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Acetogens play a very important role in anaerobic digestion and are essential in ensuring
process stability. Despite this, targeted studies of the acetogenic community in biogas
processes remain limited. Some efforts have been made to identify and understand this
community, but the lack of a reliable molecular analysis strategy makes the detection of
acetogenic bacteria tedious. Recent studies suggest that screening of bacterial genetic
material for formyltetrahydrofolate synthetase (FTHFS), a key marker enzyme in the Wood-
Ljungdahl pathway, can give a strong indication of the presence of putative acetogens in
biogas environments. In this study, we applied an acetogen-targeted analyses strategy
developed previously by our research group for microbiological surveillance of commercial
biogas plants. The surveillance comprised high-throughput sequencing of FTHFS gene
amplicons and unsupervised data analysis with the AcetoScan pipeline. The results
showed differences in the acetogenic community structure related to feed substrate and
operating parameters. They also indicated that our surveillance method can be helpful in
the detection of community changes before observed changes in physico-chemical
profiles, and that frequent high-throughput surveillance can assist in management towards
stable process operation, thus improving the economic viability of biogas plants. To our
knowledge, this is the first study to apply a high-throughput microbiological surveillance
approach to visualise the potential acetogenic population in commercial biogas digesters.

Keywords: anaerobic digestion, acetogens, formyltetrahydrofolate synthetase, high-throughput sequencing,
community profile

INTRODUCTION

Biogas generation is a very versatile process, in which almost any biodegradable material can
be used to produce biogas and biofertiliser (Schniirer, 2016; Schniirer and Jarvis, 2017). It
involves a complex and interdependent anaerobic microbiological consortium working in synergy
to carry out hydrolysis, acidogenesis, anaerobic/syntrophic oxidation and methanogenesis
(Schniirer, 2016; Borja and Rincon, 2017; Robles et al., 2018; Kleinsteuber, 2019; Theuerl et al.,
2019). Thousands of known and unknown microbial species cooperate and coordinate in the
biogas process, making it very different from other industrial fermentation processes
(Wolf et al., 2009; Madsen et al., 2011; Drosg, 2013; Ferguson et al., 2014; Maus et al., 2016;
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Treu et al.,, 2016; Campanaro et al., 2020; Yoshida and Shimizu,
2020). This microbiological complexity lowers the scope for
automatic control and optimisation, making the process prone
to unintended changes in performance and stability (Ward
et al., 2008; Wolf et al., 2009; Madsen et al., 2011). For adequate
use of the resources invested in commercial biogas production,
process optimisation and constant monitoring of the process
are extremely important (Madsen et al., 2011; Drosg, 2013;
Schniirer, 2016). Various physical and chemical analysis
technologies are available for monitoring the biogas process,
but they are based on consequential parameters and are not
completely reliable in predicting disturbances in microbial
communities (Ward et al., 2008; Ferguson et al., 2018; Yoshida
and Shimizu, 2020). Therefore, new methods are needed for
constant monitoring of microbiological community structure
and dynamics in biogas reactors (Fernindez et al, 1999;
Drosg, 2013; Ferguson et al., 2014).

The whole microbial aggregation is important in the synergistic
coordination required for the biogas process (Schniirer, 2016;
Kleinsteuber, 2019). Among the microbial communities involved,
the acetogenic community is critical in synchronising and
balancing the biogas process and acts as a connecting link
between hydrolysing/fermenting bacteria and methanogens
(Kovécs et al.,, 2004). Despite their importance and versatility
in biogas generation, the acetogens remain neglected in
microbiome-oriented studies on the anaerobic digestion process
(Theuerl et al., 2019). Studies using advanced technologies,
such as metagenomics, metatranscriptomics, metaproteomics,
etc., have demonstrated that biogas microbiomes are highly
diverse and that each biogas reactor develops its specific
microbial community based on the substrate/s and operating
parameters (Schliiter et al., 2008; Hanreich et al., 2012; Heyer
et al., 2013, 2016; Kohrs et al., 2014; Campanaro et al., 2016;
Giillert et al., 2016; Luo et al., 2016; Maus et al., 2016; Ortseifen
et al,, 2016; Treu et al, 2016). Large-scale omics studies have
been paramount in unravelling microbial dark matter, but none
to date has focused on the structure or diversity of specifically
acetogenic communities or examined the importance or
functional role of this vital group in biogas reactors.

Some targeted amplicon-based studies have examined the
acetogenic communities in biogas reactors and other
environments (Leaphart and Lovell, 2001; Pester and Brune,
2006; Ohashi et al., 2007; Gagen et al., 2010, 2014; Henderson
et al., 2010; Akuzawa et al., 2011; Hori et al., 2011; Westerholm
et al., 2011a, 2018; Moestedt et al., 2016; Miiller et al., 2016;
Li et al,, 2017; Saheb-Alam et al., 2017). These studies employed
the formyltetrahydrofolate synthetase (FTHFS) gene, which is
a marker for acetogenic bacteria but were performed using
techniques, such as clone library or T-RFLP profiling, yielding
limited information about acetogenic community structure and
diversity, taxonomic identities, temporal changes, etc. This was
due to the lack of tools and methods that could be used
efficiently and reliably to gain a deeper understanding of
acetogenic communities and their characteristics. Recent
developments, such as the creation of the acetogen-specific
database AcetoBase (Singh et al., 2019) and the high-throughput
data analysis pipeline AcetoScan (Singh et al, 2020), have

helped significantly in facilitating the in-depth analysis of
potential acetogenic communities. Moreover, a recent comparative
study demonstrated the superiority of a FTHFS gene-based
sequencing method over FTHFS gene-based T-RFLP or 16S
rRNA gene sequencing in targeting acetogenic community
structure and community dynamics (Singh et al., 2021a).

The aim of the present study was to use a FTHFS gene-
based high-throughput sequencing method for microbiological
surveillance of potential acetogenic communities in commercial
biogas plants in Sweden. For this, long time series of weekly
samples from full-scale biogas reactors operating with different
feed substrates (food waste, sludge, manure, green waste, etc.)
and operating conditions were used. To our knowledge, no
previous study has successfully devised and applied an acetogenic
community-oriented microbiological surveillance strategy for
biogas plants.

MATERIALS AND METHODS

Sample Collection and Processing

Samples were collected weekly for several years from six Swedish
biogas plants with different operating conditions [continuous
stirred-tank reactor (CSTR) or plug flow, organic loading rate
(OLR), hydraulic retention time (HRT), temperature, etc.] and
different substrates (e.g., food waste, food waste with sludge,
agricultural waste, manure, sludge, etc; Table 1). Volatile fatty
acid (VFA) analysis, including C2-C6 acids, was performed by
the respective biogas plant operator and process metadata (OLR,
HRT, temperature, gas yield, methane content, ammonium-nitrogen,
pH, VFA, etc.) were provided. The VFA and ammonium-nitrogen
analyses were mainly performed using methods described by
Moestedt et al. (2016). The period with no VFA accumulation
was defined as the stable phase, the period with VFA accumulation
as the disturbance phase, and the subsequent phase, where the
accumulated VFA were degraded, as the recovery phase. Disturbance
was characterised by varying levels of volatile acid accumulation
(2-17 g/L). Samples for microbiological surveillance were selected
using a disturbance-centred strategy, with samples collected from
the stable phase preceding disturbance, during the disturbance
phase and in the recovery phase. For DNA extraction and library
preparation, single replicates from the stable phase and two or
three replicates from the disturbed phase over an extended time
series were selected. The genomic DNA and sequencing library
were prepared as previously described (Singh, 2020; Singh et al.,
2021a). All samples were pooled, with an equal amount from
each (20 ng), and paired-end sequencing was carried out on
Mlumina MiSeq with v3 chemistry at the sequencing facility of
the SNP&SEQ technology platform in Uppsala (UGC, 2018). For
multiplexed high-throughput sequencing, a total of 391 samples
were used in two separate sequencing runs, from which the data
were combined for analysis.

Sequence Data Analysis
Unsupervised FTHES gene sequence data analysis was performed
using the AcetoScan pipeline (1.0; Singh et al., 2020). Before the
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Cow/pig manure, cereals, silage and fats
Horse/chicken/pig manure and cereal

Food waste + sewage sludge
husks

Substrate
Food waste

Reactor type

Plug-flow
CSTR
CSTR
CSTR

Reactor code
C1-DD1
C2-VX1/2
C3-K1/2
C4-Vs1/2

TABLE 1 | Characteristics of the six Swedish commercial and industrial-scale biogas reactors sampled for microbiological surveillance in this study.

4t

1
ot
3t

27-50
45-111

0.2-3.9
3.4-7.7

38-42

36-40

2.2-34
2.9-3.7

7.5-8.2

7.3-7.9

0.0-0.2

11,937
10,255

Food/slaughterhouse waste

C5-A1/3 CSTR

C6-01/2

5t

0-3.3

Stillage, grass silage and plant residues

CSTR

6t

Values included in the table are metadata provided by respective biogas plant operator. "Plug-flow dry digestion type biogas reactor. *Parallel biogas reactor. Average values/range of each parameter are provided here, for exact values

see supplementary material.

analysis, a single file was created by concatenating the raw
forward and reverse read files for each sample. The parameters
used for the AcetoScan analysis were —m 300, —n 150, —q 20,
—c 5 and —e le-30, while for other parameters default settings
were used (AcetoScan users’ manual). Customised visualisation
of the AcetoScan results was done using the packages phyloseq
(1.30.0; McMurdie and Holmes, 2013) and vegan (2.5.7; Oksanen
et al,, 2019) in R (3.6.3; R Core Team, 2013) and RStudio
(1.3.1073; RStudio Team, 2020). All data processing and visual
analyses were performed on a Debian Linux-based system
with x86_64 architecture and 3.4 Ghz Intel® Core™
i7-6700 processor.

RESULTS

Reactor Characteristics

The biogas reactors that supplied samples for the analysis
differed in their operating strategies and feed substrates (see
Table 1). Except for reactor C1-DD1, all reactors were parallel
reactors at the specific plant (C2-C5). During the sampling
period, some fluctuations in feed ratio, temperature and OLR
and in associated consequential parameters, such as methane
and carbon dioxide content (%), pH, etc., were observed
(Table 1). Reactor C1-DDI, a food waste plug flow reactor,
reached a very high level of VFA accumulation (~17 g/L), but
only minor VFA accumulation (2-3 g/L) was observed for
the CSTR reactors C2-VX1/2, C3-K1/2, C4-VS1/2 and C6-01/2,
and no accumulation of VFA was observed in C5-Al/3.

High-Throughput Sequencing

The size (compressed) of combined forward and reverse reads
from two separate runs was ~6.5 and ~7.1 Gb, respectively.
Since the forward and reverse reads cannot be paired, the
forward and reverse read fastq files for individual samples
were merged in a single file. The overall final size of the
merged fastq data files was ~14 Gb and ~61 M sequences.
After quality filtering ~35 M sequences were used for clustering
at 100% identity, which resulted in 1897 OTUs.

Potential Acetogenic Community Structure
The total number of taxa detected in community-level analysis
for the classification levels from phylum to species was 11,
23, 32, 52, 106 and 152, respectively. It should be noted that
for C1-DD1, the initial samples (1-4) were taken from a stable
period longer than 1 year (with low VFA levels), whereas the
following samplings were in the VFA accumulation phase
(Figure 1). However, community structure was similar in the
phases before and after VFA accumulation.

Phylum-Level Community Structure

The top three most abundant phyla detected in all the reactors
were Firmicutes, Candidatus Clocimonetes and Actinobacteria
(Figure 1). At phylum level, the changes in community structure
during VFA accumulation were most distinct for C1-DDI.
Candidatus Clocimonetes was the most abundant phylum in
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FIGURE 1 | Phylum-level community structure in the six reactors (C1-C6) visualised with formyltetrahydrofolate synthetase (FTHFS) amplicon sequencing. The

M Synergistetes M x-Minor phylum (<0.25%)

the stable and recovery phases, but during the period with
VFA increase the community structure drastically changed and
Firmicutes was instead the dominant phylum, representing
>90% of total relative abundance (RA; Figure 1). The phylum-
level community structure for C2-VX1/2 showed the highest
abundance of Firmicutes (RA ~50-60%) and Actinobacteria
(RA ~25-35%), followed by Candidatus Clocimonetes (RA
~1-20%), Bacteroidetes and Synergistetes. The phylum-level
community structure in C3-K1/2 and C4-VS1/2 was found to
be similar with respect to the top three phyla, viz. Firmicutes
(RA ~40-50%), Actinobacteria (RA ~20-40%) and Candidatus
Clocimonetes (RA ~5-20%). High abundance of Candidatus
Clocimonetes (RA ~10-90%) compared with Firmicutes (RA
~8-40%) and Actinobacteria (RA ~2-35%) was also observed
in C5-A1/3. In reactor C6-O1/2, the top three phyla were
Firmicutes, Candidatus Clocimonetes and Actinobacteria, which
showed similar RA.

Genus- and Species-Level Community Structure

A total of 106 genera were observed in the genus-level community
analysis, but in low abundance, with only 39 and 32 genera
having RA >3 and >5%, respectively. At species level, 152
species we observed, of which 48 and 37 species had RA >3
and >5%, respectively. Overall, Candidatus Cloacimonetes
bacterium was the most abundant genus detected (Figure 2).
It was also the most abundant genus in C1-DDI, before and
after VFA accumulation, and in C5-A1/3 and C6-O1/2. However,
in reactor C2-VX1/2, Enteroscipio and Oscillibacter were instead
the most abundant genera, except in the first period of
surveillance, where this reactor was enriched with uncultured
Firmicutes bacterium. Other genera identified at relatively high

abundance (RA >3%) were Lagierella and Varibaculum in
C6-01/2 and Tepidanaerobacter, most significantly (RA >3%)
in C4-VS1/2 (Figure 2).

For the species-level community analysis, the threshold
used for visualisation was 3% RA. The results showed that
the Candidatus Cloacimonetes bacterium in the different
reactors was represented by three different species (Figure 3).
In reactor C1-DD1, Cloacimonetes bacterium HGW_
Cloacimonetes_3 (Cloacimonetes_ HGW3) was the only species
detected within the phylum Candidatus Clocimonetes. With
the increase in VFA levels in reactor C1-DD1, the RA of
this genus fell below the 3% threshold, in parallel with
appearance and increasing RA of the species Romboutsia
weinsteinii and Oxobacter pfennigii. In C5-A1/3, the species
Cloacimonetes_ HGW1 was instead detected (RA >3%). The
species Cloacimonetes_ HGW2 was detected (RA >3%) in
all reactors except for C1-DD1 and C2-VX1/2. Other species
detected were Mahella australiensis, observed in C5-Al1/3,
Lactobacillus antri, detected in C3-K1/2 and C4-VS1/2, and
Thermoanaerobacter kivui, detected in reactors C1-DD1 and
C5-A1/3. Clostridium beijerinckii was most significantly
observed during the high VFA levels in reactor C1-DD1
(Figure 3).

Non-metric multidimensional scaling (NMDS) diversity analysis
with Bray distances helped to visualise differences in microbial
diversity in samples from the different biogas reactors under the
influence of different operating parameters (Figure 4). The most
influential driving parameters for microbial community structure
in reactor C1-DD1 were ammonium and VFA level. The temperature
was the most influential environment variable for microbial
community structure in reactor C2-VX1/2. Reactors C3-K1/2 and
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FIGURE 2 | Genus-level community structure in the six reactors (C1-C6) visualised with FTHFS amplicon sequencing. The black line represents the concentration
(g/L) of total volatile fatty acids.

FTHFS: Species level (> 3 %)
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FIGURE 3 | Species-level community structure in the six reactors (C1-C6) visualised with FTHFS amplicon sequencing. The black line represents the concentration
(g/L) of total volatile fatty acids.

Based on NMDS analysis with Bray distances on samples from
the different reactors, the top 15 species from the top three phyla

C4-VS/2 did not show any specific significant sample dispersal
under any environment variable. The samples from reactor C5-A1/3

were observed to be influenced by OLR and HRT, while those
from reactor C6-O1/2 were influenced by the combined effect
of HRT and temperature.

showed relationships with physico-chemical changes (Figure 5).
The species Romboutsia weinsteinii and Oxobacter pfennigii were
found to be positively related to ammonium and VFA levels in
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FIGURE 4 | Beta-diversity of samples from the six reactors (where C2—-C6 are parallel reactors) operated with different substrates visualised with FTHFS amplicon
sequencing and non-metric multidimensional scaling (NMDS) analysis with Bray distances.

the reactor, whereas Cloacimonetes. HGW3 appeared to be most
sensitive to changes in physico-chemical parameters, particularly
OLR, VFA and ammonium. Lagierella massiliensis and Varibaculum
timonense were positively influenced by temperature and HRT.
Uncultured Eggerthellaceae bacterium and Firmicutes bacterium
showed negative relationships with VFA levels.

DISCUSSION

Community profiling analyses using FTHFS gene amplicon
sequencing revealed potential acetogenic community structure,
temporal dynamics and the influence of environmental variables
on the microbial diversity in biogas reactors. Different reactors
were operated with different feed substrates and operating
conditions (Table 1), which resulted in differences and some
similarities in overall community profile and dynamics. However,

the similarities and difference in community structure could
not be directly associated to the substrate type. The reactors
used in this study were operated with mixed waste, which
might explain why a clear substrate-specific clustering of samples
or taxa were not observed (Figures 4, 5). The main driver of
the community structure appeared instead to be the ammonium
levels in different reactors. This result is in concordance with
the previous studies of the biogas microbiome targeting 16S
rRNA, suggesting that ammonia is a strong driver for clustering
the community (De Vrieze et al, 2015). The most distinct
features of the microbial communities in the individual reactors,
in association with the environmental parameters, are further
discussed below.

Reactor C1-DDI, a high solid plug flow system operating
at high loads using food waste as substrate showed drastic
changes in community structure during the sampling period.
This could have been partly due to the large sampling gap
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FTHFS: NMDS plot (Bray) for top 3 phyla and 15 genera, Stress=0.230
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FIGURE 5 | Beta-diversity of the top 15 genera belonging to the top three phyla from in reactors (C1-C6) operated with different substrates, visualised with FTHFS
amplicon sequencing and NMDS analysis with Bray distances.

(385 days) between samples 4 and 5, but was more likely
caused by an increase in VFA level around sampling point 7,
caused by an increase in ammonium-nitrogen level (to above
6 g/L). Ammonium-nitrogen concentrations of this level have
previously been shown to cause a significant inhibition of the
biogas process and VFA consumption (Moestedt et al., 2016;
Schniirer and Jarvis, 2017). Moreover a shift in the potential
acetogenic community in response to increasing ammonia level
and a shift to syntrophic acetate oxidation have been observed

before targeting FTHFS gene in TRFLP analyses
(Miller et al., 2016). The species Romboutsia weinsteinii,
Thermoanaerobacter kivui and Oxobacter pfennigii were the
most prominent species in C1-DD1 when the VFA levels were
high, and with the appearance of Clostridium beijerinckii, a
drop in VFA levels was seen. It should be noted that
Thermoanaerobacter kivui and Clostridium beijerinckii are known
acetogens (Drake et al., 2008; Singh et al., 2019), while Romboutsia
weinsteinii and Oxobacter pfennigii are suggested to be acetogens
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(Collins et al., 1994; Nierychlo et al., 2020). Romboutsia was
previously observed to be a misclassification of Acetobacterium
woodii in AcetoScan mock-community analyses by Singh et al.
(2020). Acetobacterium woodii is a known acetogen and, if it
were misclassified as Romboutsia, the involvement of acetogens
in VFA metabolism is further supported. Clostridium beijerinckii
is a versatile acetogenic species since, in addition to acetate,
it can produce ethanol, butyrate, etc. (Patakova et al., 2019).

Peptococcaceae bacterium was also observed (RA ~3-8%)
while the VFA levels were high in reactors C1-DD1. This
OTU, also found in C3-K1/2 and in the stable phase in C5-A1/3,
were 84-92% similar to Peptococcaceae bacterium 1109,
previously proposed to be a syntrophic organic acid-oxidising
bacterium (Town et al., 2014; Town and Dumonceaux, 2016;
Buettner et al., 2019; Wirth et al., 2019; Singh et al., 2021a).
The OTU could also be related to the recently discovered and
uncultured syntrophic propionate oxidising bacteria Candidatus
Syntrophopropionicum ammoniitolerans isolated from propionate
oxidising enrichments (Singh et al.,, 2021b). As this OTU was
observed during the high levels of VFA (3-17 g/L) including
propionate (2-10 g/L), its involvement in propionate degradation
is further supported. Overall, the results obtained for C1-DD1
indicate a role of syntrophic organic-acid oxidising communities,
which have been shown previously for reactors operating at
high ammonia and VFA levels (Schniirer et al, 1994, 1996;
Schniirer and Nordberg, 2008; Miiller et al, 2016). During
the VFA accumulation phase in C1-DDI, a decrease in RA
of phylum Candidatus Clocimonetes was also observed.
Disappearance of this phylum is suggested to be an indicator
of disturbance (Calusinska et al., 2018; Klang et al., 2019;
Poirier et al, 2020; Singh et al, 2021a), which is further
supported by the results in this study. In the present analysis,
it was observed that not all species belonging to this phylum
were present in all types of reactors. Thus, the connection to
process imbalance might need to be validated for each species
within the phylum Candidatus Clocimonetes.

Reactor C2-VX1/2, which was operated with food waste
and sewage sludge, showed somewhat different community
structure from the other reactors. A community shift was also
observed in this reactor around day 185, possibly due to a
change in feed ratio of food waste and sewage sludge around
that time. Among the dominant species, Enteroscipio rubneri
was most abundant in C2-VX1/2, unlike in the other reactors.
The OTU sequences represented by this species were observed
to be ~80-86% similar to Enteroscipio rubneri. However, further
analysis of the OTUs revealed that they were also associated
with novel uncultured Clostridiaceae bacterium found by
Campanaro et al. (2020), which is not yet validated. Since the
reference database AcetoBase mostly contains sequences from
validated bacterial species and AcetoScan identifies taxonomic
relationships with the best-blast-hit strategy, the annotation
for this species must be interpreted with caution.

The species Acetitomaculum ruminis was only observed (RA
>3%) in the manure-supplemented reactors C3-K1/2 and
C4-VS1/2. Tt is a known acetogen present in the rumen and
performs reductive acetogenesis (Greening and Leedle, 1989;
Le Van et al,, 1998; Yang et al, 2015). An increase in RA of

this species and decrease in RA of Cloacimonetes_ HGW3 was
observed prior to VFA accumulation (~day 175-217) in reactor
C4-VS2, indicating a role in acetogenesis and syntrophic acid
oxidation, respectively. Lactobacillus antri, observed in the same
reactors, is a lactic acid-producing bacterium (Roos et al,
2005). Interestingly a decrease in its RA appeared to be related
to an increase in RA of Tepidanaerobacter syntrophicus, followed
by accumulation of VFA. Tepidanaerobacter syntrophicus is a
syntrophic lactate/ethanol-degrading bacterium that produces
acetate and is suggested to be an acetogen (Sekiguchi et al.,
2006). These related events strongly indicate a role of the
species in reductive acetogenesis in VFA metabolism in manure-
based reactors.

Reactor C5-A1/3 was operated at 40-42°C with food waste
and moderate to high ammonium-nitrogen conditions.
Characteristic for this reactor was the presence of Mahella
australiensis. This is a saccharolytic, (moderately) thermophilic
bacterium producing not only acetate but also lactate, ethanol
and H,/CO, as end products (Bonilla Salinas et al., 2004). It
is commonly reported in reactors operated with high protein
substrates contents and an increase in ammonium-nitrogen
might cause a decrease in relative abundance of this species
(Niu et al., 2013; Zhang et al., 2021). Moreover, in this reactor
the species Thermoanaerobacter kivui was detected. This is also
a thermophilic acetogen (Leigh and Wolfe, 1983; Basen et al.,
2018) generally not present in mesophilic reactors, but OTUs
corresponding to this species (in C1-DD1 and C5-A1/3) were
80-93% similar to Thermoanaerobacter kivui. Potentially, this
species could be the new uncultured bacteria also detected
before in 16S rRNA gene amplicon analysis (Navarro et al,
2020) and recently identified in metagenomics analysis as a
member of family Thermoanaerobacteraceae (Taxonomy ID:
2100788; Campanaro et al., 2020). The reactor operated with
green waste (reactor C6-O1/2) specifically showed high RA
(>3%) abundance of Lagierella massiliensis and Varibaculum
timonense (renamed as Urmitella timonensis; GTDB, 2020),
which were not detected in any other reactor. These bacteria
belong to the poorly characterised order Tissierellales and might
be involved in VFA metabolism, since other members of this
order are known syntrophic organic acid-oxidising bacteria
such as Clostridium ultunense (renamed as Schnuerera ultunensis;
Schniirer et al,, 1996; Oren and Garrity, 2020).

Surveillance of Industrial Biogas Plants

In microbiological surveillance in this study, a disturbance-
oriented long time series sampling strategy was adopted. Time
series sampling was preferred over sampling with replicates
because the sequential samples obtained in time series are as
good as replicates in visualising changes in the community
over time (Faust et al., 2015; Singh et al, 2021a). This was
supported by the similar community composition and dynamics
found in parallel reactors. Time series sampling also enabled
simultaneous long-term surveillance of multiple reactors. The
overall strategy adopted in the study helped overcome the low
throughput barrier of FTHFS-based analytical methods (FTHFS
gene T-RFLP, clone library or qPCR analysis), resolved the
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long duration dynamics of potential acetogenic and syntrophic
communities and revealed changes in community structure
before and during VFA accumulation. If community changes
are closely followed in future studies, they can be used as an
indicator of possible disturbance, which could help in the
modification of operating parameters to avoid or minimise
the impact of disturbance. Thus, the approach adequately meets
the criteria for microbiological surveillance in biogas plants.

Further, the results from this study indicates that the applied
method is able to target not only the potential acetogenic
community but also syntrophic organic-acid oxidising bacterial
communities viz. syntrophic acetate-oxidising bacteria (SAOB;
phylum Cloacimonetes, Tepidanaerobacter, Peptococcaceae
bacterium 1109; Sekiguchi et al., 2006; Westerholm et al., 2011b;
Town et al., 2014; Town and Dumonceaux, 2016; Buettner
et al,, 2019; Wirth et al., 2019), syntrophic-propionate oxidising
bacteria (phylum Cloacimonetes, family Peptococcaceae;
Pelletier et al., 2008; Dyksma and Gallert, 2019; Singh et al,,
2021b), syntrophic fatty-acid degraders (Syntrophomonas,
Syntrophothermus; Sekiguchi et al., 2000; Zhang et al., 2004;
Sousa et al, 2007) and syntrophic benzene degrading bacteria
(family Peptococcaceae; van der Zaan et al., 2012; Gieg et al,
2014; Zhuang et al., 2015). Syntrophic organic-acid oxidising
bacteria play a key role in the biogas process and even though
not all being acetogens they can be detected due to the presence
of FTHEFS gene (Singh et al., 2019; Singh, 2021). The importance
of both acetogenic and syntrophic bacterial communities in
biogas process is well established and documented. Thus,
combined visualization of these two communities makes our
strategy a very strong tool for surveillance of biogas plants.

CONCLUSION

Microbiological surveillance of biogas reactors was carried out
by using FTHFS gene amplicon sequencing in an analysis of
long time-series of weekly samples from commercial biogas
plants operating with different substrates. The results obtained
clearly visualised the diversity of the potential acetogenic
community as well as several groups of syntrophic bacteria
in biogas reactors based on different feed substrate/s and
operating parameters and related to VFA metabolism. This
targeted community may be involved in VFA metabolism,
reductive acetogenesis and/or syntrophic acid oxidisation. The
surveillance strategy also revealed changes in microbial
communities before any significant changes were detectable in
the physico-chemical profiles. These findings highlight the role
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