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Abstract

This study aimed to determine the metabolic pathways based on the abundance of microorganisms and
the activity of genetic clusters of orthologous groups of proteins (COGs) involved in biogas production. Cow
manure and tofu waste were used as substrates in a 1:1 ratio. The fermentation process was carried out in a glass
reactor at 10-12 °C using long-term inoculum derived from active sludge. Metagenomic analysis based on 16S
rDNA sequences and metatranscriptomic analysis (16S rRNA) were performed. The results showed that the
average biogas production at low temperatures was only 0.73 L/day, with CH, levels exceeding 0.517 L/g V.
Clostridium cellulovorans dominated the microbial community with a relative abundance of 24%. COGs
activities such as glucosidase and periplasmic f-galactosidase were predominant during the hydrolysis stage,
while 3-hydr0xyacyl—CoA dehydrogenase dominated acidogenesis, and acetate kinase was exclusively found in
the acetogenesis stage. Biogas (CH,) formation was primarily driven by the H,/CO, pathway (49.2%),
involving formylmethanofuran dehydrogenase and HMPT S-methyltransferase from archacal genera
Methanocorpusculum, Methanobrevibacter, and Methanobacterium. These findings provide insights into the
microbial and enzymatic mechanisms underlying biogas production at low temperatures. Enhancing biogas
yield under such conditions can be achieved by prioritizing the hydrogenotrophic pathway during
methanogenesis and managing VFA accumulation during acidogenesis. Genetic engineering to enhance the
expression of key enzymes and control specific microbes such as Syntrophomonas zehnderi may overcome
enzymatic limitations at low temperatures, accelerate the conversion of CO, and H, into methane, and
minimize inhibition of the methanogenesis process.
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Introduction

Biogas production at low temperatures remains a significant challenge, particularly when implemented
on a large scale. Low temperatures tend to reduce the activity of microbes and enzymes essential to the
fermentation process (Struvay and Feller, 2012), thereby decreasing efficiency and biogas yield. This condition
slows down both enzymatic and metabolic activities of microorganisms (Farrell and Rose, 1967), prolonging
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fermentation time and reducing gas volume (Murugan and Appavu, 2020). Moreover, low temperatures can
lead to the accumulation of volatile fatty acids (VFAs), which are toxic and may disrupt fermentation stability
as well as inhibit the growth of methanogenic microorganisms (Varghese ez al, 2022).

The conditions in Indonesia, especially in its cooler mountainous regions, present additional challenges
for biogas production. These arcas often experience lower ambient temperatures, which hinder the
fermentation process. Residents typically raise cattle as their primary livestock, and the resulting manure,
combined with tofu waste from small-scale industries, contributes significantly to pollution due to suboptimal
waste management. Although cattle farming is common, proper waste utilization remains limited, frequently
leading to environmental contamination.

Although there has been substantial research on microbial abundance and genetic activity in biogas
production, studies specificaily exploring these aspects at low temperatures are still very limited. Most existing
research focuses on mesophilic conditions (Wolters er al, 2016; Li et a/, 2021) and thermophilic conditions (
Xia er al, 2014; Hassa er al, 2019), where optimai conditions for microbial activity are easiiy achieved.
However, under low-temperature conditions, the interactions between microbes and their genetic activity have
not been extensively reported, highlighting the need for further research to understand these dynamics.

Metagenomic testing is crucial in this context because it allows for a comprehensive assessment of
microbial abundance in biogas samples. Through this technique, various microbial species contributing to the
fermentation process can be identified (Zhang er a/, 2019), providing insights into how these microbial
populations interact and thrive under low-temperature conditions. Additionally, metatranscriptomic analysis
plays a vital role. This technique enables the direct evaluation of genetic activity by examining the expression
of genes involved in biogas production (Shakya et a/, 2019). In this way, key genes and metabolic pathways
activated during fermentation can be identified (Mukherjee and Reddy, 2020), allowing for a better
understanding of how low temperatures influence genetic activity.

In this study, the use of COGs is essential for identifying and categorizing the enzymatic activities
involved in each stage of biogas fermentation (Hassa er a, 2019). The COG system provides a framework for
mapping the genetic and metabolic function of microorganisms based on orthologous similarity (Galperin ez
al, 2019), which helps in identifying specific enzymes that play roles in substrate degradation and methane
production (Rademacher er al, 2012). The key role of COGs is to elucidate metabolic complexity and identify
active biochemical pathways (Rowland et a/, 2018), especially under low-temperature conditions, where gene
expression and enzyme activity may be hindered.

Previous studies have attempted various approaches to enhance biogas production at low temperatures,
including the use of cold-resistant inoculums (Zhang et a/, 2018; Kataki et a/, 2021) and modifications of
fermentation conditions (Markowski ez a/, 2014; Westerholm ez a/, 2018). However, this study aims to go
further by focusing on metagenomic and metatranscriptomic analyses to provide deeper insights into microbial
interactions and genetic activity at low temperatures. This research seeks to identify the key metabolic pathways
and microorganisms involved, as well as explore strategies for improving biogas production efficiency under
low-temperature conditions.

The aim of this study is to determine the metabolic pathways based on the abundance of microorganisms
and the genetic activity of COGs involved in biogas production. This approach is expected to provide effective
and efficient solutions for biogas production at low temperatures, thereby supporting the development of
environmentally friendly and sustainable renewable energy technologies.



Budianto er al (2025). Not Sci Biol 17(3):12374

Materials and Methods

Raw marerials
The primary materials used in this study were cow manure and tofu waste, both sourced from cattle
farms in Panongan, Cikupa, Tangerang, Indonesia. The mixture of these substrates in a 50:50 ratio contained

5.82% total solids (TS) and 67.52% volatile solids (VS).

Fermentation process

This method refers to our previous research (Budianto et a/, 2024). The fermentation setup consisted
of two main parts: a glass fermentation reactor with a capacity of approximately 15 L, and a storage unit. The
storage unit, an 8 L low-pressure wet gas cabinet, was used to store the biogas generated during fermentation.
Throughout the fermentation process, a constant temperature of 10 to 12 °C was maintained. The
fermentation process employed a long-term inoculum derived from active sludge stored at a low temperature
of 8 °C. This inoculum had a volatile solids (VS) content of 61.38% and a total solids (TS) content of 6.43%.

Fermentation was carried out in a batch configuration at a temperature range of 10 to 12 °C. The ratio
of substrate to inoculum was set at 0.75 to 1 (VS/VS). For this investigation, 600 g (VS) of inoculum and
approximately 450 g (VS) of a mixture comprising cow dung and tofu waste were used. These materials were
then mixed with water to achieve a final volume of 10 L. Sampling for non-biological analyses, including TS,
VS, COD, NH,-N, pH, and VFA, was conducted every 10 days. Meanwhile, samples for biological analyses
were prepared at a constant temperature of 12 °C. Biogas production was monitored using volumetric
measurement within a comprehensive gas piping system.

Biochemical analyses

All procedures were performed according to the instructions provided in the user manual. Biochemical
analysis was conducted every 10 days. Gas chromatography (GC2400; PerkinElmer Inc.) was used to determine
the biogas composition, including CH,, CO,, and ammonia nitrogen.

A thermostat-equipped air-drying oven (DON-IF45; Bioevopeak Co., Ltd.) was used to determine the
total solids (TS) content. Samples were weighed and placed in 50-100 g crucibles, then dried at a temperature
range of 104-109 °C for one hour until a constant dry weight was achieved.

Volatile solids (VS) analysis was conducted using a high-temperature-resistant box-shaped furnace
(SRJX-8-13; Changzhou Zhongjian Precision Instrument Co., Ltd.), operating at 550-600 °C.

For volatile fatty acids (VFA) analysis, the EZ7200 Volatile Fatty Acids Analyzer (Mantech Inc.) was
used. Chemical oxygen demand (COD) was also measured using this instrument. pH measurement was carried
out using the $400-STD-Kit (Mettler Toledo), following the instructions provided in the user manual.

Metagenome: Extraction of DNA, and sequencing

This method refers to our previous research (Budianto et a, 2024). The ZymoBIOMICS DNA Mini
Kit was used to extract DNA from the samples, following the guidelines provided by Zymo Research (Irvine,
CA, USA). The DNA concentration was subsequently assessed through electrophoresis on a 2% agarose gel in
1x TAE buffer (40 mM Tris base, 20 mM acetic acid, and 1 mM EDTA). Ethidium bromide (EtBr) dye was
applied for DNA visualization, and a UV transilluminator was used to observe the samples. The DNA extracts
were stored at =20 to —80 °C to preserve their stability and integrity.

Microbial community analysis was conducted using Next Generation Sequencing (NGS) technology.
NGS procedures were carried out on the Illumina MiSeq platform (Illumina Inc., San Diego, CA, USA).
Specific primers were used to amplify bacterial and archacal communities: bacterial amplification was
performed  using  primers  341F  (5-CCTACGGGNGGCWGCAG-3") and 806R (5™
GGACTACHVGGGTATCTAAT-3'), while archaeal amplification employed primers Arch519F (5'-
CAGCMGCCGCGGTAA-3") and Arch915R (5'-GTGCTCCCCCGCCAATTCCT-3").
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The initial PCR stage targeted the V4 region of the archacal 16S rRNA gene, generating fragments
approximately 1400 base pairs in length. PCR reactions began with a pre-denaturation step at 98 °C for 3 min,
followed by denaturation at 98 °C for 10 seconds, annealing at 57 °C for 35 seconds, and elongation at 72 °C
for 40 seconds.

Metatranscriprome: DNA extraction and sequencing

An adapted protocol based on a previous study (He et a/, 2015) was followed to extract total microbial
RNA. High-quality and sufficient RNA samples were used to construct mRNA libraries using the TruSeq
Stranded mRNA Sample Prep Kit (Illumina Inc., USA). Sequencing was performed on the MiSeq platform in
paired-end mode, employing lllumina V2 chemistry (2 x 250 bp).

Operational Taxonomic Units (OTUs)

This procedure refers to previous researchers (He er a/, 2015). Raw metagenomic data were subjected
to quality filtering to remove low-quality reads and were demultiplexed based on unique barcode identifiers.
Multiple datasets were generated using different DNA extraction methods. Paired-end reads from each dataset
were merged using the FLASH tool to obtain high-quality contigs. Representative sequences from each dataset
were pooled to ensure comprehensive coverage for downstream analysis.

Taxonomic and functional annotations of the sequences were performed using a metagenome
annotation platform such as MGX or similar software. Reads encoding 16S rRNA genes were identified by
comparison with a ribosomal sequence database using the '16S pipeline' feature of the annotation platform. For
further taxonomic classification, the sequences were aligned to reference databases such as the RDP or SILVA
databases, enabling the identification of bacterial and archaeal communities at various taxonomic levels.

Operational taxonomic units (OTUs) were defined using UPARSE v7.0.1001, whereby DNA
sequences with 295% similarity were clustered into a single OTU. Representative sequences for each OTU
were sclected based on their frequency of occurrence. Taxonomic classification was performed using the RDP
Classifier algorithm (version 2.2), with reference to curated databases such as Greengenes (DeSantis et al,
2006). Pathway reconstruction and functional annotation were conducted using Prokka. Genes encoding
carbohydrate-active enzymes (CAZymes) were predicted using the dbCAN annotation web server, referencing

the CAZy database.

Metabolic pathway reconstruction and functional mapping

The reconstruction of metabolic pathways for biogas production at low temperatures was based on the
functional annotation of genes and transcripts obtained from metagenomic and metatranscriptomic datasets.
Functional gene annotation was conducted using Prokka, and carbohydrate-active enzyme (CAZyme)
encoding genes were identified using dbCAN with reference to the CAZy database. To further determine
enzymatic functions involved in anaerobic digestion, gene sequences were mapped onto KEGG orthology to
classify them into specific metabolic modules including hydrolysis, acidogenesis, acetogenesis, and
methanogenesis.

To improve accuracy, the functional annotations were cross-referenced with known pathways of
anacrobic digestion using previous literature. Transcriptional activity was assessed from RNA-seq data to
confirm gene expression levels and to validate the involvement of specific microbial taxa in each metabolic stage.
This integrated approach provided both taxonomic and functional insights into the microbial community and
its role in low-temperature biogas production.
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Results

Temporal dynamics of substrate degradation and nutrient shifts during anacrobic digestion

During anaerobic digestion at 12°C over a 150-day period, the physical and chemical parameters
exhibited consistent dynamics (Table 1). Total solids (TS) and volatile solids (VS) decreased over time, with a
significant reduction (p<0.05) observed between days 100 and 150. COD dropped sharply from 5.620 mg/L
to 3,010 mg/L, indicating efficient organic matter conversion. The pH initially declined due to acid
accumulation but stabilized after day 70, reflecting microbial adaptation to the fermentation environment. The
C/N ratio also declined significantly throughout the process, indicating improved nutrient balance that
supports microbial activity.

NHS,-N concentrations increased sharply on day 10, signaling carly-stage decomposition of organic
nitrogen compounds. Significant changes (p<0.05) were also observed between days 20 and 50, as well as on
days 60, 70, 80, 90, and from days 100 to 140. These fluctuations point to active protein deamination and
ammonia formation phases, which are crucial for maintaining system stability under low-temperature
conditions.

Table 1. Changes in physical and chemical parameters during biogas fermentation at 12 °C

Total solid Volatile solid NH,-N
Day (%) (%) (mg/L) pH COD C/N

0 5.82+0.12b 67.52+1.22¢ 470+ 12a 7.20+0.03b 5620+ 170b 7498+ 0.221
10 5.75+0.17b 66.40 + 1.43 ¢ 604 + 10 ab 7.10£0.04b 5400 + 200 b 72+ 0.121
20 5.44 +0.25 ab 64.80 + 1.13b 672+ 12e¢ 7.10+£0.02b 4902 £ 210 ab 67+0.13k
30 5.35+0.32ab 64.60 +1.23b 673+ 12¢ 720 £0.06b 5210+ 190b 55+ 0.22
40 5.32+0.23ab 6455+ 1.25b 670+ 12¢ 6.95+0.07ab | 4040 +270ab 49.19+0.32 i
50 5.35+0.17 ab 6440+ 1.25b 655+22e¢ 6.90+0.04ab | 4045+ 170ab 41.24+0.21h
60 5.35+0.28 ab 6440+ 1.22b 646 +12d 6.30+0.09a 4030 £ 230 ab 34.2440.21 ¢
70 5.64+0.16ab | 6450+ 1.20b 657+17¢ 6.85+0.10a | 4010+£220ab | 28.38+0.82f
80 5.32+0.14ab | 63.10+1.28ab 638 +20d 6.65+0.11a 4044 + 240 ab 24.14+0.36 ¢
90 5.25+0.24ab | 63.00 +1.20ab 589 +17 ¢ 6.75+0.12a 4010 £ 270 ab 22.31+0.76d
100 473+0.23a 62.50+1.01a 540 +16b 6.52+0.08a 3020+210a 19.32+0.32 ¢
110 4.66+0.24a 62.30+1.20a 535+20b 6.73+0.04a 3300+ 130a 17.56+0.45b
120 4.62+0.22a 62.10+1.23a 530 +17b 6.66£0.05a 3150+ 210a 16.7340.98 ab
130 452+0.22a 61.70+1.20a 525420 b 6.53+0.06a 3120+ 110a 15.32+0.87 a
140 432+021a 6140+ 125a 520 +11b 6.47 +£0.07 a 3024+ 110a 13.98+0.87 a
150 4224+022a 6130+ 1.10a 495 +11a 6.42+0.08 a 3010+210a 13.874+0.49 a

ANOVA tests were followed by Tukey HSD posthoc with a significance level of p<0.05. The results are presented as
Mean =+ Std. Deviation with data repeated three times

Temporal variation of volatile fatty acids (VFAs) during anacrobic digestion at 12 °C

The concentration of acetic acid (CH;COOH) increased significantly from day 0 (1.400 + 40 mg/L),
reaching its peak on day 80 (2.850 + 40 mg/L), with a statistically significant difference (p < 0.05) compared
to the initial days (Table 2). Following this peak, it sharply declined to 930 + 30 mg/L by day 150. A similar
trend was observed for propionic acid, which rose from 263 + 80 mg/L on day 0 to a maximum of 692 + 98
mg/L on day 90, before decreasing to 464 + 98 mg/L at the end of the process. These two compounds play a
crucial role during the early phase of fermentation and undergo degradation as methanogenesis progresses.

Among other medium-chain VFAs, butyric acid showed a significant decrease from 423 + 50 mg/L on
day O to just 13 + 15 mg/L by day 150. Isobutyric, isopentanoic, and pentanoic acids exhibited a gradual
increase, each peaking on day 90 at 178 + 2.31 mg/L, 252.25 + 3.42 mg/L, and 166 + 1.84 mg/L, respectively,
before declining during the final stages of fermentation.
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Table 2. Temporal variation of volatile fatty acids (VFAs) during anaerobic digestion at 12 °C

S5 CH;3;COOH | Propionic acid | Butyric acid | Iso Butyricacid | Pentanoicacid | Iso Pentanoic acid
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
0 1400 + 40 b 263+80a 423+50¢ 55.32+3.72a 3232+ 1.52a 67.32+251a
10 1750+ 20 ¢ 383+70b 392+50e 78.12+3.62a 47.63+252b 8431+492b
20 | 1950+40d 406+ 80b 372+40e 88.21+1.52a 52.62+1.52¢ 95.62+1.51c¢
30 | 2003+40de | 422+95bc 323+30de | 9462+1.71b 64.07 £1.72d 102.61 +£1.11d
40 | 2300+40e¢ 467 £80 ¢ 312+ 30de 121+2.53 b 78.93+3.13 ¢ 107.3£2.53¢
50 | 2600+70f 476 £ 80 ¢ 262+ 25¢ 123+2.04 b 88.9242.35 f 1243 +4.92f
60 | 2650+80f 562 +94d 212+30b 146+2.23 be 98.48+2.53 ¢ 195.61+152¢g
70 | 2800+40f 573 + 80 de 163+ 30b 15442.32 ¢ 135.34+341h 213.61+1.21h
80 | 2850+40f 634+ 84e¢ 127 +35b 164+2.21 ¢ 15842.94 1 23142341
90 1700 + 40 ¢ 692+ 98 ¢ 96+25a 178+2.31f 166+1.84 252.25+3.42
100 | 985+60a 562+ 78d 86+25a 123+12b 109+2.45 g 102.34+3.56d
110 | 974+70a 534+ 78d 67+ 15a 109412 ab 92.3243.21 fg 94.43+4.21 ¢
120 | 987+£00a 506 + 80 cd 58 £25a 98+11a 81.78+2.12 ef 93.34+2.32 ¢
130 | 958+90a 483+ 78 ¢ 34+10a 87+2.31a 70.37+2.52d e 90.38+3.52 be
140 940+ 85 a 487+78 ¢ 23+25a 78+2.43 a 65.32+1.03d 83.96+2.31b
150 | 930+30a 464+ 98 ¢ 13+ 15a 68+2.12a 52.32+2.03 ¢ 69.3412.62a

ANOVA tests were followed by Tukey HSD posthoc with a significance level of p<0.05. The results are presented as
Mean =+ Std. Deviation with data repeated three times

Production biogas

Over a period of 150 days, biogas production was monitored, with CH4 and CO2 levels analyzed at 10-

day intervals. The fermentation process at low temperatures produced an average of 0.73 L of biogas per day,

with CH4 content surpassing 0.517 L/g V'S (Figure 1).
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Figure 1. Biogas production at low temperature (12 °C) for 150 days

Microbial composition and OTU correlations based on 165 rRNA gene analysis.

Out of the total of 18850 available 16S rtRNA gene sequences, 15820 of them originate from prokaryotic

organisms, which is equivalent to approximately 83.92% of all the available 16S rRNA gene sequences. For a

more in-depth analysis, all 15820 identified 16S rRNA gene sequences originating from the bacteria and

archaea domain have been fully considered.

Bacterial dominated the microbial community, comprising 85% of the total, while archaea were detected

at only 7%, with the remaining microbial organisms constituting 8% (Figure 2a). metagenomic analysis revealed
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an intriguing pattern in the chord diagram (Figure 2b). OTU B1 (Clostridium cellulovorans) and OTU B9
(Terrisporobacter petrolearius) stood out with bandwidths reaching 300 out of a total of 1600, indicating a
strong correlation. OTU B2 (Clostridium saudii) and OTU B11 (Romboutsia timonensis) were also
significant, with bandwidth of 100 cach. Meanwhile, Archaca appeared with a smaller bandwidth of 75.

Others 1 Metatranscriptome W Metagenome
Archaca
Bacteria
0 20 40 60 80 100
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oTu-80 Archaea
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oruezs ¥
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ortus1? 46,6’

oTu.B18 49,3" 4
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oTuae
126 ~
oTu.s13
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orue12

(B)
Figure 2. Microbial composition and OTU associations based on 16S rRNA gene sequences: (A) Relative
abundance of microbial domains; (B) Chord diagram showing dominant OTU correlations

Microbial communities using sequences from the 165 rRNA gene extracted from metagenomic data.

Throughout the 150-day observation period (Figure 3a), the abundance of bacteria coded as OTU
B1(Clostridium cellulovorans) and OTU B9 (Terrisporobacter petrolearius) dominated, with initial
abundances at day 0 of approximately 18% and 14%, respectively. The highest increase for OTU B1 was
observed on day 70, reaching 24%, while OTU B9 peaked at 18% on day 80. Both experienced significant
declines between days 100 and 150. The highest abundance of archaca was found between days 140 and 150,
reaching 7%, among this total abundance, OTU Al (Methanocorpusculum sinence) and OTU A2
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(Methanobrevibacter millerae) were the most dominant. OTU A1l peaking on day 120 and OTU A2 on day
130, detailed growth patterns of archaca are shown in Figure 3b.
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Figure 3. Temporal abundance patterns of dominant bacterial and archaeal OTUs based on 16S rRNA

e OTU-ALL

gene sequences from metagenomic analysis: (A) Bacterial; (B) Archaeal

Microbial communities using sequences from the 165 rRNA gene extracted from metatranscriprome
data

To determine which members of the microbial community were metabolically active, a high-throughput
metatranscriptome sequencing approach was utilized. The entire microbial RNA was extracted, subsequently
converted into cDNA, and sequenced, with ribosomal RNA left intact during the process. The sequencing
process using the Illumina MiSeq system yielded 1,030,643 reads, of which 496,769 reads (48.2%) were
identified as 16S rRNA sequences. The remaining reads were predominantly associated with 55 rRNA and 23S
rRINA genes, while smaller proportions corresponded to mRNA and other RNA species. Among the 502,178
taxonomically classified 16S rRNA sequences, 391,698 (77.9%) were attributed to bacteria and 25,108 (5%)
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to archaea (Figure 2a). A total of 125,042 16S rRNA sequences (24.9%) were classified at the genus level,
indicating that a significant portion of the metabolically active microorganisms in the biogas community
remains unidentified, consistent with findings from DNA-based analyses.

The metatranscriptome analysis revealed a fascinating pattern in the chord diagram (Figure 2b). OTU
Bl (Clostridium cellulovorans) and OTU B9 (Terrisporobacter petrolearius) were prominent, displaying
bandwidths of 200 out of a total of 1600, suggesting a strong association. OTU B2 ( Clostridium saudii) and
OTU BI11 (Romboutsia timonensis) also showed notable bandwidths of 80 each. In contrast, Archaea
exhibited a smaller bandwidth of 40.

During the 150-day observation period (Figure 4a), OTU Bl and OTU B9 were the most prevalent
bacteria, starting with initial abundances of around 13% and 12% on day 0, respectively. OTU BI saw its
highest increase on day 60-70, reaching 19%, while OTU B9 peaked at 17% on day 80. Both experienced
notable decrease from 100 to day 150. Archaca showed their highest abundance between day 100-120, reaching
5%. Within this total abundance, OTU Al (Methanocorpusculum sinence) and OTU A2
(Methanobrevibacter millerac) were the most prevalent. OTU Al reached its peak on day 130, while OTU A2
peaked on day 80-90 (Figure 4b).
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Figure 4. Temporal abundance patterns of dominant bacterial and archaeal OTUs based on 16S rRNA
gene sequences from metatranscriptomic analysis. (A) Bacterial, (B) Archacal
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The taxonomic profile obtained from 16S rRNA tags in the metatranscriptome was compared with that
from metagenome sequencing to identify the metabolically active taxa within the microbial community.
Bacterial phyla dominated in both datasets, with nearly identical percentages: 82.1% in the metatranscriptome
and 81.98% in the metagenome. This similarity suggests a balance between the taxonomic abundance and
metabolic activity of the bacterial members. Among the identified phyla, Firmicures was the most dominant
(76%), followed by Bacteroidetes (16%). Synergistetes and Proteobacteria each accounted for 4% of the total
composition (Figure 5a).

Within the archaeal domain, the phylum Furyarchaeota accounted for 100% of the detected archaea,
with higher abundance in the metagenome (7%) than in the metatranscriptome (5%), indicating that archaeal
abundance was not matched by proportional transcriptional activity. The genera Methanosarcina and
Methanobrevibacter were the most dominant, each representing 27% of the archaeal community, followed by
Methanobacterium  at  18%. Meanwhile, the genera Methanosacta, Methanosphaera, and
Methanocorpusculum were each present at 9% (Figure Sb).

Synergistetes Proteobacteria

4

4%

Methanospliaera; 9%
Bactetoidetes
16%

Meehianocorpusculum; 9%

Methanobacterium;...

Methanobrevibacter; 27%

Methanosarcina; 27%

(A) (B)
Figure 5. Comparison of microbial taxonomic profiles derived from metagenome and metatranscriptome
analyses. (A) Relative abundance of dominant bacterial phyla. (B) Relative abundance of dominant
archaeal genera

The functional porential of the microbial community was explored through metagenomic analysis

The conversion of organic matter into biogas involves a series of intricate biochemical processes.
Initially, complex carbohydrates such as polysaccharides (e.g., cellulose, hemicellulose, starch, and pectins),
along with proteins and lipids derived from cow manure, are broken down into simpler compounds, including
oligosaccharides, monosaccharides, amino acids, and fatty acids. These intermediates are subsequently
metabolized into fermentation byproducts such as CO,, H,, and acetic acid (CH,;COOH), which serve as
precursors for methane (CH,) production by methanogenic Archaca. Additionally, ammonium (NH,"),
produced during the anaerobic degradation of amino acids, provides a nitrogen source for methanogens. To
evaluate the metabolic potential of the biogas microbiome in this study, the metagenomic dataset was
functionally annotated using the MGX platform for metagenomic analysis.

A total of 3.485.860 metagenomic sequences (54.25% of all obtained sequences) were classified into
Clusters of Orthologous Groups of proteins (COGs), which were further categorized into functional groups
(Figure 6a). Several functional categories, such as carbohydrate transport and metabolism (G), amino acid
transport and metabolism (E), and energy production and conversion (C), were prominently represented in
the metagenomic data. These functions are particularly important, as the conversion of biomass into methane
involves the initial breakdown of complex polymers into oligosaccharides and monomers. Within the
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carbohydrate transport and metabolism category, the identification of enzymes such as glucosidase
(COG0366), cellobiose phosphorylase (COG3459), and cellobiase/cellulase CelAl (COG5297) indicates

that the biogas microbial community possesses the enzymatic potential to degrade cellulose (Table 2 and Figure

6b).

J Replication, recombination and repair

A RNA Processing and modification 600000, R General function prediction only
W Extracellular structure: 00000 _ G Carbohydrate transport and metabolism
pd ) ¥ T - N E Amino acid transport and metabolism
Z Cytoskeleton -~ 400000/ b
i S , 300000 - A .
B Chromatin structure and dybamics \ <J Translatjon, ribosomal structure and biogenesis
< / - 200000~ \ \
100080

/ / ' < S Functional unknown
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D Cell cyclecontrot— MCelrwalimembrane/envelope biogenesis

U Intracellular trafficking \ - \ [ / ’ C Energy production and conversion

| Lipid transport and metabolis o
L K Transcription
N Cell motility

PInorganic ion transport and metabolism
H Coenzyme transport and netabolism !

T Signal transduction mechanism
O Posttranslational modification

V Defense mechanism

(A)
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Figure 6. Functional Categories of Clusters of Orthologous Groups (COGs) and the Role of

Microorganisms in Low-Temperature Biogas Production (12 °C). COGs functional categories represent
54.25% of all metagenome sequences (A), COGs in biogas production at low temperatures (B)
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The enzymes and proteins such as B-xylosidase (COG3507), peptidoglycan/xylan/chitin deacetylase
(COGO0726), ABC-type xylose transporter (COG4213), endo-1,4-B-xylanase from glycoside hydrolase family
35 (GH35, COG3693), and pectate lyase (COG3866) are involved in the degradation of hemicellulose, xylan,
and pectin. In addition, subunits A, B, C, and D of formylmethanofuran dehydrogenase (Fmd; COG1029,
COGI1153, COG1229, and COG2218) were also identified, which participate in the reversible reduction of
CO, to N-formylmethanofuran—an essential intermediate in the hydrogenotrophic methanogenesis pathway.

The detected genera within the taxonomic-level analysis of functional categories G, E, and C were
predominantly Clostridium, Terrisporobacter,; and Lactobacillus. However, a significant portion of the
identified gene sequences remained unclassified at the genus or species level, reflecting patterns similar to those
observed in microbial 16S rRNA analyses.

To investigate the hydrolytic potential of bacteria in breaking down carbohydrate polymers in biomass,
the metagenomic sequences were examined using the Carbohydrate-Active enZYmes (CAZy) database via the
dbCAN annotation tool within MGX. The analysis revealed 126 glycoside hydrolase (GH) families and 65
carbohydrate-binding module (CBM) families. GH enzymes play a crucial role in hydrolyzing glycosidic bonds
in complex carbohydrates, whereas CBMs serve as non-catalytic domains essential for substrate binding in
carbohydrate-active enzymes (Table 3).

Table 3. Key enzymes and cogs involved in biogas metabolic pathways identified from metagenomic data

Cog COGs Sequences Cog COGs Sequences
accession accession
Polysaccharide degradation and metabolism Methanogenesis—hydrogenotrophic pathway
COG0366 | Glucosidase 12500 COG1229 | Subunit A  dehidrogenase 839
formilmetanofuran
COG1472 | Periplasmic beta-galactosidase and 11000 COG2218 | Subunit C  dehidrogenase 657
related glycosidases formilmetanofuran
COG3459 | Cellobiose phosphorylase 10230 COG2191 | Subunit D  dehidrogenase 457
formilmetanofuran
COGO0726 | Deacetylase for  peptidoglycan, 5831 COG1153 | Subunit E  dehidrogenase 367
xylan, and chitin, PgdA/CDALl formilmetanofuran
family
COG1501 | Alpha-glycosidase, GH31 family 5616 COG2037 | Transferase  formil-H4MPT 269
formilmetanofuran
COG3507 | Beta-xylosidase 4780 COG3252 | Siklohidrolase metilen- 227
H4MPT
GOG3693 | Endo-1,4-beta-xylanase, GH 35 3797 COG1962 | Subunit H metiltransferase 246
family H4MPT
COG2730 | Aryl-phospho-beta-D-glycosidase 2588 COG4064 | Subunit G metiltransferase 134
BglC H4MPT
COG1874 | Beta-galactosidase GanA 1714 COG4059 | Subunit H metiltransferase 98
H4MPT
GOG4213 | Periplasmic component of the 1628 COG4061 | Subunit G metiltransferase 77
xylose transport system (ABC- H4MPT
type)
GOG2115 | Xylose isomerase 1591 COG4060 | Subunit D metiltransferase 56
H4MPT
COG2160 | L-arabinose isomerase 1539 COG4063 | Subunit A  metiltransferase 53
H4MPT
COG3345 | Alpha-galactosidase 1385 COG4062 | Subunit B  metiltransferase 43
H4MPT
COG1904 | Glucuronate isomerase 1030 COG4218 | Subunit F  metiltransferase 23
H4MPT
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factor FdhD, a sulfurtransferase

formate dehydrogenase

COG5434 | Polygalacturonase 1023 Methanogenesis—acetoclastic pathway
COG3325 | Chitinase, GH18 family 958 COG1614 | acetyl-CoA synthase, subunit 8 520
COG3405 | Endo-1,4-beta-D-glucanase Y 854 COG1456 | acetyl-CoA synthase, subunit y 430
(corrinoidFe-S protein)
COG3867 | Arabinogalactan  endo-1,4-beta- 823 COG2069 | CO dehydrogenase/acetyl-CoA 320
galactosidase synthase, subunit § (corrinoid
Fe-S protein)
COG3866 | Pectate lyase 541 COGI1152 | a-subunit  of  acetyl-CoA 210
synthase
COG2132 | Multicopper oxidase with three 423 COG1880 | acetyl-CoA synthase,subunit 98
cupredoxin domains (includes cell
division protein FtsP and spore
coat protein CotA)
COG4677 | Pectin methylesterase and related acyl- 228 Methanogenesis—hydrogenotrophic and acetoclastic pathway
CoA thioesterases
COG#4124 | Beta-mannanasc® 152 COG4058 | Methyl coenzyme-M reductase, 701
subunit o
COG5297 | Cellulase/cellobiase CelAl 136 COG4054 | Methyl coenzyme-M reductase, 612
subunit 5
Protein degradation COG4057 | Methyl coenzyme-M reductase, 458
subunit y
COGO0740 | ATP-dependent protease ClpP, 4849 COG4055 | Methyl coenzyme-M reductase, 123
protease subunit subunit D
Lipid degradation COG4056 | Methyl coenzyme-M reductase, 98
subunit C
COGO183 | Acetyl-CoA acetyltransferase 3210 Acidogenesis-VFAspathway
COGO0657 | Acetyl esterase/lipase 1215 COGI1250 | 3-hydroxyacyl-CoA 678
dehydrogenase
Acidogenesis-NH: pathway COG1960 | Acyl-CoA dehydrogenase 574
associated with the alkylation
response protein AidB
COGO0160 Acetylornithine 983 Acidogenesis- Xylose, Glucose, fructose, and maltose pathway
aminotransferase/4-aminobutyrate
aminotransferase/amino acid
racemase
COG0436 | Aspartate/methionine/tyrosine 765 COG4770 | Acetyl/propionyl-CoA 1802
aminotransferase carboxylase, alpha subunit.
Acerogenesis COG3426 | Butyrate kinase 1274
COGO0282 | Acetate kinase 873 COG0280 | Phosphotransacetylase 973
(includes Pta, EutD and
phosphobutyryleransferase)
H>and CO:
COG1526 | Formate dchydrogenase assembly 845 COG2864 | Cytochrome b subunit of 548

Table 4 presents the 15 most prevalent GH and CBM families identified in the metagenome of the

biogas microbiome. The analysis of predicted CAZymes revealed a high abundance of GH families 43, 10, and

5, which encode endo xylanases responsible for hemicellulose degradation. GH families 2 and 3, which include

mannosidases and galactosidases involved in mannan and hemicellulose breakdown, were also well represented.

In contrast, GH families 9 and 48, associated with cellulose degradation, were less abundant. Nevertheless, the

metagenome exhibited a broad range of enzymes capable of degrading carbohydrate polymers and

oligosaccharides. Among the CBM modules, CBM50, known for its chitin binding activity, was the most
abundant. Other notable modules included CBM44, CBM9, CBM6, and CBM22, which are commonly

involved in binding to hemicellulose and cellulose.
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The main enzymes involved in the methanogenesis process were classified under the functional group
“coenzyme transport and metabolism” (H). This group includes the archaeal subunits of formylmethanofuran
dehydrogenase. Most of the sequences assigned to category H originated from the genus Methanobrevibacter.

Table 4. Identified using the carbohydrate-active enzyme (CAZy) database and the dbCAN web server,
the 15 most abundant glycoside hydrolase (GH) families and carbohydrate-binding modules (CBM) in the
low-temperature (12°C) biogas-producing microbial community

Fa(.;nfilly Sequences Fcirili\iiy Binding Substrate Sequences
GHI13 11354 CBMS50 | Chitin 10500
GH%4 9300 CBM44 | Xylan 4320
GH2 5850 CBM48 | a-glucan 2025
GH109 5760 CBM32 | B-mannans 1950
GH43 5733 CBM35 | B-glucan, mannans, pectin, gluco and galacturone 1900
GH3 5070 CBM9 | Crystalline cellulose 1850
GH23 4160 CBM6 | Laminarin, Cellulose-oligosaccharides 1840
GH31 3981 CBM22 | Insoluble and soluble amorphous cellulose and xylan 1820
GHI18 3896 CBM34 | Starch 1400
GH10 3386 CBM16 | Cellulose and glucomannan 1300
GH43 3027 CBM41 | amylose, a-glucan, amylopectin, pullulan 1200
GH51 2985 CBM66 | Fructans 999
GHS57 2500 CBM40 | Sialic acid 720
GH95 2410 CBM4 | Amorphous cellulose 690
GHS5 2260 CBM67 | Rhamnose 670

Biogas (CH,;) formation pathway

The hydrolysis stage is characterized by the degradation of polysaccharides, starch, lipids, and proteins
in the substrate. The breakdown of hemicellulose and cellulose into xylose, maltose, glucose, and fructose
involves several key enzymes, including cellobiose, cellobiose phosphorylase, cellulase/cellobiase, chitinase from
the glycoside hydrolase family 18 (GH18), L-arabinose isomerase, -galactosidase GanA, xylose isomerase, aryl-
phospho-B-D-glycosidase BglC, endo-1,4-B-xylanase, B-xylosidase, and enzymes from the PgdA/CDA1 family
such as peptidoglycan/xylan/chitin deacetylases. Bacterial abundance at this stage was dominated by OTUB1
(Clostridium cellulovorans), OTUB2 (Clostridium saudii), OTUBG6 (Clostridium /lavalense), OTUBS8
(Clostridium celerecrescens), and OTUBIS5 ( Cellulosilyticum lentocellum).

The substrate derived from starch involved OTUB3 (Clostridium butyricum) and OTUB4
(Clostridium bcz]'crinc]a)) in the formation of xylose, maltose, glucose, and fructose, with confirmed activities
of glucosidase and alpha-glucosidase (GH31 family). The degradation of lipid and fat compounds into long-
chain fatty acids was dominated by OTUB20, which showed 99% similarity to Pseudomonas caeni, involving
the activities of acetyl-CoA acetyltransferase and acetyl esterase/lipase. The degradation of proteins into amino
acids was primarily driven by the activity of ATP-dependent protease ClpP, represented by OTUBI12, which
was identical to Streprococcus gallolyticus.
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During the acidogenesis stage, hydrolysis products are converted into volatile fatty acids (VFAs),
hydrogen (H,), and carbon dioxide (CO,). This stage was dominated by the metabolic pathways of xylose,
maltose, glucose, and fructose, with key enzymatic activities including acetyl/propionyl-CoA carboxylase
(alpha  subunit), butyrate kinase, and phosphotransacetylase (including Pta, EutD, and
phosphobutyryleransferase). The process was associated with an abundance of bacteria such as Lacrobacillus
spp., Lactobacillus reuteri, Atopostipes suicloacalis, Clostridium lavalense, Bacteroides graminisolvens,
Romboutsia timonensis, Turicibacter sanguinis, and Terrisporobacter petrolearius.

During the acetogenesis stage, the products of acidogenesis are converted into acetic acid (CH,COOH),
catalyzed by acetate kinase. This reaction is facilitated through the OTUB2S5 gene, which shares 97% sequence
identity with Syntrophomonas zehnderi. Bacterial involvement and associated genetic activity were primarily
concluded at this stage. The phylogenetic relationship based on maximum likelihood analysis is presented in
Figure 7a and detailed in Table 5.

Biogas formation at a low temperature (12 °C) predominantly proceeded via the hydrogenotrophic
methanogenesis pathway, contributing 49.2% of the total methanogenic activity (Table 6). This process was
mainly driven by the enzymes formylmethanofuran dehydrogenase and H{MPT S-methyltransferase, with
minor contributions from HMPT formyltransferase and methenyl-H,MPT cyclohydrolase. Further analysis
revealed that the activities of these COGs were associated with OTU Al (98% identical to
Methanocorpusculum sinense), OTU A2 (97% to Methanobrevibacter millerac), OTU A4 (96% to
Methanobrevibacter ruminantium), OTU AS (M. sinense), OTU A6 (Methanobacterium lacus), OTU A7
(Methanobacterium bejjingense), and OTU A8 (Methanobrevibacter smithii).

The formation of biogas through the CH;COOH pathway accounted for approximately 22.8%,
marked by a high abundance of acezy/-CoA synthase, which plays a key role in methane (CH,) production from
acetic acid (CH;COOH). This COG activity was associated with OTU A3, showing 97% similarity to
Methanosarcina soligelidi, and OTU A10, related to Methanosarcina mazei.

Meanwhile, biogas formation from both pathways (hydrogenotrophic and CH,COOH) contributed
approximately 28%, as indicated by the sequence activity of methyl coenzyme-M reductase. This activity
corresponded to the presence of OTU A9, which shared 90% similarity with Methanosacta concilii, and OTU
A7, identified as Methanobacterium beijingense.

The phylogenetic relationships among archaea based on likelihood analysis are shown in Figure 7b. An
interesting finding was the close relationship between Methanosacta concilii and Methanobacterium
beijingense, which exhibited a likelihood value of 100. In summary, the biogas production pathways are
illustrated in Figure 8.
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Figure 7. Analysis of microbial abundance in low-temperature (12 °C) biogas production. Bacterial
phylogenetics based on likelihood (A), and archaeal phylogenetics based on likelihood (B)
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Table 5. The role of bacteria in determining biogas metabolic pathways at low temperatures (12 °C)

Closest species S Substrate Genus/
Code Nt Accession abundance COGs Product
similarity (%) Phylum
OTUB | Clostridium KF528156.1 COG3459 | Hemicellulose, | Xylose, Clostridium/
1 cellulovorans 13.9-24 | COG2115 | cellulose maltose, | Firmicutes
98% COG1472 fructose,
glucose
OTUB | Clostridium saudii COG2160 | Hemicellulose, | Xylose, Clostridium/
2 99% NR_144696.1 22-6.1 COG3866 | cellulose maltose, Firmicutes
fructose,
glucose
OTUB | Clostridium COGO0366 | Starch Xylose, Clostridium/
3 butyricum OM698377.1 1.23-1.9 maltose, Firmicutes
98% fructose,
glucose
OTUB | Clostridium COG1501 | Starch Xylose, Clostridium/
4 beijerinckii NR_113388.1 0.81-2.0 maltose, Firmicutes
97% fructose,
glucose
OTUB | Clostridium Cellulose, butyric Clostridium/
5 chartabidum X71850.1 0.72-2.2 fructose, acid, Firmicutes
98% sucrose acetic
acid, Ha,
CO.
OTU- | Clostridium COG2132 | Hemicellulose, | Xylose, Clostridium/
B6 lavalense LT223652.1 0.68 - 2.05 cellulose maltose, Firmicutes
99% fructose,
glucose
OTUB | Clostridium KY079341.1 COGO0160 | Amino acid VFAs Clostridium/
7 moniliforme 0.78-1.98 | COG0436 Firmicutes
98%
OTUB | Clostridium COG5297 | Hemicellulose, | Xylose, Clostridium/
8 celerecrescens AB601064.1 0.68-2.10 cellulose maltose, Firmicutes
99% fructose,
glucose
OTUB | Terrisporobacter COG4770 | Xylose, VFAs Terrisporobacter/
9 petrolearius ON778559.1 16.4-20 maltose, Firmicutes
99% fructose,
glucose
OTUB | Turicibacter HQ646364.1 1.10-5.05 | COG0280 | Xylose, VFAs Turicibacter/
10 sanguinis maltose, Firmicutes
98% fructose,
glucose
OTUB | Romboutsia COG3426 | Xylose, VFAs Romboutsia/
11 timonensis NR_144740.1 | 2.00-6.05 maltose, Firmicutes
99% fructose,
glucose
OTUB | Streprococcus COG0740 | protein Amino Streprococcus/
12 gallolyticus MT012069.1 2.85-6.00 acid Firmicutes
100%
OTUB | Ruminococcus LC269264.1 1.10-3.10 Galactose, acetic Ruminococcus/
13 gauvreauii glucose, acid Firmicutes
97% fructose
OTUB | Bacteroides COG3426 | Xylose, VFAs Bacteroides/
14 graminisolvens ONS561145.1 1.85-6.50 maltose, Bacteroidetes
99% fructose,
glucose
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OTUB | Cellulosilyticum COG4677 | Hemicellulose, | Xylose, Cellulosilyticum/
15 lentocellum MW553583.1 1.21-2.15 | COG3405 | cellulose maltose, | Firmicutes
97% fructose,
glucose
OTUB | Tangfeifania NR_134211.1 1.13-2.12 Ribose, xylose, | VFAs Tangfeifania/
16 diversioriginum strach, Bacteroidetes
95% fructose
OTUB | Sunxiuqinia NR_108114.1 | 0.82-1.82 Tyrosine VFAs Sunxiuqinia/
17 faeciviva Bacteroidetes
97%
OTUB | Aropostipes NR_028835.1 | 0.74-1.93 | COG4770 | Xylose, VEAs Aropostipes/
18 suicloacalis maltose, Firmicutes
97% fructose,
glucose
OTUB | Lactobacillus JX272059.1 0.67-221 | COG4770 | Xylose, VFAs Lactobacillus/
19 reuteri maltose, Firmicutes
(98%) fructose,
glucose
OTUB | Pseudomonas caecni | NR_116388.1 1.22-223 | COGO183 | Fat VFAs Pseudomonas /
20 (97%) COG0657 Proteobacteria
OTUB | Cloacibacillus LT223650.1 0.42-1.92 | COGI2 VFA acetic Cloacibacillus/
21 porcorum COG1960 acid, Synergistetes
(94%) formic
acid,
propioni
cacid
OTUB | Lacrobacillus AF133264.1 0.68-1.97 | COG4770 | Xylose, VFAs Lactobacillus/
22 amylovorus maltose, Firmicutes
(99%) fructose,
glucose
OTUB | Anacrosporobacter | NR_042953.1 0.87-2.25 Galactose, acetic Anaerosporobact
23 mobilis fructose, acid, Ha, er/Firmicutes
(98%) cellulose formic
acid
OTUB | Saccharicrinis NR_137404.1 0.92-2.31 Lactose, VFAs Saccharicrinis/
24 marinus maltose, Bacteroidetes
(953%) cellobiose
OTUB | Syntrophomonas NR_044008.1 | 1.24-223 | COG2864 | Amino acid, | acetic Syntrophomonas
25 zehnderi COGI1526 | VFAs acid, Ha, | /
(96%) C0OG0282 CO2 Proteobacteria

Table 6. The role of archaea in determinin

g biogas metabolic pathways at low temperatures (12 °C)
Closest species A Genus/
Code o Accession abundance COGs Substrate | Product
similarity (%) Phylum

OTU | Methanocorpusculum | NR_117148.1 | 4.92-37.20 | COG1229 CHs4 Methanocorpuscul
Al sinence COG2218 | COz, H: um/Euryarchacota

98%
OTU Methanobrevibacter KP123404.1 2.02-11.21 | COG1153 | CO,, H, CHa4 Methanobrevibacte
A2 millerac COG219 r/Euryarchacota

97%
OTU | Methanosarcina AB973359.1 0.71-3.61 COG1614 | Acetic CHs Methanosarcina/
A3 soligelidi COG2069 | acid Euryarchaeota

96%
OTU | Methanobrevibacter KP123398.1 0.51-322 | COG406 | COx,H, | CHs Methanobrevibacte
A4 ruminantium COG4064 r/Euryarchaeota

97%
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OTU Methanocorpusculum NR_104804.1 | 0.24-2.92 COG1962 | CO2, Ha CHa4 Methanocorpuscul
A5 Sinense umy/Euryarchacota
98%
OTU | Methanobacterium NR_117917.1 | 0.16-1.92 COG2218 | CO,H, | CH4 Methanobacterium
A6 Jacus COG4061 /Euryarchacota
97%
OTU | Methanobacterium KP109878.1 0.29-1.97 COG4058 | CO,, H,, | CH4 Methanobacterium
A7 beijingense COG4055 | Acetic /Euryarchaeota
95% COGH4057 | acid
OTU Methanobrevibacter LR590664.1 0.36 -2.05 COG3252 | CO2, Ha CHa4 Methanobrevibacte
A8 smithii r/Euryarchacota
94%
OTU | Methanosaeta concilii KM408635.1 0.78 -2.36 COG4054 | Acetic CHs4 Methanosaeta/
A9 92% COG4055 | acid, Euryarchacota
CO2, Ha
OTU | Methanosarcina mazei | KP231476.1 0.47-3.22 COG2069 | Acetic CHs4 Methanosarcina/
Al0 93% COG1614 | acid Euryarchacota
OTU Methanosphacra NR_104874.1 | 0.28-1.98 COG4060 | CO2, H,, | CH4 Methanosphacra/
All cuniculi Euryarchacota
92%
Discussion

Biogas formation at 12 °C showed low yield, producing only 0.73 L/day, with CH, levels exceeding
0.517 L/g VS over 150 days. This result is consistent with our previous study (Budianto ez a/, 2024), in which
experiments were conducted at a low temperature (10 °C). This outcome is predictable based on the
biochemical changes (Table 1 and 2), where the formation of CH;COOH and VFAs occurred very slowly,
peaking around days 90 to 100. In comparison, psychrophilic fermentation at 15 °C, produced 0.552 + 0.089
L CH,/g VS after twelve weeks, while the use of an adaptive inoculum increased the yield to 0.874 + 0.231 L
CH,/g VS (Rama et al, 2024). Another study reported that methane production at 14 °C reached only about
30% of the yield obtained at 24 °C, indicating a reduction of more than 70% in biogas efficiency at lower
temperatures (Wang et al, 2015)

Gibbs free energy plays a crucial role in determining the spontaneity of biochemical reactions essential
for the growth of microbial colonies (Popovic, 2019). At low temperatures, the change in free energy (AG)
tends to be more positive (Ravindra and Winter, 2003), indicating that reactions are less spontaneous and
require more energy to proceed. Consequently, enzymatic activity decreases due to reduced molecular kinetic
energy, slowing down chemical reactions critical for ATP production (Amato and Christner, 2009). As a resul,
bacterial metabolic efficiency declines, limiting the energy available for protein synthesis, DNA replication, and
ion gradient maintenance (Price and Sowers, 2004). This leads to slower and suboptimal microbial growth.
High Gibbs free energy at low temperatures affects the kinetics of metabolic reactions during fermentation,
directly impacting biogas yield (Wang er al, 2015). The reactions required to convert substrates into
fermentation products such as CH,COOH and VFAs occur more slowly due to reduced enzyme activity and
higher activation energy requirements (Harirchi e a/, 2022). This makes the fermentation process less
efficient, reducing the amount of energy produced per unit of substrate. As a result, biogas production from
fermentation at low temperatures yields less because the energy generated is insufficient to support biochemical
reactions efficiently.
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Biogas (CH,;) formation pathway

At low temperatures (12 °C), this study highlights the crucial role of clusters of orthologous groups
(COGs) in the biogas production process. The hydrolysis stage involves the degradation of polysaccharides,
starch, lipids, and proteins (Figure 8).
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Figure 8. The role of microorganisms and their genetic activities in low-temperature biogas production

This process is facilitated by various enzymes, including cellobiose phosphorylase, -xylosidase, endo-
1,4-B-xylanase, peptidoglycan/xylan/chitin deacetylase, xylose isomerase, aryl-phospho-B-D-glycosidase
(BglC), PGDA/CDAI family enzymes, B-galactosidase (GanA), L-arabinose isomerase, chitinase (GH18
family), and cellulase/cellobiase. The genetic activity of COGs at low temperatures aligns with the abundance
of bacteria, indicating a critical balance in the biogas production process under extreme environmental
conditions (Li er a/, 2013). In contrast, at moderate or elevated temperatures (e.g., 35 °C), enzymatic activity
increases due to more favorable conditions for microbial growth and metabolism. The bacterial phylum
Firmicutes dominates the process, consistent with findings from previous studies conducted under both low
and high temperature conditions (Liu ez a/, 2018; Wang et al, 2019).

During the acidogenesis stage, hydrolysis products are converted into volatile fatty acids (VFAs), H,,
and CO,. This stage shows a balance between the activity of clusters of orthologous groups (COGs) and the
abundance of specific bacterial phyla, indicating a coordinated metabolic process. Dominant pathways involve
the conversion of xylose, maltose, glucose, and fructose, with key enzymatic activities including

acetyl/propionyl-CoA carboxylase (alpha subunit), butyrate kinase, and phosphotransacetylase (including Pta,
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EutD, and phosphobutyryltransferase). These activities correlate with the presence of bacteria such as
Lactobacillus reuteri, Aropostipes suicloacalis, Clostridium lavalense, Bacteroides graminisolvens, Romboutsia
timonensis, Turicibacter sanguinis, and Terrisporobacter petrolearius. The genetic activity observed under
mesophilic conditions aligns with findings from previous studies (Gaboyer ez al, 2015; Zhou et al, 2023).

An interesting aspect of acidogenesis is its role as a critical intermediary stage in anaerobic digestion (Liu
etal,2009). The production of VFAs during acidogenesis is crucial for subsequent steps, as these acids serve as
substrates for acetogenesis and methanogenesis. Additionally, the balance between COG activity and bacterial
abundance ensures an efficient and stable conversion process (Yang er a/, 2020). This balance is essential for
maintaining the overall productivity of the biogas system, particularly under varying environmental conditions.
Another noteworthy finding from our study is that CH, production primarily occurs via the H, and CO,
pathway, suggesting that optimizing processes to promote sufficient H, and CO, formation is more important
than enhancing CH;COOH production for maximizing biogas yield.

During the acetogenesis stage, the products of acidogenesis are converted into CH;COOH, catalyzed
by acetate kinase and mediated by Syntrophomonas zehnderi. Although not the primary focus of this study,
this stage remains essential, particularly under low-temperature conditions. Additionally, acetogenesis helps
reduce the accumulation of volatile fatty acids (VFAs), which can inhibit the methanogenesis stage (Yuan er
al,2019). Therefore, even though it is less dominant at lower temperatures, effective management of this stage
is critical for maintaining the overall efficiency of the biogas process. Bacterial activity concludes at this stage,
with archaea taking over in the subsequent methanogenesis phase.

The methanogenesis stage is the final step in biogas production, where methane (CH,) is formed from
precursors such as acetic acid (CH,COOH), hydrogen (H,), and carbon dioxide (CO,). At low temperatures
(12°C), the hydrogenotrophic pathway tends to dominate, involving enzymes such as formylmethanofuran
dehydrogenase and methenyl-H4MPT cyclohydrolase. Formylmethanofuran dehydrogenase catalyzes the
reduction of CO, to formylmethanofuran, marking an initial step in methanogenesis. Additionally, acetyl-CoA
synthase plays a role in converting acetic acid into acetyl-CoA, which is then transformed into methane. This
enzyme is also involved in carbon fixation and plays a broader role in microbial metabolism. COGs activity
during methanogenesis tends to be lower than the abundance of Archaca, indicating limitations in enzyme
expression and activity under low-temperature conditions (Sheridan er a/, 2000).

Although the acetoclastic pathway is less dominant at low temperatures, Methanosaeta concilii and
Methanobacterium beijingense exhibit metabolic flexibility by participating in both the acetoclastic and
hydrogenotrophic pathways. Phylogenetic analysis reveals close relationships among various archaeal species,
emphasizing the role of microbial diversity in maintaining the efficiency and stability of methanogenesis under
varying thermal conditions (Mutungwazi er al, 2021). This finding presents opportunities to enhance the
expression and activity of key enzymes through biotechnological approaches, such as genetic engineering or the
addition of exogenous enzymes that are more resistant to low temperatures. By optimizing the
hydrogenotrophic pathway, biogas production efficiency can be significantly improved, even under cold
conditions.

Strategies for enhancing biogas production at low temperatures

Improving the efficiency of biogas production at low temperatures requires the optimization of the
hydrogenotrophic pathway during the methanogenesis stage. This can be achieved through biotechnological
approaches such as genetic engineering to enhance the expression of key enzymes like formylmethanofuran
dehydrogenase, or through the addition of external enzymes that are resistant to low temperatures. These
interventions enhance the conversion of CO, and H, into methane, which is the predominant pathway at
12 °C. Additionally, maintaining a balanced interaction between COGs activity and microbial abundance
during acidogenesis and methanogenesis further ensures the stability of the fermentation system, even under

extreme environmental conditions.
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The sustainability of the process depends on the efficient management of VFAs during the acetogenesis
stage. The accumulation of VFAs, which can inhibit methanogenesis, can be mitigated by controlling microbes
such as Syntrophomonas zehnderi, which facilitates the conversion of organic acids into acetate. An integrated
approach that combines the manipulation of metabolic pathways with enzymatic technologies tailored for low
temperatures offers practical and innovative solutions to address efficiency challenges in the biogas industry.

Research contributions

This research provides in-depth insights into the role of enzymes and COGs in biogas production under
low-temperature conditions. By identifying key enzymes such as formylmethanofuran dehydrogenase and
H4MPT S-methyltransferase, the study elucidates how enzymatic activity and microbial abundance interact
during the acidogenesis and methanogenesis stages. These findings enrich the scientific literature with critical
information that can support the development of new theoretical models in anaerobic fermentation.

From a practical perspective, this research offers concrete strategies to enhance biogas production at low
temperatures. The information on genetic activity can drive the development of novel enzymatic technologies
that are more resilient to cold environments, thereby providing practical solutions for improving the efficiency
of the biogas industry.

Conclusions

Biogas production at low temperatures yielded only 0.73 L/day, with methane levels exceeding 0.517
L/g VS. This limited yield is attributed to the imbalance between microbial abundance and COGs activity,
which was observed only during the hydrolysis, acidogenesis, and acetogenesis stages, but not during
methanogenesis. The high Gibbs free energy at low temperatures decreases the spontaneity of biochemical
reactions and reduces enzymatic activity, thereby hindering fermentation efficiency and overall biogas
production.

In the hydrolysis stage, various enzymes catalyze the degradation of polysaccharides, starch, lipids, and
proteins. These include cellobiose phosphorylase, p-xylosidase, endo-1,4-f-xylanase,
peptidoglycan/xylan/chitin ~ deacetylase, ~xylose isomerase, aryl-phospho-B-D-glycosidase  (BglC),
PGDA/CDAL family enzymes, -galactosidase (GanA), L-arabinose isomerase, chitinase (GH18 family), and
cellulase/cellobiase. Clostridium cellulovoransis the dominant bacterium in this stage. During the acidogenesis
stage, the hydrolysis products are converted into volatile fatty acids (VFAs), H,, and CO,, facilitated by
enzymes such as acetyl-CoA/propionyl-CoA carboxylase and butyrate kinase, with microbial contributions
primarily from Terrisporobacter petrolearius and Lactobacillus reuteri. Although less emphasized, the
acetogenesis stage involves the conversion of VFAs into acetic acid (CH;COOH), catalyzed by acetate kinase
and primarily associated with Syntrophomonas zehnderi.

During the methanogenesis stage, which is the final step in biogas production, methane (CH,) is
generated from precursors such as acetic acid (CH,COOH), hydrogen (H,), and carbon dioxide (CO,). The
hydrogenotrophic pathway is predominant (49.2%), facilitated by enzymes such as formylmethanofuran
dehydrogenase and methenyl-H,MPT cyclohydrolase. Despite the high abundance of archaea, the genetic
activity of COGs during methanogenesis remains relatively low, suggesting limitations in enzyme expression
and activity under low-temperature conditions. Although the acetoclastic pathway is less dominant (22.8%),
Methanosacta conciliiand Methanobacterium beijingense exhibit metabolic flexibility by participating in both
the acetoclastic and hydrogenotrophic pathways.
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