archaeal genomes. Transposase enzymes
recognize and cleave DNA around IS, facilitating their insertion into new
genomic loci, thereby inducing recombination, repair, and mutation
[80,81]. The relative abundance of transposase declined during the
thermophilic and maturation stages of composting, consistent with the

change observed in the relative abundance of the top 6 ARGs (Fig. 3a).
This consistency may stem from the concurrent reduction of ARGs and
MGEs during the elevated temperatures of the thermophilic stage [72,
82], as high temperatures diminish MGE abundance (e.g., integrase and
transposase), thereby impeding horizontal gene transfer of ARGs.
However, at the maturation stage, SBI showed a significant effect on the
variation of MGEs (Fig. 4b). The relative abundance of certain MGEs (IS,
integrase, istA, qacEdelta, tniA, and transposase in the low cow manure
addition group; IS, ISCR, integrase, qacEdelta, tniB, and transposase in the
high cow manure addition group) significantly increased under the
application of SBI (Table S9, P < 0.05). This effect might be attributed to
the SBI-induced bacterial community composition change (such as
Sphingobacterium, Pseudoxanthomonas, Bordetella etc.; Table S7), and the
significant correlationships between MGEs and bacterial community
under the SBI application (Fig. S3). Consequently, more potential host
cells are created, promoting gene exchange among microorganisms.
Given that MGEs typically possess multiple copies at diverse genomic
locations, they facilitate sequence exchange among identical or related
fragments, particularly horizontal gene transfer [83,84].

Based on the Two-way ANOVA results, we found that the addition of
SBI had significant effects on the changes of ARGs and MGEs, particu-
larly during the thermophilic stage (Fig. 4). This effect persisted through
the mature stage, as evidence by its significant influence on the MGEs
(P < 0.01) and its influence on ARGs which approached high signifi-
cance (P = 0.087). In contrast, the amount of cow manure (Low, 10 %
vs. High, 20 %) exerts a weak impact on the variation of MGEs and
ARGs, at both the thermophilic (P > 0.05) and mature stages (P > 0.05;
Fig. 4). The interactive effect of SBI and manure amount significantly
affected the change in MGEs during the thermophilic stage (P = 0.006;
Fig. 4b).
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pairwise Bray-Curtis community distance across treatments. Treatment descriptions correspond to those outlined in Table S11. In Fig. d, discriminating virus genera
were selected based on the histogram of linear discriminant analysis with an LDA score > 2.0 and P < 0.05.

3.4. Changes of virus community during composting

Significant variations were observed in viral Shannon diversity
across composting stages (Fig. 5a; P < 0.001), accompanied by notable
differences in virus community composition (Anosim, R = 0.642,
P =0.001), as evidenced by their distinct separation along the NMDS
axis 1 (Fig. 5b). Thus, a detailed investigation into viral composition was
warranted. During the initial composting stage, the relative abundance
of highly prevalent (>95 % in relative abundance) Gemycircularvirus,
then experienced a significant decrease in the following stages
(Table S11). Gemycircularvirus, a class of circular DNA viruses, is
frequently encountered in environmental fungi, particularly in soil and
water environments [85,86]. The high abundance of a fungal virus in the
initial stages may support a high environmental fungi proportion
available due to the corn straw decomposition abilities of fungal sap-
rotrophs, that are reduced in the thermophilic phase. Gemycircularvirus
was higher in the high manure addition scenario (I-HM) compared to the
low manure addition scenario (I1; Fig. 5¢c and Table S11). The elevated
abundance in ‘I-HM’ treatment could be attributed to the increased cow
manure amount fostering increased virus abundance [87].

At the thermophilic stage, the relative abundance of Habenivirus and
Tertilicivirus increased but significantly declined at the maturation stage,
with Chlamydiamicrovirus emerging as the dominant genus (Fig. 5c).
Both Habenivirus and Tertilicivirus belong to the filamentous bacterio-
phage family. While viral diversity remained relatively stable in high
manure addition treatments, the application of SBI in low manure
conditions led to a significant decrease in viral Shannon index (observed
in T-LM+ with SBI compared to T-LM without SBI) during the thermo-
philic stage. This reduction was consistent with significant alterations in
virus community structure (‘T-LM+’ vs. ‘T-LM’, Anosim, R = 0.642,
P < 0.001; Fig. 5b).

Conversely, during the maturation stage, viral diversity increased in
the SBI treatment compared to the non-SBI treatment, mirroring the
change in virus community structure (‘M-LM+’ vs. ‘M-LM’, Anosim,
R=0.642, P < 0.001; Fig. 5b). No significant differences in Shannon
index were observed between SBI and non-SBI treatments with high
manure addition during the thermophilic and maturation stages
(Fig. 5a). SBI intervention notably reduced the diversity of the virus
community during the high-temperature stage, possibly due to co-
evolution between host bacteria and viruses, particularly
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Fig. 6. Correlation analysis between antibiotic resistance genes and virus community (a, viral Shannon diversity; b, dominant viral taxa at the genus level) during
composting. Asterisks indicate significant correlations between ARGs and viruses (*** P < 0.001; ** P < 0.01; * P < 0.05). The red and blue circles indicate positive
and negative correlations, respectively. The larger the circle, the stronger the correlation.

bacteriophages, leading to significant bacterial cell death [88,89].
Bacteriophages can alter bacterial competition dynamics, facilitate
horizontal gene transfer among bacteria [90], and induce damage or
demise of host bacteria [91-93]. We utilized Linear Discriminant
Analysis Effect Size (LEfSe) to identify viral biomarkers, and the results
revealed 20 virus order biomarkers across all treatments, with Geplafu-
virales being the most prominent biomarkers, displaying the highest LDA
score (LDA score = 5.02).

Viral Shannon diversity showed significant negative relationships
with most abundant ARGs (Fig. 6a). Specifically, the viral diversity was
negatively correlated with the acrB (r = -0.37), cCAMP (r = —-0.48), emrB
(r =-0.51), mdtB (r = -0.45), tetA (r = —-0.40), TolC (r = —0.50), and
rosB (r = -0.54) (Fig. 6a).

Within ARGs, most of them formulated significant associations,
except for the sul 2, that was negatively linked with other ARGs (Fig. 6a).

Among viral members, the Gemycircularvirus exhibited the most
notable positive correlations with major ARGs, including bacA
(r =0.48), cAMP (r = 0.56), emrB (r = 0.70), mdtB (r = 0.48), TolC
(r =0.61), and rosB (r = 0.78) (Fig. 6b). Other three viral taxa also had
significant relationships with certain ARGs. For instance, the relative
abundance of Habenivirus (r = 0.70) and Tertilicivirus (r = 0.59) was
significantly positively correlated with the relative abundance of sul2.
Chlamydiamicrovirus was negatively correlated with bacA (r = -0.53)
and rosB (r = -0.73), respectively (Fig. 6b).

3.5. The influence of bacteria, virus, and MGEs on ARGs during the co-
composting of cow manure and agricultural biowaste

The interplay of bacteria, viruses, and mobile genetic elements
(MGESs) during the co-composting of cow manure and agricultural bio-
waste significantly impacts antibiotic resistance genes (ARGS).

Mantel analysis revealed significant positive correlations within
MGEs, and even stronger correlations within ARGs (Fig. 7). With the
exception of sul 2, the 8 abundant ARGs exhibited negative correla-
tionships with MEGs (Fig. 7). The application of SBI strongly influenced
the interactions among bacteria, viruses, MGEs, and ARGs (Fig. 7a).
Notably, SBI significantly strengthened the associations between bac-
teria and MGEs (particularly for IS, ISCR, and qacEdelta; Fig. 7a), while it
reduced the impact of viruses on ARGs, as indicated by the non-

significant associations with emrB, mdtB, TolC, and sul 2 (Fig. 7a). In
the case of cow manure, an increased initial manure amount accelerates
the establishment of significant relationships between bacteria and
MGEs (such as IS and ISCR), as well as between bacteria and ARGs (emrB
and mdtB) (Fig. 7d).

Redundancy analysis (RDA) revealed that variations in bacteria, vi-
ruses, and MGE:s collectively accounted for two-thirds (67 %) of the total
variation in ARGs (Fig. 8a). Specifically, RDA1 and RDA2 explained
66.9 % of the total variation in ARGs. Notably, among MGEs, insertion
sequences (IS), short, free-moving DNA sequences prevalent in bacterial
genomes, emerged as the primary factors driving ARGs variation during
composting (Fig. 8a). Within bacterial communities, Proteobacteria and
Firmicutes emerged as key taxa influencing ARGs variation (Fig. 8a).
This could be attributed to their roles as primary hosts of potential ARGs
and their dominance during the thermophilic stage, a crucial phase for
ARGs elimination [94]. The decreased abundance of ARGs host bacteria
likely limits the horizontal transfer of ARGs [95].

The relationships among bacteria, viruses, MGEs and ARGs were
elucidated using PLS-PM analysis (Fig. 8). The analysis revealed that
viruses have a significant positive effect on ARGs (r = 0.43, P < 0.001),
but a direct negative effect on MGEs (r = -0.17). Conversely, bacteria
exert a direct negative effect on MGEs (r = -0.74, P < 0.001) and ARGs
(r=-0.71, P < 0.001) (Fig. 8b). Regarding the individual inoculant
effect, it was found that the application of SBI inoculant can: i) transform
the effect of viruses on ARG, from positive (r = 0.29, P < 0.05; without
SBI; Fig. 8d) to negative (r = -0.44; Fig. 8c); and ii) weaken the influ-
ence of bacterial community on MGEs (as indicated by the decreased
path coefficient form 0.84 to 0.45) and ARG (path coefficient decreased
from 0.88 to 0.48) (Fig. 8c, d). For cow manure, it was observed that an
increased initial manure amount strongly shifted the direct influence of
virus on ARG, form positive (r = 0.33, P < 0.05; Fig. 8e) to negative
(r =-0.62, P < 0.01; Fig. 8f). The negative correlation between ARGs
and bacteria (Fig. 8b, r =-0.71, P < 0.001), is consistent with the
elimination of dominant ARGs (Table 1), and the reduced horizontal
ARGs transfer during composting [88]. Furthermore, both bacterial and
viral diversities and community structure have shown significant asso-
ciations with changes of ARGs during composting (Fig. S3), which may
be related to the close association between viruses and bacteria [93],
and their significant influence on ARGs dynamics during composting



Z. Zhou et al.

Journal of Hazardous Materials 477 (2024) 135355

a With SBI b Without SBI
IS "‘\ IS
ISCR ' * ISCR —_
integrase " Bacteria integrase *"/_/‘-\ :
ol . = istd - . Bacteria
istB ! [ | istB = -
qacEdelta ** 88 qgacEdelta ** 8
tiB * miB *
transposase E Virus transposase B8 ~ **
G 8| = | O ® bac4 * 0
mexF llc - omoEE - mexE o 0 O
acrB B B scEcENE - acrB B ® 2]
enrs Al - D EE D e HEC D E S
mdiB ¥l ¥ HE maBHH O 5 E=
tetd & ¢ e tetA * |
TolC F & [ . TolC ® & EE
rosB | H b rosB Bl cmmBm Pvalue
B O |- o e EHoES B O |EE
nx3zesst 2399 ex2xa S <001
SS2EZES s8¢ =2 £=z2z83 — 0.01-0.05
=¥ 8 i = S2T 3 =005
- Mantel’s r
<02
c Low cow manure (10%) d High cow manure (20%) 020
IS . s - Pearson’s r
ISCR . ISCR _
integrase . integrase . x 1o
istA istA /; == Bacteria 0.5
istB istB - \ 0.0
qacEdelta s) 5% qacEdelta ++ § / 0.5
miB i« miB |+] . A} i o
transposase J . ¥ W/ \ Virus transposase §f§ « [ /’/—’_\\iﬁ Virus -1.0
bacA & . k bacd = O X
nekm - - o - o mum </ A e - o - \
acrB ¥ ¥ U M - acrB {8 = . \
emrB ) §¥ o waakes / enrB. ¥l M | H =
mdiB % ¥ = eenns . e ) el i \
tetd ¥ o * . . tetA & *l
TolC W " e . DICEE- " m= ‘
rosB ™ S | B rosB il =W | | B
sul2| o |+ = BEonaEEE 8= sul2l o = & " EE
R A T AR § 2ETTE SO

Fig. 7. Mantel test analysis of the bacterial and viral communities, and their associations with antibiotic resistance genes (ARGs, shown in blue shadow) and mobile
genetic elements (MGEs, shown in green shadow) in different treatments [with (a) and without (b) SBI (Streptomyces-Bacillus 1:1) inoculant], and different cow
manure amount [10 % vs. 20 % w/w in ¢) and d)] during composting. Microbial dataset used for mantel analysis was the first principal component (PC 1) value of
community structure at the genus level. Color columns within the squares on the right, denote Pearson’s correlation coefficients. Line thickness and color represent
correlation coefficient and significance levels, respectively according to squares on the right. Asterisks inside the squares in the figure body indicate significance

levels (* P < 0.05; ** P < 0.01; *** P < 0.001).

[68].

Viruses now being recognized as important carriers and dissemina-
tors of ARGs [95]. Viruses, particularly phages, play crucial roles in
specific biochemical reactions within compost by infecting host micro-
organisms (bacteria and fungi). Viral community exerted a predomi-
nantly positive effect on ARGs (Fig. 8b), likely due to the crucial role of
viruses, particularly phages, as carriers and transmitters of ARGs. For
instance, ARGs-carrying phages were found to proliferate within
Escherichia coli cells in environmental virome analyses [96]. Moreover,
phages can enhance gene exchange between bacterial species and
mediate antibiotic delivery, thereby increasing local drug concentra-
tions [97,98]. In our study, Gemycircularvirus emerged as a key taxon
influencing ARGs variation within the viral community, with its abun-
dance decreasing significantly during the thermophilic stage, likely due
to the temperature’s role in reducing the abundance of virus-host in-
teractions and inhibiting ARGs-carrying virus amplification [6]. During

hype-thermophilic composting, lytic bacteriophages can drive the
ecological succession of mild thermophilic bacteria, thereby affecting
bacterial diversity [99]. Moreover, viruses can induce host bacteria to
resist environmental stress by encoding auxiliary metabolic genes [100,
101]. Phages facilitate the transfer of host genome segments and MGEs
through generalized transfer, a widespread mechanism of gene transfer
in bacteria [102].

3.6. Main processes involve during the transfer of resistance genes
between bacteria

The transfer of resistance genes between bacteria occurs primarily
through three mechanisms: transformation, transduction and conjuga-
tion [103,104]. These mechanisms provide a variety of pathways for the
transmission of resistance genes between bacteria: i) Through trans-
formation (Fig. 9), bacteria can absorb external DNA fragments from the
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and blue arrows indicate positive and negative effects (P < 0.05), respectively. The numbers on the arrows represent standardized path coefficients. The width of the
arrows is proportional to the strength of the path coefficients. Models were assessed by a goodness of fit statistic.

environment, which may include resistance genes [105].

Once the external DNA is integrated into its genome, the recipient
bacteria acquire new resistant traits; ii) Transduction involves the
transfer of DNA fragments mediated by bacteriophages (Fig. 9). Previous

studies have demonstrated that E. coli can be transformed b

y plasmid

DNA under natural conditions, suggesting that E. coli can absorb DNA
and that transformation can thus contribute to the ARGs transmission
[106,107]; and iii) During bacteriophage infection, the viral genetic

10

material is injected into the host bacterium for replication. In this pro-
cess, the host bacterial DNA can be mistakenly packaged into the viral
protein shell and transferred to other bacteria in subsequent infections.
If this DNA contains resistance genes, the recipient bacteria can acquire
the corresponding resistance [108-110]. Transduction can occur natu-
rally and ubiquitously, playing a significant role in resistance transfer,
potentially beyond our current understanding. Studies have shown that
transduction drives the genetic diversity of intestinal colonizing E. coli
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strains in mice, promoting the emergence of resistance in intestinal
bacteria [111]; and iii) Conjugation is a direct method of DNA transfer
between bacterial cells [112]. During this process, two bacterial cells are
connected through an extracellular connection pipe called a sex
connector (Fig. 9), allowing one bacteria (the donor) to transfer its DNA
to another (the recipient). This transfer process can include plasmids,
which are small DNA molecules carrying resistance genes [113]. These
findings emphasize the strong association between the virome and
ARGs, highlighting the importance of considering viral activity in future
manure composting practices.”

4. Conclusion

The utilization of livestock manure in agricultural practices, while
beneficial for soil fertility and crop productivity, also presents inherent
risks associated with pathogen proliferation and the enrichment and
transmission of ARGs. To further explore the composting effects on the
fate of ARGs, bacteria and viruses, and to reveal the behavior of the
three, in our investigation, the introduction of composite microbial in-
oculants SBI aimed to enhance decomposition efficiency and expedite
the degradation of harmful substances. We observed significant alter-
ations in the bacterial and viral community structures during compost-
ing, consequently impacting the distribution of ARGs. Redundancy
analysis identified ISCR, Proteobacteria, and qacEdelta as pivotal drivers
of ARGs variation, suggesting that changes in bacterial community
composition, govern the horizontal transfer of ARGs. Additionally, the
initial amount of cow manure influenced the efficacy of SBI on viruses,
with a significant reduction observed in viral Shannon index at the
thermophilic stage under low manure conditions. Virus diversity and
mobile genetic elements exerted positive effects on ARGs, with virus
diversity exhibiting a stronger influence. Considering viruses non-
negligible role in spreading ARGs, low manure amount in combination
with SBI inoculum is an important method for the hygienization of the
compost. By trade-offs between pathogens and resistome, aerobic co-
composting stands out as an environmentally sustainable approach
capable of mitigating these risks by effectively eliminating pathogens
and preventing ARGs from entering soils.

Environmental implication

Antibiotic resistance genes (ARGs) and virous-associated ARGs are
perceived as globally emerging bio-pollutants. They have been widely
concerned in livestock manure recycling. Microbial inoculants are
attractive solutions to promote compost mature but their roles in ARGs
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elimination are not clear. We examined the influence of inoculants on
viral community, pathogen, ARGs, and their relationships. The results
indicate microbial inoculant can accelerate compost’s thermophilic
stage, favoring the decrease of viral abundance; and viral diversity
exerted a predominant effect on ARGs elimination. These findings pro-
vide a new idea for mitigating the risk of ARGs in livestock manure
composting.
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