<RNE,

;f Kobe University Repository : Kernel

R
S
4oge

PDF issue: 2026-10-06

New Approaches to Control Antibiotic-Resistant
Bacteria 1n Anaerobic Digestion Processes for
Sustainable Conversion of Dairy Cattle Manure

A, 1w

(Degree)
Bt (B%)

(Date of Degree)
2025-03-25

(Date of Publication)
2027-03-25

(Resource Type)
doctoral thesis

(Report Number)
HE92235

(URL)
https://hdl. handle. net/20.500. 14094/0100496504

X HAVFT VY RMARZOZMERTY. BNER - TEFASZELEY. ZEEETROON TV ZEENT, BIICTRHACEIW,

KOBE

\j].\]\'l:lihl'[ Y
J

%)



B S (iR SR A AR 2 ZRBEER)

R SN O ZE F
K 4 1A
R - G ﬁﬂﬁéi“/Z?Ai%‘LI& . ifiﬂﬁ%fﬂiiiéﬁyj—f

wSUEE GMEREOSL AL, TOMRENF T2 L)

New Approaches to Control Antibiotic-Resistant Bacteria in

Anaerobic Digestion Processes for Sustainable Conversion of

Dairy Cattle Manure

LA S AR Dl il BE R 224 D 7= 0 D PRSETHLIC B 1T

PUEVE N EERE~DH L\ T 7' —F

fEE#A H 5




(Name: & 41X NO. 1)

1. Introduction

The reliance on antibiotics in animal husbandry to maintain livestock health and promote
growth has resulted in significant environmental challenges. A substantial proportion of
antibiotics given to animals are excreted unmetabolized, leading to antibiotic residues in manure.
These residues promote the development and dissemination of antibiotic-resistant bacteria
(ARB) and antibiotic-resistance genes (ARGS) in the environment, threatening both animal and
human health.

Anaerobic digestion (AD), a sustainable method for manure treatment and biogas
production, has been widely adopted. However, when manure containing antibiotic residues is
used as a substrate, AD can inadvertently propagate antibiotic resistance, with ARB and ARGs
potentially reentering soil and water ecosystems through digestate as organic fertilizer. Given
the global recognition of antibiotic resistance as a critical environmental threat, optimizing AD
to mitigate the transmission of ARB and ARGs is imperative. Biochar, a cost-effective and
environmentally friendly material, has garnered attention for its potential to enhance AD
performance. Its abundant functional groups, high porosity, and large surface area contribute to
stabilizing AD processes and regulating microbial communities. Exploring the mechanisms by
which biochar improves AD efficiency while controlling ARB and ARGs is crucial for
developing comprehensive strategies to ensure the safety and sustainability of biomass-derived
products.

2. Previous Researches
2.1 Antibiotic

Antibiotics have been essential in medicine and veterinary treatment, effectively controlling
bacterial infections by targeting pathogen reduction. However, their overuse, especially in
agriculture, has raised significant concerns. Global antibiotic consumption in crops and
livestock reached 63,151 tons in 2010, projected to rise by 67% by 2030, with Asia seeing a
46% increase. This widespread availability and efficacy have led to misuse, threatening their
long-term effectiveness. Antibiotics are categorized by their spectrum of action (broad- vs.
narrow-spectrum) and mechanisms of activity: inhibiting bacterial cell wall synthesis (e.g.,
p-lactam), disrupting cell membranes (e.g., polymyxin), inhibiting protein synthesis (e.g.,
tetracycline), and blocking DNA replication and transcription (e.g., quinolones). These
mechanisms highlight their effectiveness in treating infections but also stress the need for
prudent use to prevent resistance.

Cefazolin (CEZ), a first-generation B-lactam cephalosporin, is widely used to treat bacterial
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infections due to its efficacy against Gram-positive and some Gram-negative bacteria, with
enhanced stability against B-lactamases. In dairy farming, CEZ is commonly used to treat
mastitis, a disease affecting milk quality and quantity caused by bacteria like Staphylococcus
aureus and Escherichia coli. The extensive use of CEZ for mastitis treatment contributes to its
overuse in the industry.17-90% of antibiotics administered to livestock are excreted in manure,
with CEZ residues detected in milk and manure. These residues, resistant to degradation, raise
concerns about milk safety, environmental contamination, and the persistence of
pharmacologically active compounds during manure storage. While CEZ is prevalent,
tetracyclines like oxytetracycline show higher residual concentrations in cattle manure,
highlighting broader environmental risks in livestock systems.

2.2 Antibiotic-resistance spreading

Antibiotic resistance is a critical global threat, causing millions of deaths annually and
projected to exceed 10 million deaths per year by 2050 if unchecked. The extensive use of
antibiotics, particularly in agriculture, has made animal manure a reservoir of antibiotic
resistance genes (ARGs) and mobile genetic elements (MGEs), fostering horizontal gene
transfer and the proliferation of antibiotic-resistant bacteria (ARB). B-lactam resistance genes
are especially prevalent, with multidrug-resistant strains compromising antimicrobial treatments
for humans and livestock. This issue, driven by residual antibiotics and the evolution of ARGs,
presents a global public health challenge and environmental crisis, categorized as "combined
contaminants". Addressing this escalating problem requires urgent action to mitigate the
environmental selection pressure exerted by antibiotics.
2.3 Anaerobic Digestion

Anaerobic digestion (AD) is an eco-friendly technology for manure treatment, reducing
pollution while producing renewable energy through biogas. The process involves hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, driven by key microbes like acidogenic
bacteria and methanogens. Hydrolysis breaks down complex molecules into simpler compounds,
which acidogenic bacteria convert into volatile fatty acids (VFAs) during acidogenesis. VFAs
are further transformed into acetate and hydrogen in acetogenesis, providing substrates for
methanogens to produce methane in the final stage. AD can be single-stage, combining all
phases in one reactor, or two-stage, separating the acidogenic and methanogenic phases to
optimize conditions. The methanogenic phase requires a higher pH than the acidogenic phase,
and pH fluctuations affect VFA levels and microbial activity. Cefazolin residues can inhibit
hydrogen- and acid-producing bacteria, reducing VFA and hydrogen production. This study
employs a two-phase AD approach to mitigate these effects and enhance process efficiency.

The use of manure containing antibiotic residues as AD feedstock introduces challenges,
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particularly regarding ARBs and ARGs, which may persist in digestate and pose environmental
and health risks when used as fertilizer. While AD can mitigate ARGs, its efficiency depends on
system configurations and operational conditions. In single-stage AD, all biochemical processes
occur in one reactor, leading to fluctuating conditions. Mesophilic AD (35°C) achieves
moderate  ARB and ARG removal was lower than thermophilic AD (55°C) and
temperature-phased AD. However, high COD levels in single-stage systems exacerbate VFA
accumulation, impairing microbial activity. Two-stage AD separates acidogenic and
methanogenic phases, optimizing conditions for antibiotic degradation and system performance.
This configuration reduces antibiotic inhibition on microbes and enhances ARG removal,
though ARG concentrations may rebound in later stages.

2.4 Biochar Additive in anaerobic digestion

Biochar (BC), derived from agricultural residues such as straw, bamboo, and olive pruning,
offers a cost-effective and sustainable solution in AD processes. Its stable properties enhance
AD performance by promoting methanogenesis and stabilizing microbial communities via
mechanisms like DIET. Studies show BC addition can significantly boost biogas and methane
production. BC also effectively reduces ARG abundance in AD systems through adsorption,
bacterial community modulation, and prevention of horizontal gene transfer (HGT). It optimizes
environmental conditions, decreasing ARG proliferation. Research highlights BC's potential,
with reductions in ARGs such as tet W and bla crx-m significantly. These findings underscore
BC's promise to enhance AD efficiency while mitigating ARG dissemination, contributing to
sustainable waste management and environmental protection.

3. Survival of antibiotic-resistant bacteria during mesophilic single- and two-stage anaerobic
digestion with cefazolin-spiked dairy cow manure

AD offers a sustainable and eco-friendly method for treating raw manure while generating
organic fertilizer. However, using manure containing antibiotics as substrates could lead to the
dissemination of ARB and ARGs in AD reactors, potentially posing risks of human infection
through the application of organic fertilizers. Consequently, addressing these critical concerns
requires the elimination of ARB from contaminated animal manure. Numerous studies have
demonstrated the potential of AD in reducing ARG abundance in manures. However, in
single-stage anaerobic digestion AD, both the acidogenic phase (AP) and methanogenic phase
(MP) occur in the same reactor. This might lead to interactions between microorganisms from
the two phases, and since the optimal environmental conditions for each phase differ, the single
reaction conditions in single-stage AD may limit the efficiency of both phases. In contrast,
two-stage AD separates AP and MP into different reactors, demonstrating higher gas production
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performance, better control of ARGs, and greater stability, especially in the presence of
antibiotic residues. This improvement was possibly due to the promotion of hydrogen-producing
bacteria, which are effective in degrading diverse metabolites and limiting the activities of
pathogenic strains. Limited studies have explored the impact of two-stage AD on ARGs. The
operation of two-stage AD was modified in previous studies, and the impact of the acidogenic
and methanogenic phases on the dynamics of ARB remains insufficiently understood. There is
also limited information available to demonstrate the effect of CEZ on ARB survival during
single- and two-stage AD processes. It is important to note that while much of the research on
antibiotic resistance has focused on ARGs, the existence of ARB could provide more intuitive
evidence for evaluating antibiotic-resistant potential hosts and microbial structures from a
macroscopic perspective. Furthermore, it remains unclear whether single-stage AD and
two-stage AD have varying implications for ARB enrichment. This study primarily focuses on
using CEZ-contaminated cattle manure as an AD substrate to examine the effects of single-stage
AD and the acidogenic and methanogenic phases of two-stage AD on the quantity and removal
of ARB. Comparing single- and two-stage AD systems, we assessed ARB removal rates, biogas
yield, volatile fatty acid concentration, and microbial populations. The results revealed that in
the two-stage AD system, the MP exhibited the highest removal rates of CEZ-resistant (CEZ-r)
and oxytetracycline-resistant (OTC-r) bacteria at 9.2-16.0 % and 68.9-72.4 %, respectively.
However, the MP had a higher proportion of ARB among the total culturable bacteria
(23.8-30.1%) compared to the AP and single-stage AD. CEZ negatively impacted ARB removal
rates and biogas production in both systems, with a more pronounced effect in single-stage AD.
Biogas yield in the two-stage AD ranged from 337.7-385.6 mL/g VS, which was 11.0-25.8%
higher than that of the single-stage AD, regardless of CEZ addition. The reduction in biogas
production due to CEZ was primarily attributed to the suppression of VFA production. As for
microbial populations, the changes in the percentages of Firmicutes, Bacteroidetes,
and Proteobacteria were likely related to the variations in ARB numbers, and the abundance
of Methanosaetaceae significantly influenced biogas production.

4. The impact of biochar characteristics on single-stage ad performance and ARB survival

While AD can potentially reduce ARG abundance and mitigate environmental pollution, its
effectiveness is contingent upon operational conditions and microbial structures. The stability of
AD relies on the harmonious interaction among diverse bacteria and archaea. Yet, these
microbial communities can be susceptible to disruption from adverse environmental conditions
and exposure to toxic substances. The presence of antibiotic residues in AD substrates can lead
to ARG spread and impact process efficiency and stability. Transmission of ARG in the
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environment typically occurs through potential host bacteria capable of carrying ARG. The
results of our previous indicated that although the use of two-phase AD is more effective in
controlling ARG than single-phase AD, there was still a risk of ARB rebound in the MP phase.
Therefore, the addition of additives to the AD process to further explore ARB control methods
is warranted. BC's rich functional groups and high porosity structure contribute to the enhanced
removal of ARGs in AD processes. This enhancement occurs through several mechanisms:
adsorption and elimination of antibiotics, manipulation of bacterial communities and MGEs to
prevent HGT, direct elimination of ARGs via oxidation by persistent free radicals (PFRs),
reduction of co-selection pressure, and optimization of environmental factors to decrease the
overall abundance of ARB. Recent studies have explored the effects of BC on ARGs in various
waste treatment processes, suggesting that BC can interact with and control the proliferation and
dissemination of ARGs in the environment. The findings underscore the promising role of
biochar in effectively managing ARGs in AD systems. Moreover, while the mechanisms
underlying the reduction of ARGs by biochar are not fully elucidated, studies suggest that
factors such as substrate raw material, BC particle size, and BC dosages play significant roles.
Despite numerous studies investigating the relationship between BC and potential ARG host
bacteria as well as methanogens, there remains a critical gap in understanding the interplay
between ARG host bacteria and ARB. To address this gap, our study adopts a comprehensive
approach by investigating two prevalent types of biochar, Bamboo BC and Olive BC, at varying
dosages. This approach aims to uncover the complex interactions among biochar characteristics,
microbial behavior, ARB dynamics, and AD performance. Findings reveal significant reductions
in CEZ-r across all reactors, ranging from 12.9% to 76.5 %. Both Bamboo and Olive BC
increased CEZ-r removal by 3.1-5.9times compared to the control. Additionally, BC
supplementation prevented the rise in CEZ-r percentage within the total bacteria count observed
in the control reactor. Bamboo BC outperformed Olive BC in enhancing biogas yield, with
Bamboo-15 and Bamboo-30 showing significant increases of 43.2 % and 48.0 %, respectively,
compared to the control. Adding BC in AD regulates ARB by decreasing potential ARG hosts
and impeding the transmission of resistance. It also enhances biogas production by improving
the efficiency of methanogenic bacteria and optimizing the methanogenic pathway. This
research provides insights into how BC can be used to enhance AD performance and mitigate
ARB proliferation, offering a sustainable approach to waste management and energy
production.

5. Effects of biochar on the survival of ARB during the two-stage anaerobic digestion with
CEZ-spiked dairy raw manure
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BC possesses excellent physical and chemical properties, including a high surface area, porosity,
rich content of surface functional groups, and favorable electrochemical characteristics. These
properties allow biochar to stabilize anaerobic systems, adsorb and neutralize inhibitors, and
effectively suppress ARGs and ARB. The previous studies found that biochar addition
significantly reduced the abundance of several resistance genes, including intl 1, par C, tet X,
tet W, bla crx-m, bla tem, aac(6’)-1b-cr, and erm B. In our previous study, we also found that
adding 15 g/L bamboo biochar in single-stage mesophilic AD effectively controlled CEZ-r.
Although

these studies have examined the propagation of antibiotic resistance in the AD process from
various perspectives and highlighted the advantages of biochar as an additive for controlling
ARGs, significant gaps remain in understanding how biochar affects ARB survival during both
the AP and MP under the combined stress of antibiotic residues and high chemical oxygen
demand (COD) load. Specifically, it is unclear whether biochar can inhibit the spread of
antibiotic resistance between acid-producing bacteria while preserving their acidogenesis in the
presence of antibiotics. Additionally, there is limited knowledge about its ability to block HGT
among microorganisms while promoting DIET. To address these gaps, this study investigates
the interplay between microbial communities, antibiotic resistance, and biogas production in AD
systems, focusing on AP and MP under the influence of high organics load, CEZ, and biochar.
High organics addition represented by glucose addition at 10 g/L significantly suppressed CEZ-r
but phase-dependently influenced, in the control reactor increasing the CEZ-r proportion from
0.30% in AP to 36.3% in MP. CEZ residues elevated CEZ-r by 2.5% and 9.3% compared to the
control during AP at 0 and 5 g/L glucose. Although AP suppressed CEZ-r to 0.23% in the
CEZ-added reactor at 10 g/L glucose, MP rebounded CEZ-r to 8.3%. Biochar addition reduced
CEZ-r to below 1.0% at 5 and 10 g/L glucose in both phases, while it increased CEZ-r by 2.5%
in MP compared with AP at 0 g/L glucose. CEZ residues also inhibited biogas production by
reducing Methanosaetaceae abundance and impairing acetic acid conversion, causing 9.1%,
28.1%, and 12.1% vyield reductions at 0, 5, and 10 g/L glucose compared to their control.
Biochar alleviated CEZ's negative impact, increasing Methanosaetaceae abundance by 1.0%
and 6.6% at 0 and 10 g/L glucose, respectively compared to the CEZ-added reactor. This was
potentially due to enhanced direct interspecies electron transfer facilitated by biochar. These
findings emphasize the critical roles of organic load and biochar in modulating ARB dynamics
and mitigating CEZ's adverse effects on methane production through microbial community
adjustments.

6. Conclusion
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This research contributes to the development of enhanced AD systems that are not only efficient
in organic waste treatment and renewable energy production but also effective in mitigating the
environmental risks posed by antibiotic resistance, It also provides a highly integrative and
novel insight into the control of antibiotic resistance in AD systems.

The addition of CEZ negatively affected AD systems by reducing both the removal
efficiency of ARB and biogas production, primarily through its influence on VFA dynamics.
However, the two-stage AD system demonstrated a higher overall biogas yield compared to the
single-stage system, regardless of CEZ addition. Among the phases, the MP exhibited superior
ARB removal compared to the AP and single-stage AD. Nevertheless, the high percentage of
ARBs observed in the TCB during the MP highlights a potential risk, particularly under CEZ
stress.

To enhance ARB removal, several strategies are proposed, including comprehensive studies
on multiple antibiotics in dairy farming, long-term AD studies under various conditions, and the
analysis of ARGs alongside ARBs. Additionally, modifying AD systems through pretreatment,
additives, and optimized reactor conditions can improve ARB and ARG removal efficiency,
ensuring sustainable waste treatment and reducing antibiotic resistance risks.

The potential of BC as a sustainable additive to mitigate ARB proliferation and improve
organic waste decomposition and biogas production. Bamboo BC emerged as a superior agent
compared to Olive BC, particularly in reducing ARB numbers and enhancing biogas production.
Notably, a lower concentration of Bamboo BC (15 g/L) was more effective than a higher
concentration (30 g/L), underscoring the importance of dosage optimization. Bamboo BC
significantly improved microbial interactions, such as DIET, enriching the biogas production
pathway. In contrast, the efficiency of Olive BC was limited, likely due to particle stacking
caused by its larger size.

The phase-specific effects of glucose and CEZ on ARB dynamics. During the AP, glucose
concentrations suppressed ARB survival, particularly at 10 g/L, while ARB proliferation
occurred during the MP. Biochar addition played a critical role in stabilizing microbial
communities, mitigating the adverse effects of CEZ on methane production, and supporting
substrate decomposition. The protective properties of biochar enhanced microbial resilience
under pharmaceutical stress, reduced the abundance of CEZ-resistant bacteria, and improved
substrate decomposition and SCOD removal efficiency.
This study provides foundational insights into the complex interactions between microbial
communities, antibiotic resistance, and biogas production in AD systems. It underscores the
potential of biochar to enhance system stability, optimize substrate decomposition, and mitigate
antibiotic resistance risks. Future work should focus on refining biochar dosages, evaluating
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their long-term impacts, and advancing integrated waste treatment strategies to achieve a more
sustainable and environmentally resilient approach to organic waste management.
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