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Abstract

In conventional anaerobic digestion (AD) of livestock manure, temperature regulation
faces an inherent paradox: thermophilic conditions facilitate pathogen inactivation but
inhibit methanogenesis, whereas mesophilic conditions enable efficient methane
production but are less effective at eliminating pathogens. This study systematically
analyzed the methanogenic performance, microbial physiology, and the dynamics of
biosafety factors during AD of chicken manure at 4 °C, 35 °C, and 55 °C. Additionally, a
ceramic membrane (CM) coupled with ozone micro-nano bubbles (Os-MNBs)
backwashing was configured for advanced digestate purification. Contrary to
conventional understanding, mesophilic conditions (35 °C) simultaneously achieved
optimal methanogenic efficiency (277.83 mL/gVS) and the efficient removal of viruses
(66.65%) and antibiotic resistance genes (ARGs) (>77.11%), supported by a more diverse
microbial community. While thermophilic conditions (55 °C) inactivated certain viruses,
methanogenic efficiency was significantly inhibited by thermal stress. Moreover, the
residual plasmid-borne ARGs were 3.04-fold higher than under mesophilic conditions.
The integration of CM filtration with O-MNBs backwashing effectively retained and
inactivated pathogens while reducing the membrane fouling rate by 83.97%. The
integration of mesophilic digestion, membrane filtration, and Os-MNBs processes
synergistically achieved efficient energy recovery and robust pathogen control, providing
technical support for the safe treatment and high-value resource utilization of manure.

Keywords: chicken manure digestate; antibiotic resistance genes; Viriome; ceramic
membranes; ozone micro-nano bubbles
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1. Introduction

With the rapid development of the poultry industry, the resource recovery and
harmless treatment of chicken manure have become urgent issues [1]. China is one of the
world’s largest consumers of antibiotics in livestock and poultry [2]. In response to this
situation, the Chinese Ministry of Agriculture and Rural Affairs launched a regulation
that banned all growth-promoting antibiotic feed additives except for traditional Chinese
medicine and revised product quality standards to restrict antimicrobials solely to
preventive or therapeutic use rather than for growth promotion, with the updated
standards and labeling fully in place by 2020 [3]. Despite these regulatory efforts, residual
antibiotics, antibiotic-resistant bacteria, antibiotic resistance genes (ARGs) [4], pathogenic
bacteria [5], and various pathogenic viruses [6] present in chicken manure pose a severe
threat to ecological environments and public health [7]. Anaerobic digestion (AD), as a
mature and efficient resource recovery technology, offers the dual benefits of energy
recovery and pollution control, thereby reducing secondary pollution caused by
traditional composting or direct discharge [8].

Digestion temperature shapes microbial metabolism, enzyme activity, and
community structure, critically regulating AD performance [9]. AD is typically classified
into three temperature ranges: psychrophilic (<20 °C), mesophilic (2043 °C, although 35—
37 °Cis usually regarded as optimal), and thermophilic (50-60 °C, optimal at 55 °C) [10,11].
The various stages of AD respond differently to temperature. Substrate hydrolysis rate
increases with rising temperature, as observed under psychrophilic (20 °C), mesophilic
(30 °C), and thermophilic (40 °C) conditions [12]. The responses of acidogenesis and
acetogenesis efficiencies to different temperature conditions remain controversial. Cai et
al. [13] and Kim et al. [14] indicated that compared with mesophilic conditions, the
production of volatile fatty acids (VFAs) was higher at thermophilic temperatures. In
contrast, Yu et al. [15] showed that temperatures did not affect VFA production from 45 °C
to 70 °C. However, Zhuo et al. [16] reported that the activities of acidification enzymes at
mesophilic conditions (37 °C) were much higher than those at thermophilic conditions
(65 °C). During methanogenesis, acetoclastic methanogenesis dominated at 35 °C,
whereas hydrogenotrophic methanogenesis dominated at 45 °C [17]. It is the dynamic
balance among the stages, rather than temperature alone, that determines the digestion
efficiency [12]. In addition, recent studies have shown that temperature also affects the
inactivation dynamics of pathogens in digestate and horizontal gene transfer (HGT)
mechanisms through complex interactions among mobile genetic elements, phage
ecology, and bacterial stress responses [18,19]. The synergistic effects of heat stress and
oxidation can impose selective pressures that reshape the resistome landscape of the
digestate [20,21]. Although the effect of temperature on AD performance has been
extensively studied [22,23], its specific roles in the elimination of ARGs and pathogens, as
well as in controlling the risk of ARGs dissemination, remain unclear.

Conventional AD fails to eliminate ARGs and pathogens, leaving biosafety risks that
require further purification [24]. Currently, typical disinfection technologies, including
chlorination [25,26], ultraviolet irradiation [27], hygienization [28], and emerging
photoelectrocatalytic technologies [29], have inherent defects. The excessive application
of chlorine-based disinfectants generates toxic disinfection byproducts [30] and induces
microbial resistance [31]. Ultraviolet disinfection is hindered by photoreactivation and
dark repair mechanisms [32], while highly effective heterogeneous photocatalysis incurs
high operational costs [29]. In contrast, ozone is highly favored due to its elevated
oxidation potential (2.07 V) and the non-toxic byproducts [33,34], yet its application is
limited by poor aqueous mass transfer and rapid decomposition [35,36]. In recent years,
micro-nano bubbles (MNBs) have gained attention for their high mass transfer efficiency
and prolonged residence time in water [37]. Additionally, hydroxyl radicals (¢OH)
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generated from the decomposition of ozone micro-nano bubbles (O:-MNBs) can further
enhance disinfection and oxidation capacities [38].

Building upon these premises, this study proposes a tandem strategy that couples
silicon carbide (5iC) ceramic membrane (CM) enrichment with Os-MNBs backwashing for
simultaneous pathogens retention and advanced disinfection. Although chicken manure
AD [39], membrane separation [40,41], and ozone oxidation [42,43] have been widely
reported separately, few investigations have explored their interactive effects. Currently,
the retention efficiency of CM against viruses, bacteria, and ARGs in the complex digestate
is poorly understood. Furthermore, while O>-MNBs backwashing can mitigate membrane
fouling, its capacity to eliminate pathogens and ARGs enriched on the membrane surface
has yet to be systematically evaluated.

This study aims to: (1) explore temperature-dependent AD performance of chicken
manure at 4 °C, 35 °C and 55 °C; (2) clarify temperature-driven co-occurrence networks
and succession patterns of viruses, bacteria and ARGs; (3) evaluate the CM retention
efficiency of typical biosafety risk factors; and (4) delineate the mechanisms of O>-MNBs
backwashing in mitigating membrane fouling, as well as the its control mechanisms and
potential risks regarding the spread of ARGs and pathogens. This research provides
theoretical support for green, low-carbon advanced treatment processes for livestock
waste and lays a robust foundation for the widespread application of coupled membrane-
ozonation technologies in the advanced treatment of livestock wastewater.

2. Materials and Methods
2.1. Anaerobic Digestion Experimental Design and Set-Up

In this study, the fresh chicken manure was obtained from a poultry farm located in
Qingdao, China (36.075° N, 120.408° E). Before storage at 4 °C, foreign materials, such as
stones and feathers, were manually removed from the manure. The inoculum, anaerobic
sludge, was obtained from the anaerobic unit of wastewater treatment in a citric acid
processing plant located in Shandong Province, China.

Anaerobic batch digestion tests were conducted at 4 +1 °C, 35+ 1 °C, and 55 + 1 °C
using 500 mL glass reactors with a working volume of 350 mL, with a single batch reactor
operated for each temperature condition. Each bottle was loaded with 30 g of anaerobic
sludge (total solids (TS) content = 11.44%, volatile solids (VS) content = 4.89%), 6.1 g of
chicken manure (TS = 16.86%, VS = 12.89%), and 313.9 mL of nutrient solution, and
operated for 20 days. The TS and VS content of the reaction system were 1.27% and 0.64%,
respectively. Before the reaction began, the pH was adjusted to 7.5 + 0.1 using NaHCQOs.
Gas samples were collected daily to analyze gas yield and composition. The gas yield was
calculated by normalizing the cumulative gas volume to the mass of VS in the added
chicken manure. Liquid and solid samples were collected at five time points according to
the gas production profile: the initial stage, the rapid gas production phase, the declining
gas production rate phase, the slow gas production phase, and the end of the reaction.

2.2. Membrane Filtration Experiment Setup and Procedure

The performance of the CM was evaluated using a dead-end filtration system
consisting of an SiC flat-sheet CM, a membrane tank (1.0 L), and a quartz tube O3 generator
(FDG-MK-5g, Huachuang, China; ozone yield: 5 g-h'; gas source: air). The size of the CM
was 90 mm x 50 mm x 5 mm, with an effective filtration area of 0.0045 m2 and a nominal
pore size of 0.1 um. Digested effluent obtained at the end of anaerobic digestion at 35 °C
was diluted fivefold with sterile water and used as the raw water.

In the membrane ultrafiltration experiment, the raw water was continuously
pumped into the membrane tank by a peristaltic pump, and the water level was kept
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constant. Filtration was performed under negative pressure generated by the peristaltic
pump at a fixed flux of 100 L-m2-h! for 30 min. After filtration, the filter cake layer was
collected and designated as sample 35-C. In the ozone backwash experiment, ozone
aeration was performed for 2 min before filtration. Then, the peristaltic pump operated
for 10 min, followed by ozone aeration for 10 s, and this cycle was repeated three times.
We collected the filter cake layer as sample 35-O. The transmembrane pressure (TMP) was
measured by a high-precision pressure sensor and recorded via an online recorder. The
complete experimental procedure is shown in Figure S1.

2.3. Analytical Methods

e Biogas composition: The composition of biogas was determined by gas
chromatography coupled to a thermal conductivity detector (GC136, Yidian
Scientific Instruments Co., Shanghai, China) [44]. The temperatures of the injector,
column oven, and detector were set at 130 °C, 100 °C, and 125 °C, respectively.

e  Soluble chemical oxygen demand (SCOD), TS and VS: They were determined
according to standard methods [45].

e  Total ammonia nitrogen (TAN): The concentration of TAN was analyzed by Nessler’s
reagent spectrophotometry (HJ 535-2009).

e  VFAs: The concentrations of VFAs were analyzed by High Performance Liquid
Chromatography (HPLC, Shimadzu, LC-2030, Kyoto, Japan).

e Na* K*-ATPase, Ca?* Mg?>-ATPase and malondialdehyde (MDA): The activities of
Na* K*-ATPase and Ca* Mg?-ATPase, as well as MDA content, were determined by
related instructions of commercial assay kits (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China and Nanjing Jiancheng Bioengineering Institute, Nanjing,
China). Sample pretreatment and enzyme extraction were conducted following the
procedures reported in the previous study [46].

e  Extracellular polymeric substances (EPSs): After membrane filtration, EPSs were
extracted from the filter cake layer by a modified heat extraction method [47]. The
fluorescent substances in the EPSs were detected using an F-4600 fluorescence
spectrophotometer (Hitachi, Tokyo, Japan).

2.4. Metagenomic and Metatranscriptomic Sequencing

Total DNA and RNA were extracted from the selected samples (4 °C, 35 °C and 55 °C:
chicken manure digestate at corresponding temperatures; 35-C: cake layer; 35-O: cake
layer after backwashing with Os-MNBs) and quality-controlled. Sequencing libraries were
constructed (350 bp) and sequenced by Novogene Co., Ltd. (Beijing, China) on the
INlumina NovaSeq 6000 platform using paired-end 150 bp (PE150) sequencing, generating
approximately 40 Gb of raw data per sample. Raw sequencing reads were first trimmed
of adapters and filtered for low-quality bases using Trimmomatic (v0.39), followed by
quality assessment with FastQC (v0.11.9). All bioinformatic analyses were conducted on
a self-built platform using integrated metagenomic, metatranscriptomic, and viromic
strategies. Clean reads obtained from the above quality-control steps were then analyzed
using the MetaWRAP v1.3.0 pipeline. Hybrid assembly with metaSPAdes and MEGAHIT
was performed, and contigs > 1000 bp were retained. Binning was automatically
implemented in MetaWRAP using MetaBAT2, MaxBin2 and CONCOCT 1.0.0. Bins were
quality-assessed by CheckM and refined via the MetaWRAP Refine module, and high-
quality bins (completeness = 70%, contamination < 5%) were retained. Gene prediction
and annotation were achieved using the MetaWRAP Annotate module. Kraken2 was used
for read-level taxonomic classification. Bacterial and archaeal annotations were performed
with GTDBdk and enrichM, while microbial functional pathways were characterized
based on the KEGG database. Taxonomic abundances across samples were normalized to
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relative abundance based on the total number of metagenomic reads per sample to
account for differences in sequencing depth between samples.

For metatranscriptomics, clean reads were de novo assembled using Trinity.
Assembled transcripts were verified by Bowtie and BWA mapping, with all samples
achieving a mapping rate above 80%. Assembly integrity and overall quality were
evaluated using BUSCO and Transrate, respectively, and gene expression levels were
quantified with RSEM. Combining metagenomic and metatranscriptomic data, DNA and
RNA viromes were separately analyzed. Viral sequences were quality-filtered by Check
and taxonomically annotated against the NCBI viral database to ensure reliable virome
results.

2.5. Statistical Analysis

All statistical and multivariate network analyses in this study were performed using
R software (R V4.2.1). Permutation tests were applied to evaluate the significant
differences among groups. The Mantel test was further conducted to clarify the
correlations of microbial community structure, resistome profiles, and environmental
factors (https://www.chiplot.online/ (accessed on 10 September 2025)). Bipartite network
analysis revealed shared and unique ARGs in digestate at different temperatures, and the
analyses were visualized using Cytoscape (Version 3.7.2) [48]. Network analysis based on
Spearman’s rank correlation was conducted to investigate the co-occurrence patterns
among the resistomes, microbial communities, and mobile genetic elements. Strong
correlation (Spearman’s ¢ > 0.7; p < 0.01) was used to construct the network, which was
visualized using Gephi (v0.9.2) [49].

3. Results and Discussion
3.1. Effects of Temperature on Chicken Manure AD and Microbial Response Mechanisms
3.1.1. Effect of Temperature on AD Performance

As shown in Figure 1(al-a4), the methanogenic activity during the AD exhibited a
profound dependence on temperature. In the psychrophilic group (4 °C), microbial
metabolism was essentially stagnant, and no gas production was detected. Under
mesophilic conditions (35 °C), the cumulative CHs yield reached a peak of 277.83 mL/gVS.
In contrast, the thermophilic group (55 °C) produced only 24.13 mL/gVS of CHs, whereas
its cumulative CO: yield reached 64.73 mL/gVS. This clearly demonstrates that the
mesophilic microbial community possesses superior metabolic activity and strong
adaptability to nitrogen-rich substrates. The highly efficient synergy between hydrolytic—
acidogenic bacteria and methanogens ensured rapid substrate conversion and stable
methane production [50]. Under thermal stress, hydrolytic and acidogenic bacteria
demonstrated greater thermal tolerance than methanogens, thereby partially preserving
their metabolic activity [51]. Notably, the minor amount of biohydrogen (13.52 mL/gVS)
detected in the thermophilic group implies that hydrolytic hydrogenesis remained active
under thermal stress, with electron flows partially diverted toward syntrophic acetate
oxidation. This observation is consistent with previous reports that hydrogen accumulates
as an intermediate product at high temperatures [39].
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Figure 1. Biogas component yield (al-a4); variations of SCOD (b), TAN (c), and VFAs concentration
(d1-d3) at different temperatures. (D-() indicate sampling points.

The variations in SCOD and VFAs concentrations during the AD process at different
temperatures are illustrated in Figure 1b and 1(d1-d3). At 35 °C, the SCOD continuously
decreased, achieving a remarkable removal efficiency of 51.91%. The slight rebound in
SCOD at the end of the reaction could be attributed to sludge decomposition [52]. The
total VFA concentration decreased rapidly after 59 h, ultimately dropping to 355.02 mg/L,
accompanied by the rapid generation of CHa. This indicates that organic macromolecules
were swiftly converted into methane via hydrolysis and acidification, rather than
accumulating as soluble organic matter [53]. In contrast, the SCOD concentration in the
thermophilic group increased continuously, culminating at 5430.0 mg/L at the end of the
experiment. Concurrently, VFAs steadily accumulated, with valerate in particular
reaching a high concentration of 4192.51 mg/L. This phenomenon demonstrates that while
high temperatures promote substrate hydrolysis and acidification, methanogenesis
efficiency is limited. Consequently, syntrophic VFAs oxidation was hindered by increased
thermodynamic resistance, ultimately leading to the accumulation of VFAs [54,55].

3.1.2. Cellular Toxicity and Physiological Regulation Induced by Temperature

The ammonification rate of proteins and amino acids increased with increasing
temperatures, leading to a TAN concentration of 223.68 mg/L in the thermophilic group
(Figure 1c), which remains within a safe range [56]. To counteract heat stress,
microorganisms regulate ATPases to facilitate energy transduction and maintain
intracellular homeostasis. ATPase activity directly reflects cellular metabolic intensity and
environmental adaptability [46]. Specifically, Na* K*-ATPase regulates intracellular pH
via active transport and extrudes excess cations, such as NH4*, through a cation exchange
mechanism [57]. Na* K-ATPase exhibited virtually no activity at 4 °C (Figure 2a),
indicating that low temperatures severely inhibited the cellular transmembrane proton
pump function and energy metabolism, leading to an overall deficiency in microbial
activity [58]. The activities of both Na* K*-ATPase and Ca?> Mg?>-ATPase peaked under
mesophilic conditions (35 °C). Conversely, at 55 °C, the activities of Na* K*-ATPase and
Ca? Mg?-ATPase decreased by 30.78% and 36.10%, respectively, compared to those at
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35 °C. The robust enzymatic activity observed at mesophilic conditions reflects highly
efficient energy metabolism coupling, which sustained high metabolic flux via ATP
hydrolysis and the proton motive force [58]. The suppression of these crucial regulatory
factors at high temperatures suggests that the cellular stress-response system was
compromised [59]. Furthermore, MDA, a secondary byproduct of lipid peroxidation, is
commonly used to assess cell membrane integrity [60]. The MDA content in the
thermophilic group reached a peak of 3.89 nmol/mg prot, indicating that heat stress
subjected the cell membranes to severe oxidative stress (Figure 2b) [61].
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Figure 2. Comparison of ATP enzyme activities (a) and MDA content (b) at different temperatures.

In summary, the digestion temperature not only influences AD performance by
modulating enzyme activities and metabolic pathways but also indirectly dictates overall
system stability by altering the oxidative homeostasis of cell membranes. Mesophilic
conditions are confirmed as the optimal regime for methanogenesis, as this temperature
effectively balances the kinetics of hydrolysis and methanogenesis while sustaining the
activity of key syntrophic consortia. Conversely, thermophilic and psychrophilic
operations are severely constrained by obstructed metabolic pathways and inadequate
microbial activity, respectively.

3.2. Temperature-Dependent Regulation of Pathogen Ecology
3.2.1. Temperature Response Characteristics of Pathogens

Temperature is a pivotal factor influencing pathogen inactivation during AD [62].
Compared to psychrophilic digestion, the total viral abundance in the mesophilic and
thermophilic digestates decreased by 66.65% and 49.61%, respectively (Figure 3a),
demonstrating that higher temperatures facilitated viral inactivation. Although multiple
studies have confirmed that high temperatures are generally more conducive to viral
inactivation [63], mesophilic digestion in this study achieved a more substantial reduction
in total viruses. This aligns with previous findings conducted in real complex matrices
[64]. The abundances of specific DNA viruses, such as Kuravirus, unclassified Siphoviridae,
and Avunavirus, were lower in the mesophilic conditions than in the thermophilic
conditions. Under mesophilic conditions, an active microbial community secretes
extracellular enzymes (e.g., nucleases and proteases) to actively degrade viral nucleic
acids and capsid proteins, thereby accelerating the inactivation of DNA viruses [64].
However, this biological inactivation mechanism is weakened under thermophilic
conditions due to restricted microbial activity [65]. Furthermore, the high alpha diversity
indices of the mesophilic system (Table S1 and Figure 52) indicate that a diverse microbial
community constrains viral colonization through competitive niche exclusion and
nutrient competition [66]. These findings underscore microbial diversity as a key factor of
pathogen suppression in AD systems. Nevertheless, high temperatures still exerted a
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potent inactivation effect on specific viral types, and Harbinvirus, Dhakavirus, and
Tybeckvirus were almost completely inactivated. These are all nonenveloped viruses. It has
been reported that temperature is a critical inactivating factor for the genomic degradation
and capsid protein impairment of nonenveloped viruses [67]. This suggests that viral
inactivation is regulated by a combination of temperature and microbial activity, with
different viral types exhibiting significant variations in their susceptibility to these factors
[67]. Furthermore, the thermophilic Avunavirus was unexpectedly enriched at 55 °C, with
its abundance reaching 1.89 times that observed in the mesophilic environment. This
selective enrichment may be attributed either to the inherent thermotolerance of the virus
or to the sustained proliferation activity of its host microbiome under thermophilic

conditions [68].
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Figure 3. Compositions of viral communities at the genus level at different temperatures (a);
abundance of bacterial priority pathogens (b); a Mantel test was used to compare the relative
abundances of viral and bacterial communities, as well as physicochemical indicators (c). Heatmaps
represent Pearson correlations among abiotic factors. Asterisks within the heatmap cells indicate
*p <0.05, ** p <0.01, *** p<0.001, *** p

< 0.0001. The color gradient of each square represents the Pearson correlation coefficient (r); phage

the statistical significance of pairwise Pearson correlations:

lifestyles in digestate at different temperatures (d).

Temperature exerted a significant selective pressure on bacterial pathogen
communities. Except for Enterobacterales, the total bacterial pathogens abundance
decreased as temperature increased (Figure 3b). Thermophilic digestion reduced the total
bacterial pathogens abundance to 0.10%, demonstrating a pronounced removal
advantage. Conversely, the psychrophilic conditions lacked a thermal inactivation effect,
and microbial metabolism decelerated toward dormancy, presenting the highest risk of

pathogen persistence. This trend was particularly evident among nosocomial
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opportunistic pathogens, such as Acinetobacter baumannii (critical tier) and Pseudomonas
aeruginosa (high-priority tier). These species are of immense clinical significance due to
their resistance to carbapenem antibiotics, frequently causing pneumonia and
bloodstream and wound infections in immunocompromised patients [69,70]. Specifically,
the abundance of Acinetobacter baumannii at 4 °C reached 0.08%, exceeding the levels in
the mesophilic (0.003%) and thermophilic (0.007%) groups. Similarly, the abundance of
Pseudomonas aeruginosa at 4 °C (0.19%) was approximately 3—4 times higher than that in
the mesophilic and thermophilic groups. This is primarily attributed to the fact that
dominant anaerobes and thermophiles in mesophilic and thermophilic systems occupy
available ecological niches, resulting in strong competitive exclusion, whereas
psychrophilic conditions are more conducive to the survival and maintenance of these
non-dominant bacteria [71,72].

In contrast to the temperature sensitivity of the aforementioned pathogens,
Enterobacterales exhibited remarkable ecological resilience. They maintained a relatively
high relative abundance (0.83-1.77%) across all temperature conditions, peaking in the
mesophilic group (1.77%). Environmental (non-clinical and non-human) populations of
Enterobacterales are recognized as a crucial genetic reservoir for antimicrobial resistance
[73]. Owing to their facultative anaerobic metabolic advantages and robust ecological
adaptability [74], they are difficult to eradicate solely through temperature regulation,
making them a significant biosafety concern in the resource recovery and downstream
utilization of anaerobic digestate.

3.2.2. Phage Life Strategies and Environment-Driven ARGs Dissemination Risks

Phage life strategies significantly influence the dissemination patterns of ARGs
within chicken manure digestate [75]. Among the dominant phages in the digestate across
different temperatures, lytic phages accounted for 84.62%, higher than lysogenic phages
(Figure 3d), and exhibited a classic “kill-the-winner” life strategy [76]. Although viral lysis
causes host cell rupture and the release of ARGs into the extracellular DNA pool, the
sustained pressure exerted by a high proportion of lytic phages on bacterial communities
theoretically helps suppress bacterial overgrowth, thereby indirectly weakening the
potential for ARG dissemination [19].

The Mantel test further revealed the driving effects of environmental factors on virus
and bacteria community structures (Figure 3c). The virus community structure was
significantly influenced by COD, valerate, NH«*-N, Na* K*-ATPase, MDA, ARGs, and
temperature (Mantel’s r = 0.62-0.97, 0.01 < p < 0.05). Conversely, the bacteria community
structure was significantly correlated only with Na* K*-ATPase, MDA, and temperature
(Mantel’s r = 0.91-0.94, 0.01 < p < 0.05). This indicates that virus communities are more
susceptible to substrates and environmental factors than bacteria, which is consistent with
the host-dependent nature and their propensity for environmentally stress-induced lysis
[77]. Environmental driver analysis regarding ARGs demonstrated that ARGs abundance
was significantly and positively correlated with pH (p < 0.001), but significantly and
negatively correlated with NH4+-N (p < 0.001). This suggests that an elevated pH may
exacerbate the risk of ARG dissemination by enhancing HGT efficiency or increasing
ARGs stability [78]. In contrast, high NH4*-N levels exert a potential inhibitory effect on
the dissemination and persistence of ARGs [79].

3.3. Temperature-Dependent Distribution and Removal Mechanisms of ARGs

Temperature significantly regulated the abundance of ARGs during the AD of
chicken manure (Figure 4a). The resistomes across all experimental groups were
dominated by macrolide-lincosamide-streptogramin (MLS), aminoglycoside, and
multidrug resistance genes. Contrary to conventional reports, mesophilic digestion in this
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(a)

study exhibited the highest ARG reduction efficacy. Compared to the psychrophilic group,
the abundances of the aforementioned three ARG categories decreased by 87.29%, 89.67%,
and 77.11%, respectively. Notably, bleomycin, fosfomycin, and vancomycin ARGs were
completely eliminated. This is attributed to the ecological competitive inhibition exerted
by the highly active and diverse mesophilic microbial community against the ARG host
bacteria [66]. However, sulfonamide ARGs exhibited pronounced recalcitrance in the
mesophilic group. This is likely driven by HGT, as their typical representative gene, sull,
is frequently mobilized via class I integrons [80,81]. Although high temperatures generally
facilitate pathogen inactivation, the removal rate of total ARGs (81.45%) was lower than
that in the mesophilic group (83.53%), suggesting that certain thermophilic bacteria may
harbor persistent ARGs [82].

(b)
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Figure 4. Distribution of ARG classes in the total resistome (a) and plasmids (b); bipartite network
analysis reveals the shared and unique ARGs among the systems at 4 °C, 35 °C, and 55 °C (c); co-

occurrence patterns of ARGs, mobile genetic elements (MGEs) and bacteria (d).

Furthermore, the removal efficiency of plasmid-borne ARGs under thermophilic
conditions (34.44%) was lower than under mesophilic conditions (78.44%), resulting in a
relative abundance 3.04 times that of the latter (Figure 4b). Within this plasmid-borne
resistome, the persistence of aminoglycoside, MLS, and tetracycline ARGs was
particularly pronounced. Given that plasmids serve as critical vectors for HGT [83], the
thermophilic digestion system potentially poses a heightened risk for ARGs
dissemination.

The bipartite network analysis revealed the shared and unique distribution patterns
of ARGs subtypes at different temperatures (Figure 4c). The psychrophilic group
harbored 91 unique ARGs subtypes, substantially outnumbering those in the mesophilic
(16 subtypes) and thermophilic (13 subtypes) groups, highlighting the distinct selective
pressures exerted by different temperatures. This remodeling of the resistome is
fundamentally dictated by temperature-driven microbial community succession [84].
Pseudomonas exhibited a pronounced preference for low temperatures, achieving a relative
abundance of 15.28% in the psychrophilic group, which was 6.06 and 11.36 times higher
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than under mesophilic and thermophilic conditions, respectively (Figure 53). As an
opportunistic pathogen, Pseudomonas is known for harboring extended-spectrum [3-
lactamases, aminoglycoside-modifying enzymes, and multidrug efflux pump systems
[85]. Consequently, its predominance at low temperatures directly drives the substantial
accumulation of ARGs. Co-occurrence patterns further confirmed that Pseudomonas was
strongly associated with 3-lactam, chloramphenicol, and multidrug resistance genes, as
well as integrative and mobilizable elements (Spearman’s p > 0.8) (Figure 4d), further
substantiating its potential as a high-risk host for ARGs dissemination.

Although the mesophilic and thermophilic groups shared the fewest ARGs (only
seven), the psychrophilic and thermophilic groups unexpectedly shared 38 ARGs,
predominantly comprising MLS and multidrug resistance genes. The sharing of ARGs
between these extreme temperatures may be closely related to the survival strategies of
microorganisms [86]. Strains adapted to extreme environments (e.g., Nocardioides and
Nocardia) frequently harbor multiple ARGs to maintain cellular homeostasis [87,88]. In
conclusion, temperature not only selects for ARGs but also fundamentally shapes the
resistomes of anaerobic digestion systems by determining the ecological niches of key host
bacteria.

3.4. Membrane Retention and Ozone-Enhanced Pathogen Removal
3.4.1. Retention and Removal of Viruses

Microfiltration membranes possess excellent potential for virus removal, based on
the size-exclusion physical sieving mechanism [89]. In this study, a CM with a pore size
of 0.1 um was employed to comprehensively evaluate its capacity for the retention and
enrichment of viruses in the mesophilic chicken manure digestate. At the phylum level,
the viral community in the mesophilic group was dominated by Uroviricota (89.15%),
followed by Nucleocytoviricota (1.99%) (Figure 5a). Uroviricota (double-stranded DNA
viruses) are widely distributed in soils [90] and marine sediments [91]. They are known
to infect a variety of hosts, including Firmicutes, Bacteroidota, and Proteobacteria [92],
and can influence human metabolism and immune functions [93]. Nucleocytoviricota
primarily and specifically infect eukaryotes [94]. The CM achieved complete retention of
these two major viral phyla. Furthermore, Os-MNBs backwashing reduced the viral
abundance in the cake layer by 26.88% via the oxidative destruction of viral capsid
proteins and nucleic acids [95]. Specifically, the relative abundances of Uroviricota and
Nucleocytoviricota decreased by 29.05% and 19.0%, respectively.

b cl
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5000 B /larvirus
EHothers 5000 I Fromanvirus
Dividoviricota [ Nouzillyvirus 60
Duplomaviricota 7~ Melvirus
4500 [ Cossaviricota S 4000 Gaprivervirus
Preplasmiviricota & Kuravirus
Negarnaviricota E Gamaleyavirus 58
% Pisuviricota & Pandoravirus
itrinoviricota @ Berlinvirus
4000 Peplovirico 3000 T Citrovirus 6
B Nucleocytoviricota 5 Felixounavirus 35°C 35-C 35-0
B Uroviricota S T vunavirus (c2)
3500 = Inclassified Podovirida¢ Chaol
Z 2000 B ulanevirus 62
Unclassified Siphoviridae
< Carltongylesvirus
3000
1000 o
58
ol Lyery
35°C  35-C 350 35°C  35-C 350
Groups Groups 35 35-C 35-0

Figure 5. Compositions of viral communities at phylum level (a) and genus level (b), and alpha
diversity indices (c1,c2). 35 °C: 35 °C chicken manure digestate, 35-C: cake layer, 35-O: cake layer
after O>-MNBs backwashing.
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At the genus level, Carltongylesvirus (10.21%) and unclassified Siphoviridae (8.84%)
dominated the mesophilic digestate (Figure 5b). The viral community structure retained
on the membrane closely resembled that of the raw digestate, but the relative abundance
of low-abundance genera such as unclassified Podoviridae, Avunavirus, and Felixounavirus
increased. This indicates that viral removal is not solely dependent on physical sieving
but is also influenced by membrane-virus interfacial interactions [96]. Specifically,
hydrophobic residues on the surface of viral capsid proteins readily bind to the
hydrophobic regions of the membrane pores and the fouling layer, thereby facilitating
viral adsorption and retention [97]. Simultaneously, the concentration effect promotes
inter-viral aggregation and their co-deposition with organic matter, further reinforcing
the membrane retention efficacy [98]. Subsequently, O>-MNBs backwashing reduced the
abundance of membrane-retained viruses by 28.81% through robust oxidative action,
concurrently decreasing the viral community diversity (Figure 5(c1, c2)).

In summary, the CM achieves highly efficient viral retention through the synergistic
mechanisms of physical sieving, hydrophobic adsorption, and the concentration effect.
03-MNBs backwashing effectively inactivates the viruses enriched in the cake layer and
reshapes the viral community. This “physical enrichment-chemical oxidation” tandem
strategy establishes a reliable dual barrier, thereby improving the biosafety of the
digestate.

3.4.2. Retention and Removal of Bacterial Pathogens

The CM exhibited substantial retention and enrichment of bacterial pathogens. The
total abundance of bacterial pathogens in the cake layer (1.98%) was comparable to that
of the raw digestate (1.90%), which indirectly suggests that CM filtration serves as an
effective barrier against the dissemination of pathogenic bacteria (Figure 3b and Table S2).
The relative abundances of specific pathogens, such as Neisseria gonorrhoeae and
Haemophilus influenzae, in the cake layer were 1.70 and 1.50 times those observed in the
raw digestate, respectively. This selective enrichment implies that the cake layer acts not
merely as a physical barrier but likely evolves into a complex biofilm microenvironment
[99]. Furthermore, the matrix-protective effects of EPS facilitate the colonization and
proliferation of certain pathogenic bacteria, thereby transforming the cake layer into a
“secondary enrichment reservoir” for pathogens [100].

Following Os-MNBs backwashing, the overall abundance of bacterial pathogens
within the cake layer decreased. Specifically, the relative abundances of Shigella spp.,
Mycobacterium tuberculosis, and Pseudomonas aeruginosa dropped by 30.16%, 19.44%, and
10.05%, respectively, compared to the 35-C sample. This validates the efficacy of the
coupled “physical enrichment—chemical oxidation” strategy. Ozone accomplishes
inactivation by disrupting cell membrane structures and damaging intracellular genetic
material [101]. However, the bacterial pathogens reduction failed to achieve a log-
reduction level, which is primarily attributed to the matrix shielding effect of the cake
layer [102]. High concentrations of organic matter and EPS preferentially consume ozone,
limiting its mass transfer and penetration into the deeper layers of the biofilm and
consequently attenuating its oxidative inactivation efficacy against internalized pathogens
[100].

3.5. Dissemination and Horizontal Transfer Risks of ARGs

The membrane achieved a retention efficiency of 91.53% for resistome ARGs, with
high retention efficiency (81.35-95.48%) for aminoglycoside, MLS, novobiocin, and
tetracycline ARGs (Figure 4a). Hydrophobic and hydrophilic interactions between the
cake layer (composed primarily of proteins and polysaccharides) and the ARGs facilitate
ARG adsorption [103]. Furthermore, biofilm formation on the membrane surface induced
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the selective enrichment of ARGs. Notably, the abundances of bacitracin, florfenicol, and
pleuromutilin-tiamulin ARGs on the membrane were 1.92, 1.26, and 1.93 times higher
than those in the raw digestate, respectively. This is likely attributed to the robust
membrane adhesion and biofilm-forming capabilities of the host bacteria harboring these
genes [104].

Ozone exhibited a differential removal efficacy for resistome ARGs. Specifically, the
removal efficiencies for florfenicol, rifamycin, and trimethoprim ARGs reached as high as
64.08%, 51.26%, and 100%, respectively (Figure 4a). However, the removal efficiency of
the dominant ARGs (MLS, sulfonamide, and multidrug) was limited (only 0-12.64%),
which may be attributed to the high tolerance of bacteria harboring these ARGs to
oxidative stress [105]. Notably, the relative abundances of (3-lactam, chloramphenicol and
mupirocin ARGs increased following ozone treatment. This is potentially driven by an
increase in intracellular reactive oxygen species, which can enhance the transformation
frequency of ARGs [106], resulting in the insignificant overall removal of ARGs.

Plasmid-borne ARGs, whose fate is jointly governed by host cell proliferation,
plasmid replication, and conjugative transfer [107], exhibited complex dynamics during
the treatment process. The abundances of plasmid-borne ARGs in the 35 °C, 35-C, and 35-
O groups were 13.44, 17.88, and 15.93 RPKM, respectively (Figure 4b). In the 35-C group,
the abundances of plasmid-borne aminoglycoside and tetracycline ARGs were 1.96-fold
and 1.90-fold higher than those in the raw digestate, respectively. The biofilm
microenvironment on the membrane surface likely accelerates HGT frequencies by
facilitating plasmid-borne conjugative transfer [108]. The enrichment of plasmid-borne
ARGs on the membrane surface may be associated with an increased potential for HGT
within the cake layer. Following Os-MNBs backwashing, plasmid-borne tetracycline and
sulfonamide ARGs were completely eradicated, whereas the abundance of plasmid-borne
aminoglycoside ARGs increased by 79.96% compared to the 35-C group. This anomalous
increase is likely attributable to ozone oxidation increasing cell membrane permeability,
thereby promoting the transfer and transformation of ARGs [109]. Furthermore, ozone-
induced cell lysis releases large amounts of extracellular plasmid DNA. Even after host
cell death, this DNA can be acquired by downstream microbial communities via natural
transformation, thus perpetuating ARGs dissemination [110]. Although Os-MNBs
backwashing successfully diminishes certain ARGs, the plasmid mobilization and DNA
release triggered by oxidative stress may partially offset these positive effects, ultimately
failing to fundamentally mitigate the environmental risks of ARGs dissemination.

3.6. Mitigation of Membrane Fouling via O-MNBs Backwashing

The fouling control efficacy of O>-MNBs backwashing was evaluated by comparing
the time required for the baseline membrane and the backwashed membrane to reach the
maximum TMP (55 kPa) (Figure 6a). The baseline membrane reached the maximum TMP
after 11.97 h, whereas O3-MNBs backwashing extended this to 74.67 h. The membrane
fouling cycle was extended to 6.24 times, and the fouling rate was correspondingly
reduced by approximately 83.97%. These results demonstrate that Os-MNBs backwashing
effectively inhibited the accumulation of foulants on the membrane surface.
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Figure 6. Time required to reach maximum transmembrane pressure (55 kPa) in different treatment
groups (a); fluorescent spectrum of EPS in the cake layer: baseline membrane cake layer (b) and cake
layer after O-MNBs backwashing (c).

To elucidate the underlying mechanisms of fouling mitigation, three-dimensional
excitation-emission matrix fluorescence spectroscopy was conducted on the EPS
extracted from the cake layer (Figure 6b). The spectra revealed four distinct peaks located
in Region V1 (Ex/Em 250-340/280-380 nm), Region V2 (Ex/Em 220-250/380-500 nm),
Region V3 (Ex/Em 220-250/330-380 nm), and Region V5 (Ex/Em 250-400/380-500 nm).
These peaks correspond to humic acid-like substances, soluble microbial byproduct
substances, fulvic acid-like substances, and tryptophan-like proteins, respectively [111].
Following O3-MNBs backwashing, the fluorescence intensities of all EPS components
decreased, except for tyrosine-like substances (Figure 6¢). The enhanced fluorescence of
tyrosine-like substances can be attributed to ozone-induced cell lysis and the differential
oxidation efficiencies of ozone toward various protein fractions [112]. This aligns with
previous studies showing increased fluorescence intensity following ozone treatment
[113]. Os oxidation of organic matter introduces oxygen-containing functional groups,
thereby weakening their adsorption on the membrane surface [114]. Concurrently, the
high interfacial activity and the bursting shear forces of the MNBs can loosen the fouling
layer structure, further reducing the adhesion of foulants to the membrane [115,116].
Overall, O>-MNBs backwashing significantly retards membrane fouling through the
synergistic mechanisms of strong chemical oxidation and high-shear physical detachment,
ultimately ensuring the long-term stable operation of the membrane filtration system.

3.7. Techno-Economic Assessment

To provide an indicative assessment of the practical applicability of the proposed
process, the energy consumption and operating cost of the coupled CM-Os-MNBs system
were estimated based on the operational parameters recorded in this study (Table S3). The
total indicative operating cost, excluding membrane depreciation, was approximately
21.26 RMB/m? of treated digestate, suggesting a technically feasible and reasonably
energy-efficient process design at the bench scale. Further pilot-scale evaluation
incorporating continuous-flow operation, membrane service life, and capital costs would
be required to fully assess large-scale economic viability.

4. Conclusions

This study elucidated the critical roles of temperature regulation and a coupled CM-
ozone process in the chicken manure AD and the advanced purification of digestate.
Compared with the metabolic stagnation at 4 °C and energy metabolism inhibition at
55 °C, mesophilic digestion (35 °C) exhibited optimal performance. At this temperature,
microbial ATPase activity was maximized, achieving a peak methane yield of 277.83
mL/gVS. Mesophilic digestion also demonstrated the highest ARGs removal efficiency,
with an 83.53% reduction in the total resistome and a 78.44% removal of plasmid-borne
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ARGs. Furthermore, total viral abundance decreased by 66.65% under mesophilic
conditions, outperforming the thermophilic group (49.61%). Using digestate generated
under mesophilic conditions as the treatment substrate, the CM effectively retained
dominant viruses (e.g., Uroviricota) and bacterial pathogens, improving the biological
safety of the effluent. The integrated CM and Os-MNBs process successfully synchronized
membrane fouling control with viral inactivation, effectively extending the filtration cycle
and substantially reducing the abundance and diversity of viruses within the cake layer.
This study confirms that the integrated mesophilic AD process coupling CM and Os-
MNB:s is an effective and safe approach for digestate treatment, requiring precise control
of ozone exposure to avoid HGT. This work provides an efficient and reliable technical
pathway for the resource utilization of poultry manure and the safe treatment of
mesophilic digestate.
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index (e); Chaol index (f); and ACE index (g); Figure S3: Compositions of bacterial communities at
the genus level; Table S1: Alpha diversity indices of the bacterial communities under different
temperatures; Table S2: Absolute abundance of bacterial priority pathogens; Table S3: Indicative
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