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ABSTRACT

— small and moderate
shocks resulted ina
specialized community
— failure results in an
entirely new and
unadapted community

Accidental organic overloading (shock loading) is common during the anaerobic co-digestion of fats, oils and
greases (FOG) and may lead to decreased performance or reactor failure due to the effects on the microbiome.
Here, adapted and non-adapted lab-scale anaerobic digesters were exposed to FOG shocks of varying organic
strengths. The microbiome was sequenced during the recovery periods employed between each shock event.
Non-failure-inducing shocks resulted in enrichment of fermentative bacteria, and acetoclastic and methylotrophic
methanogens. However, sub-dominant bacterial populations were largely responsible for increased biogas
production observed after adaptation. Following failure events, early recovery communities were dominated by
Pseudomonas and Methanosaeta while late recovery communities shifted toward sub-dominant bacterial taxa and
Methanosarcina. Generally, the recovered microbiome structure diverged from that of both the initial and
optimized microbiomes. Thus, while non-failure-inducing FOG shocks can be beneficial, the adaptations gained
are lost after a failure event and adaptation must begin again.

Abbreviations: AD, anaerobic digestion; FOG, fats, oils, and greases; VS, volatile solids; OA, organic acid; OLR, organic loading rate; LCFA, long-chain fatty acid;
rRNA, ribosomal ribonucleic acid; PCoA, principal coordinates analysis; RAS, recycled activated sludge; DNA, deoxyribonucleic acid; PCR, polymerase chain re-
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1. Introduction

The natural production of methane via anaerobic digestion (AD) is
facilitated by a complex community of microorganisms, primarily bac-
teria and archaea, referred to as the AD microbiome. AD is growing in
prominence as a solution to the disposal of food waste, sewage sludge,
and the organic fraction of municipal solid waste while simultaneously
increasing methane production. Specifically, the anaerobic co-digestion
of energy-rich fats, oils, and greases (FOG) has been recognized as an
effective and commercially viable approach to increase energy recovery
at wastewater treatment facilities (Li et al,, 2013). Despite the reported
benefits of co-digestion, intensification of the FOG co-digestion process
and efforts to predict reactor response to process changes have been
hampered by a limited fundamental understanding of how the AD
microbiome responds to process disturbances (Salama et al., 2019).

Microbial shifts have been observed with the introduction of FOG as
a co-substrate. Specifically, within the bacterial domain, the enrichment
of fermentative bacteria from the Synergistetes, Actinobacteria, Firmicutes,
Bacteroidetes, Chloroflexi and Proteobacteria phyla have been observed
(Amha et al, 2017; Ferguson et al, 2018; Kurade et al, 2019; Wang
et al, 2018; Yang et al, 2016). Within the archaeal domain, acetoclastic
methanogenesis by Methanosaeta, an obligate acetate user, is typically
considered the dominant methanogenic pathway (Kurade et al, 2019).
However, Methanosaeta are sensitive to the increases in organic loading
rates, salt, and ammonia-nitrogen concentrations that result from the
introduction of FOG (Kurade et al, 2019). This results in a shift of the
acetoclastic pathway towards Methanosarcina, a metabolically and
physiologically diverse methanogenic genera, and towards an increased
abundance of obligate hydrogenotrophic methanogens from the orders
Methanobacteriales and Methanomicrobiales (Amha et al., 2017; De Vrieze
etal,, 2012).

While the adaption of AD microbiomes to non-inhibitory concen-
trations of FOG (Silvestre et al, 2011) and long-chain fatty acids
(LCFAs) have been characterized previously (Kougias et al,, 2016), there
is still a limited understanding of how AD microbiomes respond to
failure-inducing conditions. Studies that have examined the recovery of
AD microbiomes after process failure utilized organic loading rates
(OLRs) that were increased gradually over long periods of time (ranging
between 20 and 80 days in length), to induce process failure (Wang
et al,, 2020). However, in the field, AD failure is commonly due to a
relatively discrete, short-term accidental overfeeding event, known as a
shock load. To the author’s knowledge, no studies have investigated
short, intense shock loads and their subsequent effect on the AD
microbiome.

To address this knowledge gap, the interaction between FOG shock
loads and the response of the AD microbiome was investigated. This was
achieved by: (i) comparing the differences in responses between AD
microbiomes adapted to FOG and those that were not and (ii) charac-
terizing the AD microbiome response to non-failure and failure-inducing
shock loads. The physical data associated with the operation of these
experiments have been previously described (Berninghaus and Rad-
niecki, 2022). In the present study, archaeal and bacterial community
dynamics were monitored using high-throughput Illumina MiSeq 16S
rRNA amplicon sequencing. Bioinformatics tools (principal coordinate
analysis (PCoA), alpha diversity (Shannon’s Index), Raup and Crick
dissimilarity index, and Pearson correlations) were used to gain insight
into the microbiome’ s response to the various intensities of the shock
loads.

2. Materials and methods
2.1. Experimental set up and operation
2.1.1. Source of seed anaerobic digestate and fats, oils, and greases

Seed anaerobic digestate and recycled activated sludge (RAS) were
collected from a full-scale mesophilic anaerobic digester at the City of
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Corvallis Wastewater Reclamation Plant (Corvallis, OR) and FOG was
collected from the FOG receiving station at the City of Gresham
Wastewater Reclamation Plant (Gresham, OR), as previously described
(Berninghaus and Radniecki, 2022).

2.1.2. Long-term shock study

The long-term shock study was run for 335 days divided into 11
shock (A1-2, B1-6, and C1-3) and 10 recovery (R1-10) phases. Full details
on the operation of this study have been previously described
(Berninghaus and Radniecki, 2022). In brief, the reactor experienced
two different modes of operation: shock periods, defined as periods of
high OLRs where a mixture of RAS and FOG was fed, and recovery pe-
riods, defined as periods of low OLRs where only RAS was fed. Shock A,
the lowest organic load (2.53,0.49 g VS/L-d), was administered twice
with a mixture of RAS and FOG, 1:1 (v/v %). Shock B, the second largest
organic load (3.27 40.11 g VS/L-d), was administered six times with a
mixture of RAS and FOG 3:7 (v/v). Shock C, the largest organic load
(9.36 0.75 g VS/L-d), was administered three times with a mixture of
RAS and thickened FOG, 2:8 (v/v). Following each shock period, the
reactor went into recovery until organic acid levels were below 50 mg/L
and biogas production stabilized.

2.1.3. Single shock studies

Both single shock studies were run side-by-side for a total of 100 days
to study the response of a non-adapted reactor to an organic overload
event, as previously described (Berninghaus and Radniecki, 2022).
Reactor 1 received a single C shock (1:4 (v/v) RAS:FOG), while Reactor
2 received a single B shock (3:7 (v/v) RAS:FOG). Following these single
shock events, both reactors were fed only RAS during the recovery
phase.

2.2. Analytical methods

Biogas production, biogas composition, pH, conductivity, dissolved
ortho-phosphate, dissolved total ammonia nitrogen, total solids, volatile
solids, and organic acid concentrations were measured as previously
described (Berninghaus and Radniecki, 2022).

2.3. DNA Extraction

DNA was extracted from 500 pL aliquots of homogenous anaerobic
digestate sludge throughout each experiment (44 samples total for the
long-term experiment and 12 samples total for each of the short-term
experiments). DNA extractions were performed as previously
described using the Qiagen DNeasy PowerSoil DNA Extraction Kit
(Qiagen, Venlo, the Netherlands) according to manufacturer instructions
(Berninghaus and Radniecki, 2021).

2.4. 168 rRNA gene sequences

The hypervariable V4 and V3 regions of the 16S gene were
sequenced for both Bacteria and Archaea domains, respectively, via
paired-end (2x300) sequencing on an Illumina MiSeq V3 platform
following manufacturer instructions. For Bacteria, the V4 region was
amplified with primers 515F and 806R (Apprill et al, 2015; Parada
et al, 2016). For Archaea, the V3 region was amplified with primers
Ar0787 and Ar1059 (Fischer etal, 2019; Yu et al., 2005). PCR and library
preparation were conducted as previously described (Berninghaus and
Radniecki, 2021).

2.5. Bioinformatics analysis

The obtained reads were processed using the DADA2 microbiome
pipeline (available at https://github.com/benjjneb/dada2), as previously
described (Berninghaus and Radniecki, 2021). The raw Illumina
sequence data obtained were submitted to the National Centre for
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Biotechnology Information’s (NCBI) sequence read archive (SRA) data
base. The following Bioproject numbers house this data: PRJNA803944
for the single moderate shock data, PRJNA804324 for the single large
shock data, and PRJNA804334 for the long-term experiment data.

Sequences with<1,000 reads were removed from the datasets to
reduce the number of spurious ASVs. Remaining sequences were rarefied
to even depths to correct for sampling differences (Knight et al., 2018).
Species richness (observed ASV counts) and evenness (Shannon’s index)
were calculated using R phyloseq (McMurdie and Holmes, 2013).
Compositional differences between microbiomes were assessed using
principle coordinate analysis (PCoA) using R phyloseq (McMurdie and
Holmes, 2013) using the Bray-Curtis distance. Raup-Crick dissimilarities
were calculated using R vegan (Chase et al., 2011; Jari Oksanen et al,
2020). Correlations with environmental data were performed using R
microeco (Liu etal,, 2020).

3. Results and discussion
3.1. Summary of physiological responses to FOG shock loading
A more detailed analysis of the physical and chemical parameters

observed during these experiments has been previously reported (Ber-
ninghaus and Radniecki, 2022). In brief, the single B and C shock

Bioresource Technology 359 (2022) 127400

experiments experienced one single shock period after a start-up period
(30 d HRT and 15 d HRT). Both of these single shock events resulted in
reactor failure, indicated by a rapid decrease in biogas production,
accumulation of organic acids (OAs), and a decrease in methane content
(Fig. 1A and B). DNA was extracted in even time intervals throughout
the initial phases and during the recovery period following each of the
single shock events.

The long-term experiment was comprised of repeated shock events of
varying organic loading rates (Fig. 1C). Shocks A1l and A2 exposed the
reactor to FOG at lower FOG:RAS ratios before the moderate B-shocks
were employed. During the first 3 successive B-shocks (B1-B3), gas
production increased with the addition of FOG while methane content
remained relatively stable. Additionally, OA accumulation decreased
with each successive B-shock. The B-shocks were followed by failure-
inducing C-shocks (C1-3), which resulted in rapid decreases in biogas
productivity and methane content and large accumulations of OAs. DNA
was extracted evenly during the initial phases and the recovery periods
between the FOG shock loads.

3.2. General microbiome dynamics in response to FOG shock loads

Dynamic changes within the microbial community structure were
observed throughout all experiments. During startup (100% TWAS, 0%
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Fig. 1. Selected physical and chemical parameters from the single B shock (A), single C shock (B), and long-term (C) experiments. For the single shock experiments
(A and B), organic loading rate, total organic acid (OA) content, and biogas production are shown on the left y-axis while methane content is shown on the right y-axis.
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FOG), the bacterial and archaeal communities across all 3 experiments
were similar with Raup and Crick dissimilarity index values of 0.001 for
both bacteria and archaea. The Raup and Crick dissimilarity index
ranges from 0, for identical communities, to 1, for communities with no
similarity (based on ASV composition).

During the long-term experiment, exposure to a series of small shocks
(A1-2) and moderate shocks (B1-3) resulted in a shift in the clustering of
the AD microbiome from its initial configuration (Fig. 3). This new
optimized configuration demonstrated enhanced biogas production
rates and decreased levels of OA accumulation (Fig. 1C) (Berninghaus
and Radniecki, 2022). Additionally, both the bacterial and archaeal
communities demonstrated increased richness and Shannon’s alpha di-
versity values (Fig. 2). The bacterial community saw richness increase
by 10% (178.4 = 10.0 to 196.9 + 16.7) while the archaeal community
increased by 28% (48.6 = 5.6 to 62.4 + 12.4) between the initial and
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optimized communities, respectively.

However, when the long-term reactor was subjected to disturbance-
to-failure events, large C-shock loads, the microbial community structure
became dissimilar from that of both of the initial and optimized clusters
(Fig. 3). The dissimilarity index between the initial community
configuration and shocks C1, C2, and C3 were 0.146, 0.999, and 0.954
for the bacterial domain and 0.368, 0.519, and 0.737 for the archaeal
domain, respectively. In addition, these shifts corresponded with sub-
stantial decreases in richness and alpha diversity values (Fig. 2). The
bacterial community richness values decreased, with decreases of 20%,
46%, and 39% observed for shocks C1, C2, and C3 compared to the
optimized community. On the contrary, the archaeal community richness
values actually increased by 4% for C1 and decreased by 16% and 19%
for shocks C2 and C3, respectively, compared to the optimized
community.
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Similar trends were observed during the single-shock experiments.
Both the single moderate B-shock and single large C-shock resulted in a
disturbance-to-failure event which shifted the microbial community
structure from its initial structure (Fig. 3C and D). Similar to the longterm
experiment, these shifts corresponded with decreases in richness and
alpha diversity values, with bacterial richness values again decreasing by
a greater extent. The bacterial richness values decreased by 25% and
36% between the initial and recovery communities for the single B- and
single C-shock loads, respectively (Fig. 2). Meanwhile, the archaeal
community saw an increase of 17% and 33% for the same pairwise
comparisons. In addition, the dissimilarity index values between the
initial community and that of the post-failure community were 0.09
and 0.02 for the bacterial community while these same comparisons
resulted in dissimilarity values of 1 for the archaeal community for both
the single B- and single C-shock loads, respectively.

These decreases are likely due to the unique environment created
within the reactor following a disturbance-to-failure event, including
the build-up of OAs and changes in pH, nutrient content, and methane
content (Berninghaus and Radniecki, 2022). This likely acted as a se-
lective pressure resulting in fewer taxa present in both domains initially
after shock loading events. For example, during the post-failure recovery
periods, both the bacterial and archaeal domains exhibited “early re-
covery” and “late recovery” clusters in all experiments (Fig. 3). This
mirrored changes in OA accumulation and degradation (Fig. 1C), sug-
gesting that OAs are a strong selective pressure in the determination of
the archaeal and bacterial community structure.

Interestingly, following recovery from a failure event, neither the

bacterial nor the archaeal communities became similar to their pre-
failure cluster, whether that be the initial or optimized microbiomes
(Fig. 3). This was also reflected in the diversity metrics for the bacterial
and archaeal domains but with opposite trends. For archaea, following
recovery from a failure event, both the richness and Shannon alpha di-
versity values increased to levels greater than the initial and optimal
communities. (Fig. 2 D-F and J-L). This observed increase in archaeal
community diversity is likely due to the abundance and diversity of
substrates available after FOG addition.

However, a different trend was observed in the bacterial domain.
Following recovery from a failure event, both the bacterial richness and
Shannon alpha-diversity values decreased to levels less than the initial
and optimized communities (Fig. 2A-C and G-I). These decreases in
richness and alpha-diversity had a negative effect on the long-term
anaerobic digester microbiome’s ability to tolerate and respond to
future C-shock loads. For instance, immediately prior to the initial C-
shock load (C1), the bacterial domain achieved its greatest richness
values, and recovery from the failure-inducing event took 35 days for the
depletion of accumulated OAs and 27.5 days for the recovery of methane
production to pre-failure levels (Berninghaus and Radniecki, 2022).

However, prior to the C2 and C3 shock loads, the bacterial community
was less rich than the optimized community, which resulted in longer
recovery times of up to 43 days for OA degradation and up to
34.5 days to restore the methane content (Fig. 1). Additionally, with
each successive C-shock, the recovered bacterial community became
more dissimilar from the optimal community with dissimilarity indexes
0.01, 0.14, and 0.968 for the C1, C2, and C3 recovered communities,
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respectively. Previous work has suggested that greater community di-
versity results in more robust function because of the functional
redundancy provided (Wang et al, 2020; Werner et al, 2014).

Nonetheless, bacterial diversity alone does not predict performance.
For instance, in the single shock experiments, the start-up communities
had similar richness values to those found in the optimized community
of the long-term experiment. The average richness values of the opti-
mized community were 196.9 + 16.7 and 62.4 + 12.4 for the bacterial
and archaeal communities, respectively. Similarly, the average richness
values of the start-up communities for the single B-shock were 199.4 4+
9.3 and 62.0+5.7, and for the single C-shock were 201.8+ 9.9 and 62.2
+ 6.8, for the bacterial and archaeal communities, respectively.

However, unlike during the long-term experiment, the single-shock
microbiomes were not exposed to small organic loads (A-shocks) prior
to the single moderate B- and single large C-shock events. As such, when
exposed to a single B-shock, instead of observing enhanced performance,
or the shifting of the microbiome to a more optimal configuration,
reactor performance showed signs of failure and the microbiome had
low diversity metrics and a high level of dissimilarity compared to the
optimized microbiome observed during the long-term experiment
(0.789 for Bacteria and 1.000 for Archaea).

Similarly, when exposed to a single C-shock, failure again ensued as
did a high level of dissimilarity compared to the optimized microbiome
observed during the long-term experiment (0.877 for Bacteria and 1.000
for Archaea). Additionally, the recovery time was greater than that
observed in the long-term experiments for a similar level of failure.
Thus, the enrichment of certain microbes (primarily from the A- shocks)
is a critical step in enhancing anaerobic digester performance and
robustness for FOG co-digestion.

Thus, all four community diversity metrics (richness, evenness,
PCoA, and Raup and Crick dissimilarity) demonstrated that although
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each exposure to FOG had some effect on the microbiome structure,
noteworthy changes were only observed once failure was observed. In
general, the bacterial domain exhibited greater changes than the
archaeal domain, likely due to the increased functional redundancy and
diversity within the bacterial domain (Wang et al,, 2020). When these
disturbance-to-failure events occur, the microbiome structure does not
return to its original state but takes on a new and unique structure
(Fig. 2). Additionally, diversity itself is not sufficient for prediction of
reactor performance or resilience.

3.3. Response of the dominant bacterial community to FOG shock loads

The taxonomic distribution of the bacterial ASVs showed that the
majority of the ASVs present were classified as sub-dominant with me-
dian relative abundance values of < 1.5% (Fig. 4). The 1.5% sub-
dominant threshold was chosen to improve visualization of taxonomic
profiles. Only 11 bacterial genera had a median relative
abundance>1.5% (dominant bacteria), but collectively accounted for 18-
93% of the total sequences present.

Following non-failure-inducing events (e.g. B1-B3 shocks), these
dominant taxa make up a smaller fraction of the sequences per sample
than they do during post-failure recovery periods. Following the mod-
erate, non-failure inducing B1-B3 shocks, these dominant taxa only
make up 23-41% of the community. However, following the large,
failure-inducing C1-C3 shocks) these dominant taxa account for 68-93%
in the early recovery phase and 22-61% in the later recovery phase. This
suggests that the sub-dominant taxa are largely responsible for normal
digester operation and the dominant taxa are necessary and specific to
reactor recovery. Sub-dominant taxa (as low as 0.1%) have been pre-
viously suggested to play important roles in maintaining anaerobic
digester stability and functionality (Guo et al., 2022).
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The most abundant bacterial genera during the start-up of all 3 ex-
periments were Arcobacter, Blvii28 wastewater sludge group, and Pseudo-
monas (Fig. 4). During the long-term experiment, the bacterial genera
Flavobacterium, Rhodoferax, and W5 were enriched after the two small A
shock loads. As the successive moderate B shock loads were employed,
BWvii28 wastewater-sludge group decreased while W5 increased. Finally,
following the disturbance-to-failure events experienced in all experi-
ments, the most abundant bacterial genera initially were Pseudomonas
and Micorvirgula, which both decreased in abundance at the end of each
respective recovery period, and were later replaced by sub-dominant
taxa. Sulfurospirillum and Pseudoarcobacter were also dominant
following the single-shock disturbance-to-failure events (Fig. 4).

Of the dominant taxa, the following five are considered to be com-
mon wastewater sludge bacteria observed in anaerobic digestion sys-
tems: Arcobacter, Blvii28 wastewater-sludge group, Poseidonibacter,
Pseudoarcobacter, and SC103 (Kristensen et al., 2020; Nierychlo et al,
2020; Su et al, 2014). Two of these five, Poseidonibacter and Pseu-
doarcobacter were not significantly correlated with any of the operational
parameters investigated. The other 3 correlated with parameters
indicative of normal digester operation, such as elevated pH values,
elevated methane content, and low OA, TS, and VS values (Fig. 5).

Flavobacterium and Rhodoferax were significantly correlated with
normal AD performance, while W5 were significantly correlated with
parameters indicative of enhanced AD performance. Specifically, Fla-
vobacterium and Rhodoferax were correlated with elevated pH and
methane content values and decreased solids and OA values, while W5
was significantly correlated with elevated OLR, biogas, and methane
content values. Flavobacterium spp. are typically associated with the

Bacteria: Genus Level Correlations
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degradation of proteins and carbohydrates while W5 spp. aid with later
stages of fermentation and are likely propionate oxidizers (Dyksma and
Gallert, 2019; Sposob et al., 2021). Flavobacterium spp. have also been
identified as some of the most common taxa in anaerobic digesters fed
municipal sludge and have been observed at elevated levels in co-
digestion systems receiving food waste (Sposob et al, 2021; Sundberg
et al, 2013). Rhodoferax spp. are metabolically complex facultative
anaerobes that are predominant in activated sludge but also appear in
anaerobic digesters with short sludge retention times (Tonanzi et al,
2021).

Pseudomonas, Sulfurospirillum, and Microvirgula were significantly
correlated with parameters indicative of reactor failure (i.e. decreased
biogas production, methane content, and increased OA, TS and VS
values). Pseudomonas spp. are key players for all methanogenic pathways
and are mainly active during hydrolysis of carbohydrates, although
they have been shown utilize LCFAs (Buettner et al,, 2019; Fontaine et
al., 2017). Pseudomonas’ key contribution to hydrolysis explains their
ubiquitous presence and increased abundance during the start of reactor
failure when OA accumulation was at its greatest. As such, this genus has
been previously observed to be prevalent across a wide variety of AD
systems (De Vrieze et al,, 2015). Conversely, the presence of Microvirgula
and Sulfurospirillum were likely due to the increased ratio of RAS fed
during recovery periods, as they have been
observed previously in wastewater systems (Kruse et al, 2018;
S’wiqtczak and Cydzik-Kwiatkowska, 2018).
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3.4. Response of the sub-dominant bacterial community to FOG shock
loads

In all experiments, sub-dominant bacterial taxa (<1.5% median
relative abundance) accounted for 7-90% of the ASVs present. After
non-failure-inducing shock events, the percentage of sub-dominant
bacteria remained above 60% (Fig. 4). However, after failure-inducing
shock events, the sub-dominant taxa represented as little as 7% of the
ASVs present before rising again at the end of the recovery period. These
shifts in sub-dominant relative abundance values mirrored what was

observed with the richness and Shannon alpha diversity metrics (Fig. 2).
Of the top 50 bacterial genera, 17 demonstrated a statistically sig-
nificant (>90% confidence) positive correlation with biogas production
and/or methane content (Fig. 5). Of these 17 bacterial genera, 13 were
classified as sub-dominant (<1.5% median relative abundance). Addi-
tionally, there were 5 separate bacterial genera that showed a significant
positive correlation with indicators of reactor failure (i.e. decreased
biogas production, methane content, and increased OA, TS, and VS
values). Of these 5 bacterial genera, 2 were classified as sub-dominant.

Thermovirga, Syntrophomonas, Sedimentibacter, and Candidatus Cloa-

cimonas showed significant positive correlations with biogas production
and/or methane content. All 4 bacterial genera have been previously

reported to have been enriched under increased FOG loads (Wang et al.,
2020). In the long-term study, Thermovirga was initially enriched after
the two small A-shock loads and continued to increase in abundance
through the successive moderate B-shock loads, but was relatively un-
observed in the single-shock studies (Fig. 5).

Thermovirga and Sedimentibacter both contribute to hydrolytic pro-
cesses (Sposob et al., 2021), while Syntrophomonas is comprised mostly
of syntrophic acetate oxidizers capable of metabolizing LCFAs (Ziels
et al, 2017). Additionally, all four of these bacterial genera, sans Can-
didatus Cloacimonas, a likely syntrophic propionate oxidizing bacteria,
significantly correlated negatively with OA accumulation (Dyksma and
Gallert, 2019) (Fig. 5). Thus, their enrichment suggests the successful
adaptation of the reactor to FOG co-digestion in which hydrolysis re-
actions are in balance with OA accumulation (Wang et al., 2020).

Paludibacter and Macellibacteroides, both fermenters, were also
positively correlated with biogas production and/or methane content.
Paludibacter ferments carbohydrates and proteins into primarily acetate
and propionate (Sposob et al, 2021). Macellibacteroides is a sugar
fermenter and produces primarily lactate, acetate, butyrate and iso-
butyrate (Jabari et al, 2012). Both Paludibacter and Macellibacteroides
are commonly found in both mono- and co-substrate anaerobic digesters
(Mercado et al., 2022; Sposob et al.,, 2021).

Finally, 6 other sub-dominant genera correlated with increased
biogas and/or methane production. These included the following;
Streptococcus, a common wastewater pathogen (Finley et al, 2009),
Methylotenera, a ubiquitous obligate methylotroph (Beck et al, 2011),
Sphaerotilus, a filamentous aerobic bacteria associated with bulking
sludge, RBG-16-49-21 and Acidovorax, both considered denitrifying
activated sludge bacteria, and Novosphingobium and Ferruginibacter, both
aerobic heterotrophs commonly observed in wastewater (Nierychlo
etal, 2020; Sposob et al,, 2021). As all of these sub-dominant genera are
common in wastewater treatment systems, it is likely that the strong
correlations observed are due to the increased ratio of TWAS in the
influent during the phases that exhibited greater biogas productivity and
not a sign of their active contribution to the anaerobic digestion process.

Both Sporanaerobacter and Proteiniclasticum were enriched during
times of reactor upset and contributed to the early recovery stages as

indicated by their correlations with decreased pH and methane content
along with increased OA and total solids concentrations. Sporanaer-
obacter and Proteiniclasticum are both acetogenic genera capable of
producing several OAs, including acetate, isobutyrate, isovalerate, and
propionate through the fermentation of the proteinaceous fractions of
complex wastes as observed in other AD studies (Kurade et al., 2019;
Ziganshina et al., 2014). Although these two genera are considered sub-
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dominant (<1.5% median relative abundance), the degradation of
proteinaceous components of FOG is an essential fermentation step and
their presence in the early stages of failure is clearly indicated based on
their strong correlations with operational indicators of failure.

3.5. Response of the archaeal community to FOG shock loads

Within the archaeal domain only 8 genera had a median relative
abundance >1.5%, but collectively accounted for 77-99% of the total
ASVs present. The most abundant archaeal genera were Methanolinea, a
hydrogenotrophic methanogen, and Methanosaeta, an acetoclastic
methanogen (Leng et al., 2018). Due to the small number of methano-
genic genera, the sub-dominant archaeal taxa did not fluctuate as greatly
as did the sub-dominant bacterial taxa after disturbance-to-failure
events. This resulted in fewer statistically significant correlations with
process performance. However, there are still distinct early and late
post-failure recovery trends, especially between Methanosaeta (aceto-
clastic pathway) during early recovery and Methanosarcina (mixed
pathway) in late recovery (Leng et al.,, 2018).

Archaeal relative abundance data was aggregated based on meth-
anogenic metabolism to highlight functional shifts over time. During
start-up in all three experiments, the methanogenic community was
primarily dominated by acetoclastic Methanosaeta and hydrogenotrophic
Methanolinea (Fig. 6 B-D). The order of the relative abundance ranking of
Methanosaeta and Methanolinea varied between experiments, but they
were always the top two genera present. The aggregated
hydrogenotrophic and acetoclastic communities comprised 34-57% and
32-60%, respectively, of the methanogens initially present. The
methylotrophic community, mainly Methanomassiliicoccus, represented
4-14% of the archaeal ASVs present (Cozannet et al, 2020).

The optimized community created via the small (A1-A2) and mod-
erate (B1-B3) shocks employed during the long-term experiment saw an
overall decrease and diversification of the hydrogenotrophic community.
Specifically, the abundance of Methanolinea decreased while the
abundances of the sub-dominant Methanobacterium and the dominant
Methanoculleus increased (Leng et al, 2018; Liu and Whitman, 2008).
Methanobacterium and Methanoculleus each had significant positive
correlations with biogas production and methane composition, respec-
tively, indicating their importance for improved methane production
(Fig. 6).

In addition to the decrease in the hydrogenotrophic pathway, the
optimized community also saw an enrichment of methylotrophic Meth-
anomassiliicoccus. Methanomassiliicoccus had significant positive corre-
lations with biogas production and methane composition, indicating the
importance utilizing methylated compounds via the methylotrophic
pathway in enhancing biogas and methane production. Finally, aceto-
clastic Methanosaeta remained relatively stable from the start-up to the
optimized community (Fig. 6).

Immediately following the failure-inducing shocks in both the single-
shock and long-term experiments, the total methanogen population
decreased, as measured via quantification of the mcr4 gene (Berninghaus
and Radniecki, 2022). Of the remaining methanogens, acetoclastic
Methanosaeta was enriched and dominated the methanogenic community
while the methylotrophic aggregate decreased due to decreases in the
relative abundances of both Methanomassiliicoccus and sub-dominant
Methanomethylovorans (Leng et al., 2018).

Additionally, immediately after failure, the hydrogenotrophic
pathway also decreased due to decreases in the relative abundance of
Methanolinea, Methanobacterium, and Methanoculleus (Fig. 6). However,
two hydrogenotrophic methanogens, Methanospirillum (during the long-
term experiments) and Methanobrevibacter (during the single shock ex-
periments), were enriched and became the dominant methylotrophic
organisms during this period (Leng et al., 2018). Both had significant
positive correlations with OA and negative correlations with pH, indi-
cating their importance during times of organic overloads. Meth-
anospirillum has been previously shown to potentially prefer a high-fat
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environment further explaining its presence early in the recovery phases
(Wang et al., 2020).

During the recovery from failure, in all three experiments, the ace-
toclastic methanogen Methanosaeta performed a bimodal recovery with
Methanosarcina (mixed pathways), as has been observed previously
(Kurade et al,, 2019). Early in recovery, acetoclastic methanogenesis via
Methanosaeta occurred as OAs built up in response to the organic over-
load event while Methanosarcina became dominant later in the recovery
as the OAs began to deplete (Figs. 1 and 6) (Berninghaus and Radniecki,
2022). It is assumed that Methanosarcina was contributing to acetoclastic
methanogenesis due to the amount of OA accumulation that remained,
however, due to the metabolic diversity of Methanosarcina, this cannot
be stated with certainty.

The initial dominance of Methanosaeta during start-up and non-
failure-inducing shocks was likely due to the low acetate concentrations
(<1 g/L) present in the digesters (Figs. 1 and 6). Under these conditions,
Methanosaeta was able to outcompete Methanosarcina due to its higher
substrate affinity (with an order of magnitude smaller half saturation
constant - Ki) (Conklin et al., 2006; De Vrieze et al.,, 2012). Methanosaeta
continued to dominate initially after the failure-inducing shocks due to
its higher tolerance to LCFAs (Conklin et al, 2006; Silva et al., 2016).
The hydrolysis of FOG and the accompanying LCFAs is a rate-limiting
step during FOG co-digestion and likely lingered in the digesters
immediately following a failure-inducing shock (Angelidaki and Ahring,
1992; Ziels et al,, 2016).

However, as the LCFAs were hydrolyzed, the levels of acetate in the
digesters remained elevated for an extended period (>1 g/L for > 14
days) (Fig. 1). This allowed for Methanosarcina to become dominant,
taking advantage of its 3-fold higher maximum specific growth rate

(#max) (Conklin et al.,, 2006; De Vrieze et al,, 2012). As the acetate levels
decreased during each recovery period, so did the relative abundance of
Methanosarcina (Figs. 1 and 6). Nonetheless, at the end of each experi-
ment, Methanosarcina retained a relative abundance greater than its pre-
failure values while Methanosaeta sustained below pre-failure
abundances.

Recovery from both single-shock events resulted in the enrichment of
both the hydrogenotrophic and methylotrophic methanogenic pathways.
Methanofollis (hydrogenotrophic) (Liu and Whitman, 2008), became
dominant in the single moderate B-shock experiment, while the large
single C-shock experiment exhibited a more even distribution of the top
hydrogenotrophic genera.

Additionally, the metabolically diverse Methanosarcina became
dominant during middle of the recovery before yielding to the methyl-
otrophic Candidatus Methanofastidiosum and Methanomassiliicoccus by
the end of both single-shock experiments (Fig. 6C and D). Candidatus
Methanofastidiosum strongly correlated with four of the seven parame-
ters of interest including a negative correlation with OAs and solids
content as well as a positive correlation with pH, indicating its impor-
tance during late stage recovery (Vanwonterghem et al., 2016) (Fig. 6A).
A similar pattern was observed during the first failure event (C1) of
the long-term experiment with an initial enrichment of the acetoclastic
pathway and decreases in the hydrogenotrophic and methylotrophic
pathways. However, unlike in the single-shock experiments, the meth-
ylotrophic pathway did not recover to its pre-failure relative abundance
level by the end of the recovery period. Instead, Methanosarcina main-
tained a sizable relative abundance. Thus, the recovered archaeal
community did not mirror the optimized community but instead,
created a new one.
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When exposed to additional failure inducing shock loads (C2 and
C3), this new archaeal community was not as robust as the optimized
community that experienced the initial failure-inducing shock-load
(C1). The new archaeal communities took longer to degrade OAs and
regain biogas production rates (Fig. 1). Additionally, the microbiome
responses were different. Methanosaeta was still initially enriched and
then decreased corresponding with the emergence of Methanosarcina.
However, with each successive C-shock, Methanosarcina was enriched
earlier in the recovery and to higher levels of relative abundance. This
resulted in the near complete elimination of the methylotrophic
pathway while the hydrogenotrophic pathway did maintain a fairly
stable relative abundance (Fig. 6B).

The increasing dominance of Methosarcina and decrease of other
methanogens with each successive failure-inducing shock load may help
to explain the increasing time to recovery. Although Methanosarcina is
capable of exploiting the three main methanogenic pathways, it can be
assumed that each pathway would be utilized in order of free energy
released, one after another. This is in contrast with a more metabolically
diverse methanogen community where all three pathways could be
utilized simultaneously by different groups of methanogens.

4. Conclusions

Repeated small and moderate shocks enriched the fermenters Fia-
vobacterium, Thermovirga, W5 as well as Methanosaeta, Meth-
anomassiliicoccus, and Methanomethyliaceae, with sub-dominant
bacterial largely responsible for increased biogas production. Failure-
inducing shocks created a clear delineation between early and late re-
covery microbiomes. Initially, acetoclastic Methanosaeta were dominant
but were replaced by Methanosarcina. Similarly, Pseudomonas were
dominant in early recovery while sub-dominant bacterial taxa were
enriched in late recovery. Post-failure microbiomes were divergent from
both the initial and FOG-optimized microbiomes. Thus, while non-
failure inducing loads can optimize microbiomes for FOG co-digestion,
failure events undo this optimization and adaptation processes must
begin again.
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