Temporal Variation of Methanogenic Microbial
Community in Palm Oil Mill Effluent (POME)
Anaerobic Digester

ABSTRACT

Palm Oil Mill Effluents (POME) serve as suitable substrates for methane gas production
through anaerobic digestion. This process relies on a complex microbial community that
plays a critical role in ensuring stable anaerobic digester operation and efficient biogas
production. Among these microorganisms, methanogenic archaea are pivotal in methane
generation by utilizing diverse substrates under anoxic conditions. However, the knowledge
of the microbial communities, particularly those involved in methane production in POME
anaerobic sludge at different time intervals, remains limited. This study aims to uncover
temporal variations in microbial communities, including diversity, composition, and structure,
within POME anaerobic sludge, specifically focusing on the methanogenic archaea
community. The temporal dynamics of microbial communities in the eighteen POME
anaerobic sludge samples collected from a palm oil mill were investigated through 16S rRNA
amplicon sequencing. The results reveal consistent microbial community diversity in POME
anaerobic sludge over the study periods. Then, the sequencing also showed that Bacillota
(26.9 + 3.3%), Bacteroidota (20.2 + 5.3%), and Chloroflexota (15.0% + 6.3%) were the
dominant bacterial phyla in POME anaerobic sludge across different time frames.
Concurrently, Halobacteriota (5.9 + 2.8%), Methanobacteriota (2.5 + 0.6%), and
Nanoarchaeota (2.3 £ 1.2%) were the primary archaeal phyla identified in anaerobic sludge
at various time intervals. Furthermore, amplicon sequencing revealed the presence of two
methanogenic archaea genera, Methanothrix and Methanobacterium, associated with
acetotrophic and hydrogenotrophic methanogenesis, respectively. These findings suggest
that acetotrophic and hydrogenotrophic methanogenesis pathways are the primary
contributors to methane production in the POME anaerobic digestion process.

Keywords: Amplicon Sequencing; Microbial Diversity; Methane, Methanogens; POME
1. INTRODUCTION

Palm oil mill effluent (POME) is a viscous, brownish liquid waste resulting from palm oil
extraction. It is primarily generated through three main sources: the sterilization of fresh fruit
bunches, the pressing of empty fruit bunches, and the clarification of extracted crude palm
oil [1-3]. In brief, one ton of crude palm oil can generate approximately 2.5-3.5 tons of POME
[1, 4, 5]. Malaysia generates roughly 45 to 67.5 million tons of Palm Oil Mill Effluent (POME)
annually through the processing of 90 million tons of fresh fruit bunches [6]. POME typically
exhibits several notable characteristics, including elevated discharge temperature, acidity,
high levels of biochemical oxygen demand (BOD), and chemical oxygen demand (COD), as
well as a substantial organic content, including carbohydrates and lipids [2, 4, 7-12].




Effective treatment of POME is essential before its discharge into water bodies, as untreated
POME can result in harmful consequences and environmental pollution [6].

To date, anaerobic digestion (AD) has been widely employed for treating POME due to its
capacity for generating methane gas (CH,), which can be harnessed for energy production
[1, 2, 4, 8, 11, 13, 14]. Generally, each ton of POME introduced into the AD system has the
potential to yield 28 m® of biogas as output [1, 15, 16]. AD involves a succession of
synchronized processes in which bacterial and archaeal communities perform the
biotransformation of organic matter into biogas. These processes encompass hydrolysis,
acidogenesis, acetogenesis, and methanogenesis [17-19]. Methanogenesis represents the
final phase in AD, where all the accessible intermediates like hydrogen, acetate, and carbon
dioxide are utilized by methanogen to produce methane gas. Methanogens are categorized
into three groups according to their methanogenesis substrates: hydrogenotrophic,
acetotrophic, and methylotrophic [20, 21]. Hydrogenotrophic methanogens employ hydrogen
to reduce carbon dioxide into methane, acetotrophic methanogens break down acetate to
produce methane, and methylotrophic methanogens generate methane gas by utilizing
methylated compounds [20, 21]. Notably, the growth rate of methanogenic archaea is
relatively slow, and usually, they are sensitive to operation parameters like pH and
temperature [10, 22]. Hence, a thorough understanding of the microbial communities present
in terms of their behavior, diversity, and taxonomic composition in POME is critical to
enhancing AD performance.

Next-generation sequencing, particularly -omics technology, has been exclusively applied in
studies of microbial communities in POME [4, 23, 24]. 16S rRNA gene serves as a
commonly used phylogenetic marker in amplicon sequencing to investigate microbial
communities in diverse settings, including anaerobic digesters [4, 23-25]. A prior study
utilizing 16S rRNA amplicon sequencing on POME anaerobic sludge samples from
biohydrogen production reactions revealed that 85% of the microbial community in POME
sludge comprises bacteria, while 13% belongs to archaea within the phylum Euryarchaeota
[23]. Additionally, amplicon  sequencing detected three Archaeal families:
Methanomicrobiaceae, Methanobacteriaceae, and Methanomassilicoccaceae. The
existence of Methanomicrobiaceae and Methanobacteriaceae indicates the dominance of
hydrogenotrophic methanogens in the POME AD process [23]. However, the discovery of
microbial diversity from the previous study revealed a dearth of information on the microbial
consortium responsible for methane gas production. Therefore, 16S rRNA amplicon
sequencing can be a valuable tool for revealing temporal variations in the microbial
communities in anaerobic POME sludge.

This study focuses on the methanogenic archaea community within POME anaerobic sludge
due to their unique capacity for methane production in anaerobic digesters. The microbial
community dynamics of POME anaerobic sludge samples were investigated using 16S
rRNA amplicon sequencing at various time points between June and October 2022.
Exploring the microbial diversity in POME anaerobic sludge at different intervals can provide
a better understanding of how the microbiome composition changes at different intervals and
provide valuable insight into the potential methanogenic archaea, which could contribute to
the enhancement of biogas production.

2. MATERIALS AND METHODS
2.1 Sample Collection

POME anaerobic sludges were collected from Felda Maokil Palm Oil Mill in Labis, Johor,
Malaysia (2.316 N 102.9803 E). Prior to sample collection, the digester outlet valve was



opened, allowing the flow for at least two minutes to discard the old sludge in the dead
volume. Sampling was conducted monthly from June 2022 to October 2022, and 5 L of
samples were collected in triplicate at 5 minutes intervals using a new, tight-fitting capped
plastic container. Subsequently, the collected samples were immediately transported to the
laboratory at room temperature. The sample container was shaken vigorously to ensure
thorough mixing. Then, the samples were transferred into a 50 mL centrifuge tube and
immediately preserved at -20°C until DNA extraction [26, 27].

2.2 Total Genomic DNA Extraction

50 mL of POME anaerobic sludge samples were centrifuged at 8,000 rpm, at 4°C for 20
minutes. The pelleted anaerobic sludge samples were then transferred to extraction tubes,
with approximately 250 mg of sludge pellet used for further DNA extraction. Total DNA was
extracted using a Qiagen DNeasy® Powersoil® Pro Kit based on the manufacturer’s protocol
[28]. The extracted DNA was stored at -20°C until further processing.

2.3 DNA Concentration and Purity

Concentration of the extracted and purified DNA was estimated using NanoDrop ND-1000
Spectrophotometer (Thermo Scientific), and the purity was estimated based on the A,go/Azgo
and A,go/Assg ratio. Ultimately, DNA quality and integrity were analyzed on 1%(w/v) agarose
gel electrophoresis in 1x TAE buffer.

2.4 16S rRNA Amplicons Library Preparation, and Sequencing

The 16S rRNA amplicon libraries were generated from the total genomic DNA template via
polymerase chain reaction (PCR). Bacterial and archaeal 16S rRNA V4-V5 hypervariable
region was amplified from the ¢gDNA template using universal primers 515F-
GTGYCAGCMGCCGCGGTAA and 926R-CCGYCAATTYMTTTRAGTTT [29]. An additional
four bases of the inline barcode were introduced at the 5’ end of the primers to enable inline
barcoding [30]. Different samples were amplified using different forward and reverse inline
primer combinations. PCR was performed using SolarBio PCR mastermix (SolarBio, China)
with PCR profiles of: 95°C for 3 minutes followed by 30 cycles of 95°C for 15 s, 50°C for 10 s,
and 72°C for 20s. The barcoded amplicons were visualized on a gel, normalized and pooled
according to their intensity, and purified with 0.8x vol of SPRI bead. The purified pooled
amplicons were subsequently processed with the NEB Ultra Il Library preparation Kit,
including an lllumina adapter and dual-index barcodes. The constructed library was
qguantified using the Denovix high-sensitivity assay and sequenced on an lllumina NovaSeq
6000 for 2 x 250 paired-end sequencing.

2.5 Bioinformatic Analysis

The raw paired-end reads, and adapters were quality trimmed using fastp v0.21 [31].
Demultiplexing and primer removal of the merged reads via cutadapt v1.18 [32]. The
demultiplexed and trimmed reads were imported into QIIME2 v.2022.2 and subsequently
denoised with the Divisive Amplicon Denoising Algorithm (DADA2) [33, 34]. Further, the
amplicon sequence variant (ASV) assignment was performed using the g2-feature-classifer,
which was trained on the latest GTDB release r207 16S rRNA database. This database was
trimmed to include only the V4-V5 hypervariable region [35, 36]. ASVs with the taxonomic
assignment at least to the phylum level were chosen for further analysis. The ASV and
taxonomic classification tables were exported using QIIME2 tools into tab-separated values
(.tsv format) [37]. Then, the ASV table and taxonomic classification table were manually
formatted to generate MicrobiomeAnalyst-compatible input that can be applied further for



data visualization [38]. Lastly, the alpha- and beta-diversity estimators were calculated using
the QIIME2 plug-ins, and ANOVA was applied to compare the parametric data [39].

2.6 Data Availability

The generated sequencing data from the samples collected at various time intervals has
been submitted to the Sequence Read Archive (SRA) of the NCBI database with the
accession numbers SAMN33942899 to SAMN33942916.

3. RESULTS AND DISCUSSION

3.1 Microbial Community Diversity and Richness in the POME anaerobic sludge

A total of 835,872 raw 16S rRNA V4-V5 sequences were obtained from 18 POME anaerobic
sludge samples. Then, the retrieved reads were classified into 1,568 ASVs. Table 1.
summarizes the results of the amplicon sequencing read for all the samples analyzed in this
study. The samples were named according to the sampling date and month, and
differentiated according to A-F labelling. The assessment of the microbial community within
the anaerobic sludge yielded an average of 46,437 + 5,861 raw reads and 474 + 30 ASVs
reads.

Table 1. Summary of amplicon sequencing read outputs for all samples.
Number of Average Raw Number of Average
Sample Raw Reads Reads ASVs ASVs
All Samples 835,872 46,437 £ 5861 1,568 474 £ 30
A _JUNE_02 133,564 44,521 £ 9155 734 489 £ 51
B_JUNE_30 133,143 44,381 £ 1565 722 477 +8
C_JULY_28 137,123 45,707 + 4860 693 466 + 36
D_AUGUST_25 155,794 51,931 + 1073 714 467 £ 21
E_SEPTEMBER_26 140,427 46,809 + 6900 730 475 £ 17
F OCTOBER_25 135,821 45,273 £ 8557 725 472 £ 35

Several alpha diversity indices, such as Chao-1 richness, Shannon, and Simpson diversity,
were used to measure the microbial community diversity, evenness, and richness within the
POME anaerobic sludge [40]. Table 2 shows the biodiversity indices of each sample
investigated in this study, and the boxplots in Figure 1, Figure 2, and Figure 3 show
comparable diversity in anaerobic sludge according to the time interval. The average
Shannon and Simpson indices were 7.227 + 0.147 and 0.982 + 0.005, respectively.
Meanwhile, the Chao-1 richness average is 598.975 + 64.472. Based on the indices, the
alpha diversity of the microbial community in anaerobic sludge did not vary significantly
across the study periods [39]. From here, on average, it indicates that the microbial
community diversity in the anaerobic digester has similar richness and evenness.

Table 2. Microbial diversity indices in anaerobic sludge for each time interval.
Sample Shannon Simpson Chao-1
All Samples 7.227 £0.147 0.982 + 0.005 598.975 + 64.472
A_JUNE_02 7.380 +0.141 0.983 £0.006  595.827 + 105.539




B_JUNE_30 7.223 +0.100 0.980 + 0.000 612.873 + 7.870

C_JULY_28 7.323 +0.117 0.987 +0.006  559.000 + 71.399
D_AUGUST_25 7.150 + 0.123 0.983+0.006  598.950 + 60.573
E_SEPTEMBER_26 7553+ 0.107 0.983+0.006  609.693 + 56.372
F_OCTOBER_25 7063 +0.127 0.977 +0.006  617.507 + 93.795
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Figure 1. Boxplot showing the microbial diversity in the anaerobic sludge at

different time intervals based on Shannon index.
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Figure 2. Boxplot showing the microbial diversity in the anaerobic sludge at
different time intervals based on Simpson index.
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Figure 3. Boxplot showing the similar microbial diversity in anaerobic sludge at

different time intervals based on Chao-1 index.



The microbial community structure in the anaerobic sludge at different time intervals:
2" June, 30" June, 28™ July, 25™ August, 26" September, and 25" October, was also
evaluated based on the beta diversity index. This study assessed beta diversity using
principal coordinate analysis (PCoA) to delineate the variation between the samples. Figure
4 shows the PCoA plot for all the anaerobic sludge samples, revealing that the samples
could be categorized into six distinct groups based on the sampling data. Principal
components 1 and 2 explained 39.16% and 20.05% of the total sample variability,
respectively. The sample replicates also clustered together based on the time intervals,
suggesting a similar microbial community structure between the replicates. The separation of
the groups indicated the variation of the microbial community structure if compared to
different time intervals.
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Figure 4. Principal coordinate analysis (PCoA) plot for all the anaerobic sludge
samples according to different time intervals. The colours represent the sampling
date.

3.2 Microbial Community Composition in POME Anaerobic Sludge

The POME anaerobic sludge was found to have a consistent microbial community across
different time intervals. Specifically, the sequences were classified as a combination of
bacterial and archaeal phyla, totaling 48 phyla. The relative abundance of the taxa at the
phylum level is depicted in Figure 5.
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Figure 5. Bar plot representing the relative abundance of the bacterial and

archaeal phyla in anaerobic sludge.

Taxonomic classification at the phylum level revealed that the phylum Firmicutes (currently
known as Bacillota) (26.9 + 3.3%) were the dominant bacterial phylum in the anaerobic
sludge, followed by Bacteroidota (20.2 + 5.3%) and Chloroflexota (15.0% + 6.3%) (Figure
5.). Meanwhile, the major archaeal phyla found in the anaerobic sludge were Halobacteriota
(5.9 £ 2.8%), Methanobacteriota (2.5 + 0.6%) and Nanoarchaeota (2.3 £ 1.2%) (Figure 5.).
The bacterial phyla Bacillota, Bacteroidota, and Chloroflexota are commonly found in biogas
reactor systems, particularly during the acidogenesis stage of anaerobic digestion [4, 17, 24,
41, 42]. Furthermore, Halobacteria and Methanobacteriota are the methanogenic archaea
mainly involved in biogas production [23, 41, 43, 44]. This study investigated the
methanogenic archaeal community further, owing to their distinct ability to generate methane
in anaerobic digesters.

Methanogens are microorganisms belonging to the archaea domain that are able to produce
methane as a metabolic by-product using various substrates, including hydrogen, carbon
dioxide, acetate, and methyl compounds. In this study, at the family level, the detected
methanogenic archaea are Methanotrichaceae, Methanoculleaceae, Methanospirillaceae,



Methanoregulaceae from the phylum Halobacteriota; Methanobacteriaceae from the phylum
Methanobacteriota; Methanomassiliicoccaceae, Methanomethylophilaceae from the phylum
Thermoplasmatota, and Methanomethylicaceae from the phylum Thermoproteota. The
percentage of detected methanogenic archaea at the family level to their respective phylum
is illustrated in Figure 6. To further investigate the microbial community in the POME
anaerobic sludge, the relative abundance of the bacterial and archaeal members at the
family level is presented in Figure 7.

(a) Halobacteriota (c) Thermoplasmatota
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Figure 6. The detected methanogenic archaea at the family level according to

their respective phylum. (a) Halobacteriota, (b) Methanobacteriota, (c)
Thermoplasmatota, (d) Thermoproteota.
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Figure 7. Bar plot representing the relative abundance of the bacterial and

archaeal families in the anaerobic sludge.

As shown in Figure 7, only two abundant methanogens,
Methanotrichaceae and Methanobacteriaceae, dominated the methanogenic archaeal
community, representing a relative abundance of 5.01 + 2.39% and 2.51 * 0.62%,
respectively. Methanogens, especially Methanotrichaceae and Methanobacteriaceae, are
commonly observed in the previous biogas microbiome study in anaerobic digesters [4, 42,
45-47]. Methanotrichaceae are classified as acetoclastic methanogens capable of converting
acetate to methane [47, 48]. At the same time, Methanobacteriaceae are hydrogenotrophic
methanogens mainly involved in reducing carbon dioxide to methane [47, 48]. Furthermore,
the methanogenic genera Methanothrix (4.92 + 2.36%) and Methanobacterium (1.25 +
0.35%) were discovered in the anaerobic sludge, as shown in Figure 8. Methanothrix
belongs to the Methanotrichaceae family and is exclusively acetoclastic methanogens.
Methanobacterium from the Methanobacteriaceae family is mainly involved in
hydrogenotrophic methanogenesis. Hence, from the methanogenic archaeal community
information, the predominant pathways for methanogenesis in the POME anaerobic sludge
can be attributed to acetoclastic methanogenesis facilitated by Methanothrix and
hydrogenotrophic methanogenesis primarily associated with Methanobacterium.
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Figure 8. Bar plot representing the relative abundance of the bacterial and

archaeal genus in the anaerobic sludge.

4. CONCLUSION

The microbial community in the anaerobic digester based on the anaerobic sludge showed
comparable richness and evenness through the monitoring period. However, there is a
noticeable variation in the microbial community structure, indicating the temporal variation.
The dominant bacterial phyla found include Bacillota, Bacteroidota, and Chloroflexota. At the
same time, the archaeal community is primarily composed of methanogens, with a
significant presence of the phyla Halobacteriota and Methanobacteriota. Methanogenic
archaea are the predominant community responsible for methane production in this
anaerobic digestion process. Among the identified prevalent methanogens are the
acetoclastic Methanothrix and hydrogenotrophic Methanobacterium. This suggests that both
acetoclastic and hydrogenotrophic methanogenesis are involved in methane production in
the POME anaerobic digester.

ACKNOWLEDGEMENTS

11



The authors would like to acknowledge the funding received from Universiti Teknologi
Malaysia via UTMShine grant no. 09G86 and the Industry-International Incentive (IlIG) grant
no. 03M84.

REFERENCES

1.

10.

11.

12.

13.

14.

Lee, Z.S., S.Y. Chin, J.W. Lim, T. Witoon, and C.K. Cheng, Treatment technologies
of palm oil mill effluent (POME) and olive mill wastewater (OMW): a brief review.
Environmental Technology & Innovation, 2019. 15: p. 100377.

Tanikkul, P., S. Boonyawanich, and N. Pisutpaisal, Production of methane from
ozonated palm oil mill effluent. International Journal of Hydrogen Energy, 2019.
44(56): p. 29561-29567.

Yap, C.C., S.K. Loh, Y.J. Chan, C.V. Supramaniam, A.C. Soh, M.F. Chong, et al.,
Pilot-Scale anaerobic co-digestion of palm oil mill effluent with Moringa Oleifera
filtrate in an integrated anaerobic—aerobic bioreactor. BioEnergy Research, 2023.
16(3): p. 1922-1938.

Aka, B.E.Z., T.N.d. Djeni, S.L.T. Amoikon, J. Kannengiesser, N. Ouazzani, and M.K.
Dje, High-throughput 16S rRNA gene sequencing of the microbial community
associated with palm oil mill effluents of two oil processing systems. Scientific
Reports, 2021. 11(1): p. 13232.

Tan, V.W.G., Y.J. Chan, S.K. Arumugasamy, and J.W. Lim, Optimizing biogas
production from palm oil mill effluent utilizing integrated machine learning and
response surface methodology framework. Journal of Cleaner Production, 2023.
414: p. 137575.

Ng, D.K.S., S.L.X. Wong, V. Andiappan, and L.Y. Ng, Mathematical optimisation for
sustainable bio-methane (Bio-CH4) production from palm oil mill effluent (POME).
Energy, 2023. 265: p. 126211.

Ahmed, Y., Z. Yaakob, P. Akhtar, and K. Sopian, Production of biogas and
performance evaluation of existing treatment processes in palm oil mill effluent
(POME). Renewable and Sustainable Energy Reviews, 2015. 42: p. 1260-1278.
Akhbari, A., P.K. Kutty, O.C. Chuen, and S. Ibrahim, A study of palm oil mill
processing and environmental assessment of palm oil mill effluent treatment.
Environmental Engineering Research, 2020. 25(2): p. 212-221.

Tan, Y.D. and J.S. Lim, Feasibility of palm oil mill effluent elimination towards
sustainable Malaysian palm oil industry. Renewable and Sustainable Energy
Reviews, 2019. 111: p. 507-522.

Hesam, K., Shreeshivadasan Chelliapan, Mohd Fadhil Md Din, Shahabaldin
Rezania, Tayebeh Khademi, Ashok Kumar, Palm oil mill effluent as an
environmental pollutant, in Palm Oil, V. Waisundara, Editor. 2018, IntechOpen.
Abdurahman, N.H., Y.M. Rosli, N.H. Azhari, G. Hayder, and |. Norasyikin, A hybrid
ultrasonic membrane anaerobic system (UMAS) development for palm oil mill
effluent (POME) Treatment. Processes, 2023. 11(8): p. 2477.

Suksaroj, C., K. Jearat, N. Cherypiew, C. Rattanapan, and T.T. Suksaroj, Promoting
Circular Economy in the Palm Oil Industry through Biogas Codigestion of Palm Oil
Mill Effluent and Empty Fruit Bunch Pressed Wastewater. Water, 2023. 15(12): p.
2153.

Hamzah, M.A.F., P.M. Abdul, S.S. Mahmod, A.M. Azahar, and J.M. Jahim,
Performance of anaerobic digestion of acidified palm oil mill effluent under various
organic loading rates and temperatures. Water, 2020. 12(9).

Nakasaki, K., K.K. Nguyen, F.C. Ballesteros, T. Maekawa, and M. Koyama,
Characterizing the microbial community involved in anaerobic digestion of lipid-rich
wastewater to produce methane gas. Anaerobe, 2020. 61: p. 102082.

12



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.
29.

30.

31.

Aziz, M.M.A., K.A. Kassim, M. ElSergany, S. Anuar, M.E. Jorat, H. Yaacob, et al.,
Recent advances on palm oil mill effluent (POME) pretreatment and anaerobic
reactor for sustainable biogas production. Renewable and Sustainable Energy
Reviews, 2020. 119: p. 109603.

Rashidi, N.A., Y.H. Chai, and S. Yusup, Biomass energy in Malaysia: current
scenario, policies, and implementation challenges. BioEnergy Research, 2022.
Dzulkarnain, E.L.N., J.O0. Audu, W.R.Z. Wan Dagang, and M.F. Abdul-Wahab,
Microbiomes of biohydrogen production from dark fermentation of industrial wastes:
current trends, advanced tools and future outlook. Bioresources and Bioprocessing,
2022. 9(1): p. 16.

Lim, J.W., T. Park, Y.W. Tong, and Z. Yu, Chapter One - The microbiome driving
anaerobic digestion and microbial analysis, in Advances in Bioenergy, Y. Li and S.K.
Khanal, Editors. 2020, Elsevier. p. 1-61.

Phan, K.-H., A.-T. Nguyen, S.-L. Le, T.-M. Ngo, T.N.-D. Cao, T.-T. Nguyen, et al.,
Thermophilic anaerobic digestion and emerging methods for organic waste
treatment: A review. Bioresource Technology Reports, 2023. 22: p. 101402.

Lyu, Z., N. Shao, T. Akinyemi, and W.B. Whitman, Methanogenesis. Current
Biology, 2018. 28(13): p. R727-R732.

Meegoda, J.N., B. Li, K. Patel, and L.B. Wang, A review of the processes,
parameters, and optimization of anaerobic digestion. International Journal of
Environmental Research and Public Health, 2018. 15(10).

Tonanzi, B., A. Gallipoli, A. Gianico, D. Montecchio, P. Pagliaccia, M. Di Carlo, et al.,
Long-term anaerobic digestion of food waste at semi-pilot scale: Relationship
between microbial community structure and process performances. Biomass and
Bioenergy, 2018. 118: p. 55-64.

Audu, J., N. lIbrahim, Z. Ibrahim, W.R.Z. Wan Dagang, A. Yahya, H. Hussin, et al.,
Optimization of the operational parameters for mesophilic biohydrogen production
from palm oil mill effluent using enriched mixed culture. Biomass Conversion and
Biorefinery, 2021.

Khalid, N.A., H. Rajandas, S. Parimannan, L.J. Croft, S. Loke, C.S. Chong, et al.,
Insights into microbial community structure and diversity in oil palm waste compost.
3 Biotech, 2019. 9(10): p. 364.

Neoh, C.H., P.Y. Yung, Z.Z. Noor, M.H. Razak, A. Aris, M.F. Md Din, et al.,
Correlation between microbial community structure and performances of membrane
bioreactor for treatment of palm oil mill effluent. Chemical Engineering Journal,
2017. 308: p. 656-663.

Singka, D., L. Kumdhitiahutsawakul, P. Rekkriangkrai, and W. Pathomaree, A
simple method for DNA extraction from activated sludge. Chiang Mai Journal of
Science, 2012. 39: p. 111-118.

Gallardo-Altamirano, M.J., P. Maza-Marquez, N. Montemurro, S. Pérez, B. Rodelas,
F. Osorio, et al., Insights into the removal of pharmaceutically active compounds
from sewage sludge by two-stage mesophilic anaerobic digestion. Science of The
Total Environment, 2021. 789: p. 147869.

Qiagen, DNeasy® PowerSoil® Pro Kit Handbook. 2021.

Walters, W., R. Hyde Embriette, D. Berg-Lyons, G. Ackermann, G. Humphrey, A.
Parada, et al., Improved bacterial 16S rRNA Gene (V4 and V4-5) and fungal internal
transcribed spacer marker gene primers for microbial community surveys.
mSystems, 2015. 1(1): p. e00009-15.

Glenn, T.C., T.W. Pierson, N.J. Bayona-Vasquez, T.J. Kieran, S.L. Hoffberg, J.C.
Thomas Iv, et al., Adapterama Il: universal amplicon sequencing on lllumina
platforms (TaggiMatrix). PeerJ, 2019. 7: p. e7786.

Chen, S., Y. Zhou, Y. Chen, and J. Gu, fastp: an ultra-fast all-in-one FASTQ
preprocessor. Bioinformatics, 2018. 34(17): p. i884-i890.

13



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Martin, M., Cutadapt removes adapter sequences from high-throughput sequencing
reads. EMBnet.journal; Vol 17, No 1: Next Generation Sequencing Data AnalysisDO
-10.14806/€j.17.1.200, 2011.

Bolyen, E., J.R. Rideout, M.R. Dillon, N.A. Bokulich, C.C. Abnet, G.A. Al-Ghalith, et
al., Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nature Biotechnology, 2019. 37(8): p. 852-857.

Callahan, B.J., P.J. McMurdie, M.J. Rosen, AW. Han, AJ.A. Johnson, and S.P.
Holmes, DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nature Methods, 2016. 13(7): p. 581-583.

Bokulich, N.A., B.D. Kaehler, J.R. Rideout, M. Dillon, E. Bolyen, R. Knight, et al.,
Optimizing taxonomic classification of marker-gene amplicon sequences with QIIME
2’s q2-feature-classifier plugin. Microbiome, 2018. 6(1): p. 90.

Parks, D.H., M. Chuvochina, P.-A. Chaumeil, C. Rinke, A.J. Mussig, and P.
Hugenholtz, A complete domain-to-species taxonomy for bacteria and archaea.
Nature Biotechnology, 2020. 38(9): p. 1079-1086.

Dubois, B., F. Debode, L. Hautier, J. Hulin, G.S. Martin, A. Delvaux, et al., A detailed
workflow to develop QIIME2-formatted reference databases for taxonomic analysis
of DNA metabarcoding data. BMC Genomic Data, 2022. 23(1): p. 53.

Chong, J., P. Liu, G. Zhou, and J. Xia, Using MicrobiomeAnalyst for comprehensive
statistical, functional, and meta-analysis of microbiome data. Nature Protocols,
2020. 15(3): p. 799-821.

King, B.M., Analysis of variance, in International Encyclopedia of Education (Third
Edition), P. Peterson, E. Baker, and B. McGaw, Editors. 2010, Elsevier: Oxford. p.
32-36.

Willis, A.D., Rarefaction, alpha diversity, and statistics. Frontiers in Microbiology,
20109. 10.

Campanaro, S., L. Treu, L.M. Rodriguez-R, A. Kovalovszki, R.M. Ziels, |. Maus, et
al., New insights from the biogas microbiome by comprehensive genome-resolved
metagenomics of nearly 1600 species originating from multiple anaerobic digesters.
Biotechnology for Biofuels, 2020. 13(1): p. 25.

Tirapanampai, C., N. Toewiwat, N. Weeranoppanant, P. Chaiyen, and T. Wongnate,
Processing of palm oil mill effluent (POME) into food waste digesting microbes: an
investigation of acclimatization strategies. Sustainable Energy Technologies and
Assessments, 2022. 52: p. 102287.

Harirchi, S., S. Wainaina, T. Sar, S.A. Nojoumi, M. Parchami, M. Parchami, et al.,
Microbiological insights into anaerobic digestion for biogas, hydrogen or volatile fatty
acids (VFAs): a review. Bioengineered, 2022. 13(3): p. 6521-6557.

Wirth, R., B. Pap, D. Dudits, B. Kakuk, Z. Bagi, P. Shetty, et al., Genome-centric
investigation of anaerobic digestion using sustainable second and third generation
substrates. Journal of Biotechnology, 2021. 339: p. 53-64.

Liu, C., D. Sun, Z. Zhao, Y. Dang, and D.E. Holmes, Methanothrix enhances biogas
upgrading in microbial electrolysis cell via direct electron transfer. Bioresource
Technology, 2019. 291: p. 121877.

Lam, T.Y.C., R. Mei, Z. Wu, P.K.H. Lee, W.-T. Liu, and P.-H. Lee, Superior
resolution characterisation of microbial diversity in anaerobic digesters using full-
length 16S rRNA gene amplicon sequencing. Water Research, 2020. 178: p.
115815.

Zhang, Q., M. Wang, X. Ma, Q. Gao, T. Wang, X. Shi, et al., High variations of
methanogenic microorganisms drive full-scale anaerobic digestion process.
Environment International, 2019. 126: p. 543-551.

Zhang, L., K.-C. Loh, J. Zhang, L. Mao, Y.W. Tong, C.-H. Wang, et al., Three-stage
anaerobic co-digestion of food waste and waste activated sludge: Identifying

14



bacterial and methanogenic archaeal communities and their correlations with
performance parameters. Bioresource Technology, 2019. 285: p. 121333.

15



