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a b s t r a c t

Anaerobic digestion (AD) plays a significant role in renewable energy recovery. Upgrading AD from
thermophilic (50e57 �C) to mesophilic (30e38 �C) conditions to enhance process stability and reduce
energy input remains challenging due to the high sensitivity of thermophilic microbiomes to tempera-
ture fluctuations. Here we compare the effects of two decreasing-temperature modes from 55 to 35 �C on
cell viability, microbial dynamics, and interspecies interactions. A sharp transition (ST) is a one-step
transition by 20 �C d�1, while a mild transition (MT) is a stepwise transition by 1 �C d�1. We find a
greater decrease in methane production with ST (88.8%) compared to MT (38.9%) during the transition
period. ST mode overproduced reactive oxygen species by 1.6-fold, increased membrane permeability by
2.2-fold, and downregulated microbial energy metabolism by 25.1%, leading to increased apoptosis of
anaerobes by 1.9-fold and release of intracellular substances by 2.9-fold, further constraining meth-
anogenesis. The higher (1.6 vs. 1.1 copies per gyrA) metabolic activity of acetate-dependent methano-
genesis implied more efficient methane production in a steady mesophilic, MT-mediated system.
Metagenomic binning and network analyses indicated that ST induced dysbiosis in keystone species and
greatly enhanced microbial functional redundancy, causing loss of microbial syntrophic interactions and
redundant metabolic pathways. In contrast, the greater microbial interconnections (average degrees 44.9
vs. 22.1) in MT at a steady mesophilic state suggested that MT could better maintain necessary system
functionality and stability through microbial syntrophy or specialized pathways. Adopting MT to
transform thermophilic digesters into mesophilic digesters is feasible and could potentially enhance the
further optimization and broader application of practical anaerobic engineering.

© 2024 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Microbially driven anaerobic digestion (AD) is a long-
established technology adopted for methane (CH4) production
from a variety of organic waste types, including waste-activated
sludge (WAS), food waste (FW), and livestock manure, thus
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facilitating sustainable waste management [1]. The efficiency of AD
is primarily dictated by such operational parameters as tempera-
ture, solid retention time (SRT), organic loading rate (OLR), and pH
[2]. Temperature can play a critical role in determining the per-
formance and stability of AD by shaping microbial ecosystems,
regulating metabolic activity, affecting cell physiology, and medi-
ating enzyme biosynthesis [3,4]. Mesophilic (30e38 �C) and ther-
mophilic (50e57 �C) temperatures are commonly used in
industrial-scale biorefineries [5]. Most digesters are operated at
mesophilic temperatures because doing so enables a more stable
and less complex process with lower sensitivity to toxic inhibitors
[6]. However, thermophilic digestion has increasingly gained
attention, primarily due to its faster kinetics and better
nmental Sciences, Harbin Institute of Technology, Chinese Research Academy of
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performance for the same SRT [7]. Hence, driven by higher treat-
ment capacity and CH4 recovery efficiency, thermophilic digestion
has increasingly been applied, particularly in treating recalcitrant
wastes [8,9]. Nevertheless, thermophilic AD has possible disad-
vantages, such as an unpleasant odor, reduced digestate dewater-
ability, higher process instability, and higher heating requirements,
which may offset its higher biogas production relative to meso-
philic AD [10]. To alleviate these limitations, converting the ther-
mophilic condition to the mesophilic condition is an alternative
option that facilitates the sustainability of AD practices in regions
with moderate or low temperatures and addresses the substrate
shortage [11,12]. Two strategies are commonly adopted to shift to
the designed temperature in AD systems: the use of a sharp tran-
sition (ST; one-step transition) and the use of a mild transition (MT;
stepwise transition) [7,13]. Accordingly, it is important to elucidate
the effects of the optional temperature shift strategies (ST/MT) on
performance transitioning from thermophilic to mesophilic sys-
tems and identify which strategy best maintains system stability
and efficiency. This determination would hold significant engi-
neering importance.

The physiological status of microbial cells can be damaged when
exposed to inhibitors (e.g., capsaicin, microplastics, and antibiotics)
and adverse metabolic conditions (e.g., temperature and pH
changes) [2,14]. In these scenarios, cell membrane integrity and
microbial viability would be reduced, intracellular substances
would be released, and cell energy metabolism would be down-
regulated, resulting in poor biogas production [15]. Thus, identi-
fying the cellular functional state, intracellular substance release,
and energy metabolism level can reflect the physiological re-
sponses of microbial cells to environmental stressors. In addition,
oxidative stress, a common result of exposure to unfavorable con-
ditions (i.e., low temperatures), could induce microbial reactive
oxygen species (ROS) generation in anaerobic bioreactors [16,17].
The appropriate ROS level can stimulate cellular activity, but ROS
overproduction can destroy cell integrity and increase membrane
permeability [18]. Therefore, determining the ROS levels induced
by a temperature shift is significant. Very little relevant information
has emerged regarding temperature-transited thermophilic sys-
tems, especially under ST and MT strategies.

Quite a few studies have examined the effects of temperature
shift on AD microbial dynamics [2,19]. For instance, a decrease in
temperature from 37 to 25 �C was found to increase the abundance
of Proteobacteria in cattle manure digesters [20], while Rumino-
coccaceae andMethanobacteriumwere found to be themain drivers
of digester resilience to abrupt temperature disturbances from 55
to 35 �C [19]. Nonetheless, the effects of the ST andMT strategies on
microbial dynamics, functional traits, and interactions in tran-
sitioning from thermophilic to mesophilic systems are poorly un-
derstood. Thermophilic andmesophilic conditions shape individual
microbial consortia for CH4 production, whereas thermophiles
have been observed in mesophilic consortia, mesophiles cannot
survive in thermophilic consortia [21]. Thus, rapid acclimation and
colonization of mesophiles are necessary to maintain a balanced
microbial trophic group among syntrophic bacteria and methano-
genic archaea during the transition from thermophilic to meso-
philic conditions. Community self-assembly and stabilization are
fundamental to well-functioning AD systems, and the adaptation of
microbial species is inherently driven by interspecies competitive
and/or cooperative trophic interactions [22,23]. Therefore, high-
resolution microbial community ecology and functionally core
microbiome analyses, with further interpretations of essential
interspecies interaction mechanisms, would be instrumental for
engineering practices.

In this study, ST (one-step transition by 20 �C d�1) and MT
(stepwise transition by 1 �C d�1) strategies for changing from
2

thermophilic to mesophilic conditions are investigated for the
anaerobic co-digestion (AcoD) of WAS with FW to reveal the
physiological andmicrobial mechanisms of anaerobic microbiota in
response to the temperature transition. Physiological responses
related to cell integrity, oxidative stress, and enzyme content are
examined. The dynamics, functional traits, and interspecies
trophic-level networks of anaerobic consortia during the temper-
ature shift are explored. Overall, we aim to elucidate microbial in-
teractions and functions in anaerobic microcosms and to reveal key
mechanisms that affect the stability of temperature-dependent AD
processes.

2. Materials and methods

2.1. Reactor construction and operational strategies

Two thermophilic (55 ± 2 �C) anaerobic digesters (termed ST
and MT) treating WAS and FWwere constructed using continuous-
stirred tank reactors, each with an effective volume of 6.0 L
continuously stirred at 80 rpm by a paddle agitator (Supplementary
Material Fig. S1). The WAS from the secondary settler of a waste-
water treatment plant (treatment capacity 138,000 m3 d�1)
(Shanghai, China) and mesophilic digested sludge from an
industrial-scale anaerobic digester treating paper wastewater were
mixed to initiate the reactors. The feedstock was prepared by
mixing WAS and FW in a volatile solid (VS) ratio of 5:1. The FW
(mainly containing noodles, rice, vegetables, and meat) was
collected from a student canteen and homogenized after the
removal of impurities (i.e., plastics, eggshells, and bones). Their
basic characteristics are detailed in Table 1. The ratio of inoculum to
feedstock was 3.5:1 (VS basis).

A semicontinuous operation was performed for each reactor by
feeding and discharging once daily. The SRT and OLR of each reactor
were maintained at 20 days and 2.6 ± 0.2 g VS L�1 d�1, respectively.
The operation continued for 176 days and was categorized into five
phases according to different temperature transition strategies.
Specifically, two reactors were operated at thermophilic (55 ± 2 �C)
conditions in phase 1 (days 1e71) (Supplementary Material
Table S1). The strategies were employed in phase 2 (days 72e91).
The first involved a one-step temperature decrease from 55 to 35 �C
directly for ST, and the second consisted of a stepwise temperature
decrease from 55 to 35 �C in a decrement of 1 �C d�1 for MT. Each
temperature decrease was conducted once per 24 h. After the
temperature transition, both reactors were operated at mesophilic
(35 ± 2 �C) conditions throughout the subsequent operation and
showed acidification in phase 3 (days 92e101). Adding alkaline
chemicals (i.e., NaOH) is an effective approach to regulating system
pH and relieving acid inhibition, thereby enhancing the metabolic
activity of methanogens. Considering the high sensitivity of func-
tional microorganisms (i.e., acetogens and methanogens) to acidic
pH [24], the pH was controlled within the range of 6.8e7.5 via the
addition of 4 M HCl and/or 4 M NaOH in phase 4 (days 102e145) to
provide a suitable pH environment. Specifically, a certain amount of
4 M NaOH was added to the reactors after each feeding operation
during the initial period of phase 4 to gradually restore the pH to
the range of 6.8e7.5. Afterwards, small amounts of 4 M HCl and/or
4MNaOHwere added after each feeding operation tomaintain this
pH range. The pH modification might have masked temperature-
shift effects in subsequent restoration and stable mesophilic pro-
cesses owing to its strong correlation with the overall state of the
digesters [24]. Nonetheless, information on the temperature
transition-related performance and underlying mechanisms could
be obtained from the results of phases 1e3, and the ability of the
reactor recovery and pH control to resist adverse effects of the
temperature shift are the central issues of this study. Finally, two



Table 1
Characteristics of WAS, FW, feedstock, and inoculum used in this study.

Parameters (unit) WAS FW Feedstock Inoculum

pH 7.12 ± 0.13 5.83 ± 0.38 6.87 ± 0.23 7.43 ± 0.05
TS (g L�1) 26.36 ± 0.24 175.7 ± 0.56 60.67 ± 0.34 21.14 ± 0.21
VS (g L�1) 13.64 ± 0.16 167.2 ± 0.32 51.08 ± 0.25 15.63 ± 0.16
TCOD (g L�1) 13.58 ± 0.87 258.7 ± 4.85 92.33 ± 1.87 10.5 ± 0.14
SCOD (g L�1) 0.06 ± 0.01 86.7 ± 1.74 20.17 ± 0.74 0.04 ± 0.01
Total carbohydrates (g L�1) 0.23 ± 0.04 121.8 ± 2.17 37.54 ± 0.69 0.47 ± 0.02
Soluble carbohydrates (g L�1) 0.01 ± 0.00 70.58 ± 3.24 19.43 ± 0.23 0.01 ± 0.00
Total proteins (g L�1) 1.14 ± 0.08 52.12 ± 0.67 12.49 ± 0.34 1.25 ± 0.04
Soluble proteins (g L�1) 0.04 ± 0.00 24.29 ± 0.14 8.47 ± 0.26 0.03 ± 0.00
NH4

þ-N (mg L�1) 2.63 ± 0.02 251.7 ± 1.97 55.54 ± 0.87 27.74 ± 0.31
TA (mg CaCO3 L�1) 346.5 ± 7.47 312.5 ± 10.4 321.5 ± 6.44 212.6 ± 1.32
TVFAs (mg COD L�1) 46.17 ± 0.57 1876.4 ± 20.9 946.28 ± 6.97 86.79 ± 0.42
C/N ratio 4.89 ± 0.23 13.17 ± 0.19 10.47 ± 0.28 5.12 ± 0.17
BMP (mL CH4 per g VSfed) 69.31 ± 2.24 589.5 ± 6.45 412.4 ± 3.62 -

Note:
1 The data are expressed as mean value ± standard deviation (n � 3).
2 WAS, waste-activated sludge; FW, food waste; TS, total solid; VS, volatile solid; TCOD, total chemical oxygen demand; SCOD, soluble chemical oxygen demand; NH4

þ-N,
ammonia; TA, total alkalinity; TVFAs, total volatile fatty acids; C/N, carbon to nitrogen; BMP, biochemical methane potential.
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reactors operated stably in phase 5 (days 146e176). The long-term
performance of the reactors was monitored according to the
important operating parameters, including solid reduction effi-
ciency (SRE), free ammonia nitrogen (FAN), and organic conversion
efficiency (measurements are detailed in Supplementary Texts
S1eS3).

2.2. Evaluation of oxidative stress, cell viability, and enzyme content

To evaluate the oxidative stress of cells affected by temperature
transition, the ROS level and ROS-scavenging antioxidase activities,
such as catalase (CAT), glutathione reductase (GR), and superoxide
dismutase (SOD), were monitored. The adenosine 50-triphosphate
(ATP) content was assayed to reflect the microbial energy meta-
bolism level. The damage proportion of anaerobes was measured
using flow cytometry to assess cell viability. The lactate dehydro-
genase (LDH) release was monitored to reveal membrane integrity.
The enzyme activities of a-glucosidase (a-Glu), protease (PT),
butyrate kinase (BK), acetate kinase (AK), carbon monoxide dehy-
drogenase (CODH), and coenzyme F420 were detected to elucidate
the protein responses of the microbiome. To reveal the mainte-
nance of microbial structural integrity, three layers of extracellular
polymeric substances (EPS)d that is, slime EPS, loosely bound EPS
(LB-EPS), and tightly bound EPS (TB-EPS) d were extracted using
the modified heating method [15]. The composition and structure
of the EPS fractions were characterized by three-dimensional
excitation emission matrix spectroscopy (3D-EEM) and Fourier
transform infrared spectroscopy. The fluorescent parameters,
including the fluorescence index (FI), humification index (HIX), and
biological index (BIX), were calculated using established methods
[25]. In brief, the ratio between the fluorescence intensity at 470
and 520 nm with an excitation wavelength of 370 nm represented
FI (I470/520). The ratio between the area of 435e480 nm (A4) and the
sum area of 300e345 nm (A1) and 435e480 nm (A4) with an
excitation wavelength of 254 nm represented HIX (A4/(A1 þ A4)).
The ratio between the fluorescence intensity at 380 and 430 nm
with an excitation wavelength of 310 nm represented BIX (I380/430).
Detailed EPS extraction and characterization procedures are pre-
sented in Supplementary Text S4.

2.3. DNA sequencing and bioinformatics analyses

To further identify the microbial communities and functional
traits during the temperature shift, digestate samples (n ¼ 44) in
3

each phase were collected from two reactors (sampling informa-
tion is presented in Supplementary Material Table S2) for DNA
extraction using the FastDNA SPIN Kit for Soil (MP Biomedicals,
USA). For microbial composition characterization, 44 extracted
DNA samples were used for 16S rRNA gene amplicon sequencing
with universal primers 515F (50-GTGCCAGCMGCCGCGG-30) and
806R (50-GACTACHVGGGTWTCTAAT-30) targeting the V4 region
[26]. The detailed procedure of 16S high-throughput sequencing
and downstream bioinformatics analyses of the microbial com-
munity are provided in Supplementary Text S5. For microbial
function identification, 30 DNA samples were used for meta-
genomic sequencing using the Illumina Novaseq6000 platform,
generating a total of 430 Gb metagenomic data. Metagenome-
assembled genomes (MAGs) were retrieved from metagenomic
reads and annotated using KEGG GhostKOALA, eggNOG 5.0,
dbCAN2, and METABOLIC (v4.0) [26]. The metabolic functional
pathways of the MAGs were synthetized by combining the genes
and pathway results annotated by the above tools. The MAG
retrieval and functional annotation procedures are detailed in
Supplementary Text S6. The raw 16S and metagenomic datasets
were deposited into the NCBI SRA database with Bioproject ID
PRJNA942036 and PRJNA945358, respectively.

2.4. Reverse transcriptase quantitative PCR analysis

The transcriptional expression levels of acidogenesis-, aceto-
genesis-, and methanogenesis-related genes, which encoded AK
(EC: 2.7.2.1), formyl tetrahydrofolate synthetase (FTHFS, EC:
6.3.4.3), acetyl-coenzyme A synthase (ACAS, EC: 6.2.1.1), andmethyl
coenzyme reductase (mcrA, EC: 2.8.4.1), were validated using
reverse transcriptase quantitative polymerase chain reaction (RT-
qPCR). The RT-qPCR results were normalized against the abun-
dance of the housekeeping gene gyrA (DNA gyrase subunit A) [27].
The RNA extraction, cDNA synthesis, primer sequences, operational
procedures, and annealing temperatures for the RT-qPCR assays are
detailed in Supplementary Materials Text S7 and Table S3.

2.5. Other analytical methods

Total solid (TS), VS, chemical oxygen demand (COD), total
alkalinity (TA), and ammonia (NH4

þ-N) concentrations were
measured at an interval of 2e3 days using established methods
[27]. The pH, oxidationereduction potential (ORP), protein (PN),
polysaccharide (PS), elemental composition, volatile fatty acid
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(VFA) concentration, and biogas composition were detected
following a previous study [28]. Flow cytometry determined mi-
crobial viability using an Annexin V-FITC apoptosis assay kit (Absin
Biotechnology, Shanghai, China). Briefly, 10 mL of mixture samples
were centrifuged at 3000 rpm for 5 min, and the pellets were
resuspended in precooled sodium phosphate buffer (SPB, pH 7.4,
100 mmol L�1). The suspensionwas then heated at 60 �C in a water
bath for 30 min and resuspended using pre-cooled SPB. After
filtering the suspension using a 40-mm strainer (Falcon, USA) and
staining, the samples were determined using a BD Biosciences
Accuri™ C6 Plus flow cytometer using the staining process
mentioned in Supplementary Text S8. ROS, ATP, and LDH levels
were detected using commercial ROS, ATP, and LDH double anti-
body sandwich enzyme-linked immunosorbent assay (ELISA) kits.
Briefly, the mixture samples were centrifuged at 5000 rpm for
10min, and the 50 mL supernatants from each samplewere used for
the measurements. After adding four reagents in order, the absor-
bance was monitored at 450 nm using a microplate, and the con-
centrations of ROS, ATP, and LDH were calculated according to the
standard curve. ELISA kits were also used to determine enzyme
activity. Briefly, the collected samples were washed repeatedly and
resuspended using SPB (pH 7.4, 100 mmol L�1), sonicated at 20 kHz
and 4 �C for 30 min to destroy microbial cells, and then centrifuged
at 10,000 rpm and 4 �C for 15 min to obtain the cell extracts. The
extracts were kept cold on ice before analysis. Themeasurements of
ROS, ATP, LDH, CAT, GR, SOD, a-Glu, PT, BK, AK, CODH, and coen-
zyme F420 are detailed in Supplementary Texts S9eS11.

2.6. Statistical analysis

Significance analysis of the data was conducted via a one-way
ANOVA test with an LSD posthoc comparison in IBM SPSS Statis-
tics v27.0 software, and p < 0.05 was considered statistically sig-
nificant. A bubble plot was made to show the abundance of
microbial genera using the online tool ChiPlot (https://www.
chiplot.online/), and a heat map plot showing the abundance of
MAGs was created in R (v4.2.2) with the pheatmap package. The
principal coordinates analysis (PCoA), microbial biodiversity, and
redundancy analysis (RDA) of the samples were implemented using
the R Vegan package. The candidate biomarkers among the different
phases were identified by linear discriminant analysis effect size
(LEfSe) analysis [2]. A nonparametric factorial KruskaleWallis sum-
rank test was performed with a significance level of p < 0.05, and
the threshold value of the logarithmic linear discriminant analysis
(LDA) score was 2.0 [29]. The ecological interactions of the MAGs in
the microbiomes were explored using the R Hmisc and igraph
packages. Network analysis was based on the pairwise Spearman's
rank correlations (r) between the MAGs, and only robust (r > 0.6)
and statistically significant (p < 0.01) correlations were considered.
Cooccurrence network visualization and topological properties
were attained with Gephi (v0.10.1).

3. Results and discussion

3.1. Digester performance deterioration and recovery

Two thermophilic digesters were successfully started within 25
days in phase 1 (days 1e71), after which the performance of the
digesters was stable and comparable (p > 0.05) across more than
two HRT operations (Fig. 1a). The subsequent implementation of
the ST strategy immediately caused dramatic decreases in the
methane production rate (MPR) and SRE during phase 2 (days
72e91). Similarly, Sudiartha et al. reported a 33% reduction in CH4
production during glucose digestion after a rapid temperature drop
from 55 to 45 �C [30]. Madigou et al. observed the termination of
4

biogas production during the AD of cellulosewhen the temperature
was shifted from 55 to 35 �C via the ST strategy [19]. Although the
MPR showed a substantial increase on days 72e77 due to the
persistence of the large quantity of methanogenic enzymes from
phase 1 [19], it constantly decreased to 151.2 mL CH4 L�1 d�1 via the
ST strategy at the end of phase 2. By contrast, MPR and SRE un-
dulated in the ranges of 825.5e1455 mL CH4 L�1 d�1 and
71.2e77.2% via MT, respectively, which were significantly higher
than those via ST (151.2e1197 mL CH4 L�1 d�1 and 60.4e75.5%,
respectively) (p < 0.05), indicating that MT could sustain relatively
higher stable and efficient AD against ST during the transition
period. The difference in performance deterioration between ST
and MT was also indicated in the process parameters (e.g., pH, ORP,
FAN, TA, and total VFAs (TVFAs)/TA ratio) (Supplementary Material
Fig. S2). Previous studies found that the transition from 37 to 25 �C
via the ST strategy significantly decreased MPR and increased TVFA
concentrations, which could be attributed to the faster adaptation
of acidogens or a greater temperature span of acidogens at lower
temperatures compared tomethanogens, as methanogens typically
exhibit slower growth and have a narrower temperature span
[20,29].

The reactors were then operated under mesophilic conditions in
phases 3e5. ST reached an acidified state in phase 3 (days 92e101),
while MT was slightly acidified (Table 2). PH adjustment was
adopted in phase 4 (days 102e143) to recover reactors. It was
observed that MT recovered much faster than ST, as indicated by
MT reaching a new steady state (MPR 1391 ± 50.5 mL CH4 L�1 d�1)
in 22 days, whereas ST reached a new steady state (MPR
1552± 26.9mL CH4 L�1 d�1) within 39 days. This demonstrates that
pH adjustment within an optimal range (6.8e7.5) can promote the
recruitment of acid-degrading and methanogenic microbes [24,31]
and that pH adjustment is thus a practical solution for tackling the
acidification of mesophilic co-digestion of WAS with FW. Previous
studies have demonstrated that controlling pH by adding NaOH
solution improves the buffering capacity of the system, effectively
preventing acid inhibition and recovering collapsed systems
[32,33]. Nevertheless, the inhibition of microbial activity by high
ion (Naþ) concentrations should be avoided. The faster perfor-
mance recovery inMTmight be related to the active ecological roles
of microbial immigrants in the digester [34]. During the steady
state of phase 5 (days 144e176), MT (MPR 1345 ± 20.8 mL CH4
L�1 d�1, SRE 70.2 ± 3.6%) significantly outperformed ST (p < 0.05)
(MPR 1129 ± 31.3 mL CH4 L�1 d�1, SRE 67.4 ± 2.9%). The better CH4
production performance inMT is partially explained by the efficient
utilization of intermediates by VFA oxidizers and methanogenic
archaea [6], as the TVFA concentration in MT (83.3 ± 11.7 mg COD
L�1) was significantly lower than that in ST (228.3 ± 32.4 mg COD
L�1) (p < 0.05). This study demonstrated that MT is preferable for
anaerobic digesters transferring from thermophilic to mesophilic
conditions. It enablesmore robust and efficient operation and faster
recovery regarding CH4 production and VS reduction.

3.2. Physiological mechanism of performance affected by ST and MT

3.2.1. ST released more intracellular organic matter than MT
LB-EPS and TB-EPS were extracted to reveal the EPS variations

and cell decomposition. EPS is a high-molecular polymer secreted
by microbes as a protective barrier against microbial risks from
environmental stressors [15]. The soluble PN concentrations in the
LB-EPS and TB-EPS decreased significantly (p < 0.05) in both ST and
MT during phases 2 and 3 (Fig. 1b), while the soluble PS concen-
tration slightly decreased, indicating that more intracellular sub-
strates were released frommicroorganisms after temperature shifts
[35]. A 3D-EEM analysis of the major components in EPS also
elucidated the substantial decrease of soluble PN and PS, reflecting

https://www.chiplot.online/
https://www.chiplot.online/


Fig. 1. Long-term performance of the two digesters. a, Methanogenesis performance regarding methane production rate, solid reduction efficiency, and TVFAs concentration. b,
Composition and content of EPS fractions.

Table 2
Volatile fatty acid (VFA) concentrations in each phase of the reactors.

Reactor ST MT
Concentration (mg COD L�1) Acetate Butyrate Propionate Acetate Butyrate Propionate

Phase 1 29.4 ± 10.7 7.7 ± 3.4 3.7 ± 4.5 30.6 ± 14.3 5.9 ± 4.7 5.1 ± 3.8
Phase 2* 2149.5 967.1 1204.4 386.7 86.2 159.4
Phase 3* 4265.3 936.4 2110.8 2064.4 285.9 649.8
Phase 4 329.5 ± 180.4 80.6 ± 50.4 149.7 ± 89.8 35.7 ± 20.8 14.8 ± 8.7 24.2 ± 19.4
Phase 5 121.4 ± 95.6 45.2 ± 33.5 75.5 ± 67.1 32.4 ± 25.7 12.6 ± 9.4 18.8 ± 14.6

Note:
1 The concentrations are denoted as mean value ± standard deviation (n � 3) during stable operation in each phase.
2 * represents the highest VFA concentration at acidified phases (phases 2 and 3) in the reactors.
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that the fluorescence intensity scores of tryptophan/tyrosine aro-
matic proteinelike substances and soluble microbial productelike
substances showed a significant decrease during a temperature
shift (Supplementary Materials Figs. S3eS4 and Tables S4eS5).
Supplementary Material Fig. S3 also reveals several functional
groups related to PS, PN, hydrocarbons, and nucleotides in the LB-
EPS and TB-EPS (Supplementary Material Table S6), and the peak
intensities of these groups appeared weak with ST and MT. This
indicates the loss of major intracellular components due to cell
lysis. Notably, the total COD of EPS in ST (711.8 ± 22.3 mg per g VS)
was significantly greater (p < 0.05) than that in MT (495.7 ± 17.4 mg
per g VS) in phase 2, demonstrating that ST induced more intra-
cellular organic substances to release than MT (Supplementary
Material Fig. S4).

Low temperatures generally stimulate microbes to produce
more EPS to resist environmental stressors [36]. However, the EPS
concentration of ST in phase 2 was 24.0% lower than in phase 1,
owing to the collapse of the EPS-based defense system under such
overwhelming temperature fluctuation conditions. Similarly, Li
et al. observed a decrease in EPS secretion in anaerobic consortia as
the temperature decreased from 35 to 10 �C [37], further revealing
that the physical barrier generated by EPS in biological systems is
limited under such stressful conditions. Intriguingly, the EPS con-
centration of the MT reactor consistently declined irrespective of
5

the temperature drop because i) both thermophiles andmesophiles
can tolerate and acclimate to a gentle temperature decrease such
that they no longer secrete excessive EPS for microbial metabolism
[7,38] and ii) cells may reduce the release of EPS from bound PN and
PS at mesophilic temperatures (35 �C) compared with thermophilic
temperatures (55 �C) [39]. Additionally, a high average FI value of
2.2 (above the microbial organic metabolic threshold of 1.9),
together with the significant increments of BIX and HIX values,
confirmed that the components of LB-EPS and TB-EPS were mainly
derived from bacterial secretion rather than an exogenous source
[40]. The increased intracellular release in STenormously facilitated
the conversion of the intracellular organics into VFAs and resulted
in VFA accumulation due to the acid inhibition of methanogens [2].
3.2.2. ST induced higher oxidative stress in anaerobes than MT
The low ROS concentration maintained in normal anaerobes can

mediate cellular signaling, but ROS overgeneration in anaerobes
that encounter adverse environmental conditions (e.g., low tem-
perature or high oxygen) can cause toxic oxidative stress and, thus,
cellular injury [16,41]. The ROS generation via ST and MT strategies
significantly increased (p < 0.05) to 1.6- and 1.4-fold of phase 1
(Fig. 2a), indicating that temperature shift d particularly the ST
strategyd induced a high level of intracellular ROS production and
remarkable cell pressure for environmentally sensitive



Fig. 2. Physiological status of microbial cells in ST and MT reactors. a, ROS production and activity of ROS-scavenging antioxidases, including superoxide dismutase (SOD), catalase
(CAT), and glutathione reductase (GR). b, LDH release. c, ATP level.

X. Zhang, P. Jiao, Y. Wang et al. Environmental Science and Ecotechnology 21 (2024) 100440
thermophiles (Supplementary Material Fig. S5). The two primary
reasons for ROS production by temperature drop may be (i) elec-
tron transport imbalance (i.e., electrons leaked from the electron
transport chain were captured by molecular oxygen to form ROS
[42]) and (ii) dissolved oxygen stress that originated from enhanced
oxygen dissolution and decreased coexisting aerobe respiration
[43]. The excessive ROS corresponding to enhanced oxidative stress
would cause damage to intracellular DNA and protein [16,43],
triggering an increase in the apoptosis of anaerobes and excessive
release of intracellular substances as well as a decrease in the mi-
crobial metabolism activity (Fig. 2). Previous studies observed that
the generation of ROS (e.g., hydrogen peroxide (H2O2)) in the sce-
nario of the temperature decrease shock substantially confined the
metabolic capacity, cell viability, and electron transfer activity of
anaerobes [18,42], thereby significantly diminishing AD
performance.

The critical ROS scavengers included SOD, CAT, and GR, which
have been identified in many methanogenic archaea (Meth-
anobacterium and Methanosarcina) [44], and interestingly, their
activities exhibited significant divergences in response to ROS
stress with ST and MT strategies (Fig. 2aeSupplementary Material
Fig. S5). Specifically, the activities of antioxidases (SOD, CAT, and
GR) were enhanced 1.1e2.4-fold with the ST strategy for coping
with the increased oxidative stress by mesophilic conditions. This
emphasizes the importance of enzymatic antioxidant defense
mechanisms for obligate anaerobes (i.e., methanogenic archaea) to
resist oxidative stress in reactors [45]. In contrast, the activities of
antioxidases showed no obvious increase with MT, while CAT
significantly decreased 1.7-fold (p < 0.05), indicating that H2O2may
be accumulated as the major ROS component. However, the over-
produced ROS led to a significant decrease in the antioxidant ca-
pacity of cells after the temperature shift, which could cause the
oxidative death of cells and an apparent debase in CH4 production.

3.2.3. ST destroyed more cell integrity of microorganisms than MT
The performance and stability of anaerobes’ metabolizing sub-

strates were mainly determined by their cell physiological patterns
[46,47]. The fluorescence percentage of early apoptotic cells
6

indicated by Q3 and necrotic (or late apoptotic) cells indicated by
Q2 in ST (9.9% and 5.9%, respectively) were higher than those in MT
(7.5% and 3.3%, respectively) after a temperature shift
(Supplementary Material Fig. S3). Therefore, the higher percentage
of apoptotic cells (15.8% vs. 10.8%) and lower percentage of viable
cells (i.e., Q4, 81.8% vs. 87.9%) in ST than in MT indicated that the
sharp temperature transition resulted in a significant loss of cell
viability (SupplementaryMaterial Fig. S5). This result can be further
supported by the LDH response of the anaerobes shown in Fig. 2b.
Specifically, ST and MT in phase 2 obtained significant LDH in-
crements to 2.2-fold and 1.6-fold those in phase 1 (p < 0.05), rep-
resenting severe cytoderm and cytomembrane damage,
particularly with ST. Thus, it could be inferred that a substantial
increase in intracellular release with ST and MT was highly related
to the destruction of the cytomembrane and early apoptosis of cells.
The impaired viability of the microcosm in both ST and MT aligned
with the observation of deteriorating CH4 production performance
in phase 2.

3.2.4. ST downregulated more cell energy metabolism levels than
MT

The unfavorable effects of ST and MT on microbial metabolic
activity were confirmed by determining ATP content, which was
present in all living microorganisms and indicated microbial
viability [48]. The ATP contents in ST and MT were decreased by
25.1% and 21.4%, respectively, in phase 2 compared to phase 1, and
the reduction was further exacerbated during phase 3 (Fig. 2c).
These observations revealed that a temperature drop suppressed
the metabolic activities of most anaerobes, causing abnormal ATP
synthesis and less bioenergy to complete methanogenic meta-
bolism in high organic flux environments and the eventual termi-
nation of the reaction at acid-producing metabolism due to the
preference of anaerobes to evolve short and incomplete pathways
[23]. A previous study reported that electron transfer and oxidative
phosphorylation were responsible for ATP synthesis in methano-
genic bioreactors [49], while decreasing temperature may reduce
the oxidative phosphorylation level and trigger electron leakage
[42], leading to ATP diminution and even cytomembrane damage
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due to an overload of potential differences.
In summary, temperature shifts negatively affected the cellular

physiological and functional states of thermophilic microorgan-
isms, particularly with ST. This was evident through the substantial
increase in ROS concentration induced by ST, resulting in severe
damage to cytomembrane permeability and integrity and a decline
in microbial respiratory metabolism levels. This might explain the
differences between ST and MT in cell apoptosis and intracellular
release. The pH control (6.8e7.5) in phase 4 was effective in cellular
metabolic recovery, which can be attributed to (i) neutral pH
decreasing the concentration of undissociated VFAs and thus the
toxicity of undissociated VFAs to cells [50]; (ii) pH regulation
altering acid-producing metabolic pathways and preventing the
overproduction of VFAs [24]; and (iii) a suitable pH potentially
improving the metabolic activity of methanogens and maintaining
a balance between acid-producing and methanogenic consortia
[51]. This probably benefited the ROS of the ST and MT, which
decreased to a normal level during stable operation, thereby
reducing LDH release and improving ATP content, finally increasing
the intact cells. Importantly, the superiority of MT performance
over ST in phase 5 may be a consequence of discrepancies in overall
oxidative stress, cellular integrity and viability, and microbial
metabolic activity (Fig. 2). One convincing piece of evidence was
that MT had a higher proportion of viable cells (89.3% vs. 82.0%) and
a lower proportion of apoptotic cells (9.8% vs.15.7%) comparedwith
ST. This apparent difference confirmed the well-functioning mes-
ophiles in MT. These findings elucidate the physiological mecha-
nisms of microbial cells in response to temperature-shift stress.

3.3. Effects of ST and MT on individual step, key enzyme activity,
and metabolic activity

To further understand the impacts of ST and MT on CH4 pro-
duction, the changes in the individual digestion step, the relevant
enzyme activity, and encoded gene expression were monitored.
Exploring the AD steps representing reaction processes, synergistic
effects, and biodegradation kinetics could enhance our compre-
hension of the temperature transition effects on organic meta-
bolism. After the ST shift, the percentages of hydrolysis,
acidogenesis, acetogenesis, and methanogenesis decreased by 6.0%,
70.5%, 75.9%, and 76.4%, respectively (Supplementary Material
Fig. S6). By contrast, the four steps displayed implicit reduction
(p > 0.05) in MT in phase 2, thereby sustaining robust performance.
A greater decrease in the ratio of hydrolysis, acidogenesis, aceto-
genesis, andmethanogenesis via the ST strategy compared with the
MT strategy could partially explain the slighter decrease in CH4
production for MT (38.9%) relative to ST (88.8%) after the transition
period. Notwithstanding, MT significantly lowered the ratios of the
four steps in phase 3 (p < 0.05), thereby initiating methanation
inhibition. These results are supported by enzyme- and gene-level
evidence. Apart from PT, the activities of a-Glu, BK, AK, CODH, and
coenzyme F420 were significantly inhibited by the ST strategy dur-
ing phases 2 and 3 (p < 0.05) (Fig. 3a), indicating that ST caused
conspicuous decreases in hydrolysis, acidogenesis, acetogenesis,
and acetate-dependent methanogenesis. Interestingly, the PT ac-
tivities during phase 2 in ST and MT were 27.8% and 33.1% higher,
respectively, than those of phase 1, indicating that a temperature
drop increased the capacity of hydrolyzers for the transformation of
proteins into their microforms (e.g., amino acids). The enhanced
proteolysis aligned with the increased abundance of proteolytic
bacteria Prevotella via ST and MT strategies [52], which had a strong
resistance to low-temperature disturbance [7,53]. However, the
improved proteolysis could not compensate for the decreases in the
overall hydrolysis capacity since an improvement in a-Glu activity
was crucial for methanogenic substrate production during the
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AcoD ofWASwith FW [54]. Consistent with the enzyme results, the
gene expression levels of AK, FTHFS, ACAS, and methyl coenzyme
reductase (mcrA) were significantly inhibited with ST (p < 0.05)
(Fig. 3b and c). In particular, ACAS andmcrA in phase 2 were merely
13.0% and 16.1%, respectively, of those in phase 1 (Supplementary
Material Fig. S6), denoting that acetate-dependent and all-
pathway methanogenesis were the most susceptible to tempera-
ture variation. Numerous studies have emphasized the vulnera-
bility of methanogens to environmental stressors, thus
dramatically decreasing their abundance and microbial activities
[1,3]. Although the gene expression levels of AK, FTHFS, ACAS, and
mcrA declined significantly (p < 0.05) in MT during phase 2, such
decline in MT was much lower than that in ST, revealing that the
inhibition of ST to thermophilic AD was much more severe than
that of MT during temperature transition.

The ratios of hydrolysis, acidogenesis, acetogenesis, and meth-
anogenesis in ST andMT returned to normal levels and stabilized at
70.2e71.5%, 74.4e79.8%, 74.8e80.4%, and 74.4e79.9%, respectively,
during phase 5. Other than hydrolysis, the ratios of acidogenesis,
acetogenesis, and methanogenesis in MT were significantly higher
(p < 0.05) than those in ST, which explained that MT showed better
CH4 production performance against ST. The shifts in key enzyme
activity and functional gene expression in phase 5 also provided
visual enzyme- and gene-level evidence for system recovery and
better performance in MT. For instance, the CODH activity
(35.9 ± 3.5 U L�1) and ACAS gene expression (1.6 ± 0.1 copies per
gyrA) in MT that reflected acetate-dependent methanogenesis
were significantly greater than those in ST (32.6 ± 2.3 U L�1,1.1± 0.1
copies per gyrA), indicating that acetate-dependent methano-
genesis, as the predominant methanogenic pathway in MT, con-
ducted more efficient CH4 production than that in ST.

3.4. Shift in microbial community and functional metabolism
arising from ST and MT strategies

3.4.1. Microbial community assembly patterns
Temperature transition (both ST and MT) significantly increased

community diversity, richness, and evenness (Supplementary
Material Fig. S7). PCoA revealed that ST and MT caused a signifi-
cant discrepancy in the predominant microbial community struc-
ture, while the reactors had analogous microbiota compositions
during performance recovery and stable operation (Fig. 4a). There
were large variations in the types and relative abundances of the
predominant phyla and genera within the digesters in response to
ST and MT (Fig. 4b and c). For instance, the predominant genera in
phase 1 were S1 (56.6e79.5%) and SHD-231 (4.0e8.3%), but the
predominant genera were shifted to Prevotella (6.0%), Anaerobac-
ulum (5.3%), and SHD-231 (3.8%) in ST and Treponema (17.6%),
Streptococcus (7.5%), Anaerobaculum (6.5%), and SHD-231 (5.2%) in
MTat the end of phase 2. Meanwhile,Methanothermobacter (6.3% in
ST, 6.1% in MT) and Methanosarcina (3.0% in ST, 6.1% in MT) flour-
ished as the most predominant methanogens. Discrepant core
microbes were selectively enriched due to the different
temperature-shift strategies. These predominant populations var-
ied significantly during acidified phase 3; for example, ST was
dominated by Megasphaera (9.9%), Prevotella (9.7%), Selenomonas
(9.2%), and RFN20 (4.2%), while MT was dominated by Anaerobac-
ulum (6.1%), Prevotella (5.4%), Treponema (4.9%), and SHD-231
(3.9%). As mentioned earlier, the excessive ROS induced by the
temperature transition caused a significant loss of relevant cell
viability. It inhibited biomethanation processes, a pattern that
would affect the microbial community succession relevant to these
processes [17].

The discrepant functional genera were selectively enriched after
performance recovery in phase 4. Specifically, Aminobacterium



Fig. 3. Responses of key enzyme activity and gene expression of anaerobic microbes to temperature shift stress. a, The activities of a-glucosidase (a-Glu), protease (PT), butyrate
kinase (BK), acetate kinase (AK), carbon monoxide dehydrogenase (CODH), and coenzyme F420. b, RT-qPCR results targeting AD-related genes, including AK, formyl tetrahydrofolate
synthetase (FTHFS), acetyl-coenzyme A synthase (ACAS), and methyl coenzyme reductase (mcrA). The number of mRNA transcripts was normalized against the number of gyrA
mRNA transcripts, and data was present on the relative gene activity of phase 1. c, Schematic diagram of the response of metabolic pathways for CH4 production in AcoD under
temperature shift stress. WAS, waste-activated sludge; FW, food waste.
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Fig. 4. Microbial dynamics in ST and MT reactors. a, PCoA of amplicon sequence variants (ASVs) based on Bray-Curtis distance. b, Taxonomy of microbial communities at the phylum
level. c, Dominant genera in ST and MT. d, Cladogram evaluated by LEfSe analysis illustrating the statistically significant taxa in ST and MT with the threshold of LDA score was 2.0
(microbial relative abundance �1.0 %).
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(2.5e7.9%), Syntrophomonas (6.6e7.2%), vadinCA02 (4.8e6.8%),
Sphaerochaeta (5.3e5.8%), and N09 (2.2e4.8%) were significantly
enriched in ST, while Kosmotoga (5.3e6.6%), Syntrophomonas
(3.4e4.8%), N09 (3.1e3.5%), HA73 (2.2e2.3%), and T78 (2.1e2.2%)
predominated in MT. Strikingly, except for Syntrophomonas, other
functional bacteria serving as mesophiles, were absent in the
thermophilic microbiome [21]. Therefore, it can be justifiably
speculated that the suitable pH environment facilitated the growth
of these immigrant mesophiles from substrates, while the rapid
acclimation, colonization, and proliferation of immigrant meso-
philes were conducive to performance recovery [34,55]. This might
be an important reason for the faster performance recovery in MT.
Next, genera N09 (8.6e9.7% in ST, 27.1e29.3% in MT) and T78
(3.7e3.9% in ST, 7.2e10.3% in MT) were taken as biomarkers and
became the predominant bacterial groups during phase 5 (Fig. 4d).
The increase in the synergistic partners N09 and T78 in MT
significantly promoted the abundance and metabolic activities of
Methanosarcina [56]. The dominance of Methanosarcina would
benefit the system and produce more CH4 as the mesophilic con-
ditions favored homoacetogenesis acetate formation [3]. The rela-
tive abundance of Methanosarcina in MT was 1.5e3.0-fold greater
9

than that in ST, implying that MT was beneficial for better meth-
anogenic performance. Intriguingly, Methanofollis (0.8e1.0%) and
Methanobacterium (1.1e1.7%) were the second most predominant
methanogens in ST and MT, respectively. Methanofollis grew with
CO2, formate, and ethanol as electron donors to form CH4 [6] and
could be characterized as a strictly mesophilic methanogen, since it
was nondetectable in thermophilic conditions. Methanobacterium
was physiologically recognized as a hydrogenotrophic methanogen
capable of producing CH4 by reducing CO2 with H2 or formate as an
electron donor [57]. Methanobacterium was considered the critical
archaeon to recover collapsed cellulose AD systems when the
temperature shifted from thermophilic to mesophilic conditions
[19]. Thus, the mixotrophic methanogenesis dominated by Meth-
anosarcina functioned as the prevalent CH4 production pathway in
steady mesophilic ST and MT reactors. Therefore, the higher
abundance of mutualistic bacteria N09 and T78 and mixotrophic
methanogens Methanosarcina in MT contributed to highly efficient
AD performance and the significant production of CH4. RDA anal-
ysis also showed that temperature significantly altered microbial
community succession (SupplementaryMaterial Fig. S8), indicating
a strong correlation between temperature and microbiome



Fig. 5. Phylogenetic genome tree of 695 MAGs. The circle heatmap indicates the relative abundance (%) of MAGs in each phase of the reactors. The bar chart indicates completeness
(%) and contamination (%). The inner circle indicates the MAGs' phylum.
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Fig. 6. Metabolic pathway reconstruction of the dominant and functional MAGs recovered from ST and MT microbiomes. The genome annotation was referenced to the KEGG,
eggNOG 5.0, dbCAN2, and METABOLIC (v4.0).
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structure. In summary, different temperature transition strategies
reshaped discrepantmicrobiota composition, while MTcontributed
more to enriching core functional microbiomes (N09, T78, Meth-
anosarcina), potentially enhancing AD efficiency and CH4
production.
3.4.2. Functional microbial genomes and their metabolic traits
To further examine key microbial genomes and metabolism

mechanisms, 695 dereplicated MAGs were retrieved by meta-
genomic binning, including 666 bacterial and 29 archaeal genomes
(Fig. 5, Supplementary Material Data S1). Specifically, abundant
syntrophic acetogens, such as Bin127 (Defluviitoga tunisiensis)
(39.5e44.7%), Bin229 (UBA3924 sp002385985) (2.9e3.9%), and
Bin132 (UBA3943 sp002385625) (2.2e3.1%), were favorably
recruited in phase 1. These three MAGs were annotated as impor-
tant syntrophic acetogens with decarboxylation metabolism (i.e.,
syntrophic acetate, butyrate, and propionate oxidation), accounting
for methanogenic substrate (acetate and CO2/H2) production
(Fig. 6). Themost abundant Bin127 (Defluviitoga tunisiensis) was the
main contributor to hydrolysis during thermophilic operation [26].
The formed monosaccharides were then biodegraded to acetate
through the acetateeethanol fermentation pathway [48] or to CO2/
H2 through the conventional syntrophic acetate oxidation (SAO)
process. After the ST shift, acidogenic bacteria, such as Bin310 (CAG-
11
269 sp.), Bin139 (JAHDQW01 sp018433585), Bin111 (Saccharicenans
sp.), Bin190 (Ch104c sp.), and Bin127 (Defluviitoga tunisiensis),
proliferated and dominated, accounting for 13.3% of microbial
communities (Supplementary Material Fig. S9). All these MAGs,
other than Bin190 (Ch104c sp.), were genetically capable of acid
formation (acetate and butyrate) (Supplementary Material Data
S2), while the syntrophic acetogens Bin111 (Saccharicenans sp.)
and Bin127 (Defluviitoga tunisiensis) conducted the conventional
SAO process and took up 4.2% of the total relative abundance.
Surprisingly, we observed that Bin111 (Saccharicenans sp.) con-
tained a complete set of the gene spectrum related to the novel SAO
and reductive acetyl-CoA pathwaydthat is, a glycine cleavage
system with a tetrahydrofolate pathway for acetate oxidation to
CO2/H2 [58]. ST shifted the dominant microbial community from
syntrophs to acidogens, resulting in an imbalance of mutualistic
microbiota. The dominance of mixotrophic Methanosarcina after a
temperature shift has been observed in previous studies [44,59],
mainly due to the great tolerance of Methanosarcina to external
environmental stressors, such as temperature fluctuations. In this
scenario, the growth of hydrogenotrophic Bin48 (Methanoculleus
thermophilus) (0.1%) was dramatically suppressed, while acetate-
consuming Bin544 (Methanosarcina thermophila) (1.9%) obtained
slight growth advantages. Despite the enrichment of
M. thermophila, the high TVFAs in ST (Table 2) reflected a process
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imbalance and induced a significant decrease in CH4 production.
Unlike the dominant STmicrobiota in phase 2, MT facilitated the

rapid proliferation of acetate-producing bacteria Bin264 (Trepone-
ma_G sp.) (13.1%), syntrophic propionate oxidation (SPO) bacteria
Bin229 (UBA3924 sp002385985) (7.6%), and two SAO bacteria,
Bin357 (UBA3946 sp002385575) (3.5%) and Bin111 (Saccharicenans
sp.) (2.9%). Bin264 (Treponema_G sp.) was uniquely found in MT
(not observed in ST) and featured as a strictly mesophilic, acid-
tolerant acidogen due to its zero abundance in thermophilic di-
gesters and rapid emergence as themost abundant species after the
MT shift. Notably, the syntrophic acetogens Bin229 (UBA3924
sp002385985), Bin357 (UBA3946 sp002385575), and Bin111 (Sac-
charicenans sp.) accounted for 14.0% of the total relative abundance
and played pivotal roles in decarboxylation metabolisms, thereby
alleviating the acidification dominated by acidogen Bin264 (Tre-
ponema_G sp.). In addition, unlike the rapid substitute behavior in
ST, Bin127 (Defluviitoga tunisiensis) maintained its dominant role
until the end of phase 2 in MT, and the persistence of hydrolytic
bacterium Bin127 (Defluviitoga tunisiensis) during temperature
shift would maintain reactor performance through the generation
of acetate and H2 from monosaccharide degradation [60,61].
Intriguingly, the temperature shifts also caused a shift of dominant
methanogens from M. thermophilus to M. thermophila. Notably, the
significantly higher abundance of M. thermophila in MT (5.3%) than
in ST (1.9%) could further explain the superior performance in MT
during temperature transition. This demonstrates that MT facili-
tated the maintenance of syntrophic interactions within the
digestion microcosms during temperature transition and improved
the predominant acetoclastic methanogenesis pathway, thereby
sustaining robust CH4 production.

A large variation in mesophilic microbiomes was observed in
both ST and MT after performance recovery in phase 5 compared to
phase 2. Unexpectedly, the microbial community composition
differed significantly between the two reactors, apart from the
shared core and predominant member Bin250 (UBA1383
sp002304945). This indicates that, although both reactors recov-
ered by the same pH adjustment, ST and MT still posed different
selection pressures on microbial populations. Nevertheless, the
differential microbial groups shared highly similar metabolic
functions (syntrophic decarboxylation metabolism) in ST and MT.
In detail, the function-versatile Bin250 (UBA1383 sp002304945)
with genetic capabilities for SAO, SPO, and syntrophic butyrate
oxidation (SBO) was favorably enriched in the two reactors.
Therefore, a higher abundance of Bin250 (UBA1383 sp002304945)
promoted the process of acetogenesis and the formation of meth-
anogenic precursors, whichwasmore favorable for CH4 production.
This partially explains the greater methanogenic performance of
MT over ST during steady mesophilic operation given the signifi-
cantly higher population of Bin250 (UBA1383 sp002304945) in MT
(13.7%) than in ST (5.0%). Intriguingly, the dominant methanogen
varied in ST but retained in MT during stable mesophilic operation,
implying that the two reactors selectively enriched their dominant
methanogens. For example, the most abundant archaeon, Bin653
(Methanosarcina mazei) (2.2%) instead ofM. thermophila (1.4%), was
determined in ST microbiomes, which incorporated genes for
acetoclastic, hydrogenotrophic, and methylotrophic methanogenic
pathways. M. mazei has previously been identified as participating
in direct interspecies electron transfer (DIET) [62,63] and per-
forming electromethanogenesis under limited electron-transfer
mediators, such as H2 or formate [64]. Nevertheless, typical elec-
troactive bacteria (i.e., Geobacter) were not detected in the meso-
philic microbiota, suggesting that other methanogenic substrates
may promote the growth of the dominant M. mazei. Considering
the dominance of acetate-producing members in ST (i.e., Bin527
12
(Saccharimonas sp.) and Bin696 (Brooklawnia sp012517405)) and
the high affinity of M. mazei for acetate, as previously documented
[63], we can infer that M. mazei preferentially utilizes acetate for
CH4 formation and assign its functional role as an acetoclastic
methanogen. Additionally, acetoclastic M. thermophila (4.8%)
maintained dominance in the archaeal community throughout the
stable mesophilic operation of MT. These findings reveal that
temperature transition altered the trophic-level patterns of meth-
anogensdfor example, from hydrogenotrophic to acetoclastic
methanogenesisdto scavenge methanogenic substrate, which is
acetate derived from the prevalent acetate-forming and homo-
acetogenesis pathways in mesophilic conditions [3,65]. Moreover,
MT (4.8%) constituted a higher abundance of acetoclastic metha-
nogens than ST (3.6%), demonstrating that MT manipulated more
efficient acetate degradation to generate CH4. Overall, multiple
functional members of acid-producing bacteria; syntrophs
involved in SAO, SPO, and SBO; and acetoclastic methanogens
collaborated in mesophilic microbiomes, while with greater
members in MT, more robust and efficient CH4 generation was
performed.

3.4.3. Microbial interaction networks
To better interpret the microbial ecological interactions within

the ADmicrobiome subjected to temperature shift, a co-occurrence
network analysis of MAGs was conducted. In the complex AD
microcosm, different microbial species, represented by nodes,
interact with each other through the flow of information, materials,
and energy to curate a vast and complex ecological network [66].
The network composition was remarkably different between ST
and MT in phase 2, as reflected in the two ecological networks of
different sizes for ST (350 nodes) and MT (193 nodes) that were
constructed (Supplementary Material Fig. S10). Meanwhile, the
significantly higher total edges and degree distributions were
enhanced after temperature shift, thereby elevating microbial
functional redundancy. Notably, the shift in node links toward the
single nodes in the modules elucidated the possible movement of
the network structure toward an imbalance in microbiome func-
tionality [67]. The imbalance in microbial interactions and increase
in species competition resulted in decreased metabolic and
biomass accumulation rates under a temperature drop [68],
thereby causing microbial syntrophic interaction loss and a signif-
icant decline in CH4 productivity for ST in phase 2 [66]. Network
modularity indicates niche or functional units in the microbial
community and represents community stability and robustness
[8,65]. Higher modularity is typically associated with highly func-
tional microbial networks, more complex interspecies interactions,
and higher resistance against environmental stresses [2,66]. How-
ever, given the lower CH4 production in phase 2 of ST, the higher
modularity index (0.658) may be a consequence of redundant an-
aerobes’ colonization (i.e., Bin310 (CAG-269 sp.) and Bin139
(JAHDQW01 sp018433585)), which considerably reduced the effi-
ciency of the conversion of organics to CH4 due to the loss of core
and functional pathways. In addition, ST-induced excessive ROS
may disrupt genetic integrity and impede the transcription of
genes, leading to the dysfunction of essential microbial metabolism
[69]. Compared with ST in phase 2, MT exhibited fewer nodes, edge
numbers, degrees, and modularity, indicating that it had less
complex microbial interaction types than ST. The lower modularity
in MT (0.579) can be ascribed to (i) the centralization of functional
pathways by the abundant thermophiles [49] and (ii) microbial
adaptation within the ecosystem to establish suitable niches and
functional units [8]. Previous studies have confirmed that high
temperature reduces network modularity and microbial biodiver-
sity, forming central functional pathways in AD [8,49], which help



Fig. 7. Schematic diagram of sharp temperature shift stress on AcoD of WAS with FW and the resulting cellular metabolism mechanisms. ROS: reactive oxygen species.
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maintain necessary system functioning and process stability during
MT.

Furthermore, the observed higher CH4 production operated by
MT can be illustrated by the co-occurrence network interactions in
which the rapid acclimation and colonization of microbial pop-
ulations linked more species into complex subunits (modules) and
correspondingly raised interconnections within major modules [8],
indicated by a decline in modularity (0.435) and an increase in
average degrees (44.9). Such characteristics manifested in MT
increased interspecies interactions and essential functional mod-
ules and, thus, led to more efficient methanogenetic syntrophy.
Hence, maintaining and enhancing microbial interconnections is
essential to relieve the side effects of temperature-dependent
functional diminution and gain contact supremacy between syn-
trophs and methanogens [6].
3.5. Mechanisms of temperature decline stress on thermophilic
microbes

Temperature is a crucial operational factor in determining sys-
tem performance and stability, influencing cell physiology and
altering microbial communities, functional traits, and interspecies
interactions [3,13]. Transforming AcoD from thermophilic to mes-
ophilic conditions displayed different negative impacts on overall
performance via ST and MT strategies. The temperature transition
usingMT resulted in a 38.9% decrease in CH4 production, whichwas
significantly lower than when using ST (88.8% decrease). The rela-
tively higher stable performance in MT can be attributed to the
persistence of thermophiles (Bin127 (Defluviitoga tunisiensis)) in
the mild hypothermic state. In contrast, ST caused a serious dete-
rioration of reactor performance due to the high sensitivity of
thermophiles to violent temperature variations [13]. Combining
metagenomic analysis and biochemical and molecular approaches,
a mechanistic model of the ST-influenced ecosystem is proposed
(Fig. 7). Specifically, the intense oxidative stress caused by ROS
overproduction in ST can be inferred as the primary cause of the
system breakdown, which immensely damaged the membrane
13
permeability and integrity and downregulated the cell metabolism
level, triggering an increase in the apoptosis of anaerobes and
excessive release of intracellular substances. Subsequently, ST
directly reshaped microbial community assembly patterns and
dramatically altered themetabolic functions of the community. The
acidogens outcompeted slow-growing syntrophic bacteria and
methanogens and overgrew through uptaking the rich substrates
(glucose, glycerol, cellobiose, and amino acids) that stemmed from
vigorous hydrolyzers. The prevalent genomes attributed to acido-
genic bacteria significantly simplified complex syntrophic in-
teractions. They gave rise to an imbalance in microbiome
functionality, substantially reducing the expression level of key
enzymes associated with acidogenesis, acetogenesis, and meth-
anogenesis processes. Therefore, a dramatic temperature shift
conspicuously inhibited the growth of most microbes in AD eco-
systems and substantially reduced CH4 production. Notably, MT
was demonstrated to be effective in relieving temperature decline
stress on cell viability and normal metabolism during temperature
transition. Furthermore, MT performed better than ST during stable
operation, with an increased abundance of functional microbes,
enhanced interspecies interactions, and improved metabolic ac-
tivities. We recommend MT as a feasible solution for reforming the
existing thermophilic digesters to mesophilic ones, offering a
roadmap for engineered systems toward more robust, efficient,
flexible, and extensive applications.
4. Conclusion

The present study demonstrated that a mild temperature tran-
sition is a valid approach for transforming thermophilic digesters
into mesophilic digesters during the AcoD of WAS with FW. In
contrast to MT, ST substantially reduced CH4 production by
inducing high oxidative stress and, thus, significantly disrupting
membrane permeability, attenuating metabolic activity, and
increasing cell lysis and the leakage of intracellular substances.
Moreover, ST destroyed the microbial interaction network and
triggered the loss of key functional modules associated with CH4
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production. This led to a significant decline in metabolic capability
at the organic, enzyme, and gene levels in methanogenesis. In
contrast, MT facilitated the enrichment of immigrant mesophiles,
increased the abundance of key syntrophs, boosted crucial CH4
generation processes, and enabled the higher expression of acetate-
dependent methanogenesis genes, resulting in improved and effi-
cient methanogenic performance during stable mesophilic opera-
tion. Overall, this study provides a holistic understanding of the
effects of temperature shifts on thermophilic digestion and extends
the application scenarios of AD to various seasons and regions.
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