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Abstract: In anaerobic digestion (AD), butyrate is degraded by syntrophic consortium, but can
accumulate in highly loaded AD systems. The effect of butyrate on the AD process attracts much
less attention than propionate or acetate. In this work, an enrichment culture of the thermophilic
butyrate-oxidizing syntrophic consortium was obtained by gradually increasing the initial butyrate
concentration from 20 to 170 mM. Surprisingly, even the highest butyrate concentration did not
significantly inhibit the methanogenic community, and the stage of acetate degradation was the
limiting overall rate of the process. At 170 mM butyrate, the bacterial community changed towards
the dominance of syntrophic acetate-oxidizing (SAO) bacteria related to Syntrophaceticus (42.9%),
Syntrophomonas (26.2%) and Firmicutes (26.2%), while the archaeal community experienced a sharp
decrease in the abundance of Methanosarcina thermophila (from 86.0 to 25.0%) and increase in Methan-
othermobacter thermautotrophicus (from 3.2 to 53.1%) and Methanomassiliicoccus (from 3.2 to 21.9%).
Thus, the shift from acetoclastic methanogenesis to SAO coupled to hydrogenotrophic methanogene-
sis occurred as an adaptive strategy to overcome high acetate (~200 mM) build-up. Bioaugmentation
with the obtained enrichment culture was effective in mitigating the butyrate-dominated VFA build-
up during the AD of readily biodegradable waste, increasing the methane production rate, methane
yield and volatile solids removal by more than 3.5, 6.2 and 2.9 times, respectively. Our study revealed
that the thermophilic butyrate-oxidizing consortia as bioaugmented culture could be the potential
strategy to alleviate the high organic load and VFA stress of AD.

Keywords: bioaugmentation; anaerobic digestion; acetoclastic; hydrogenotrophic; syntrophic
consortium; syntrophic acetate oxidation; microbial community

1. Introduction

Environmental problems associated with the increase in waste volumes and the deple-
tion of natural resources, causing, as a result, the need for an active search for alternative
energy sources, sparked a scientific interest in the process of the microbial anaerobic diges-
tion (AD) of organic waste. AD technologies speed up the waste stabilization by hundreds
of times, decrease emission of greenhouse gases from landfills and produce renewable
energy in the form of biogas. Efficient biogas production depends on balanced microbial
activity, which necessarily involves hydrolytic, acidogenic and syntrophic (acetogenic)
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bacteria, as well as methanogenic archaea. Complex trophic interactions exist between
different microbial groups in methanogenic communities [1,2].

Volatile fatty acids (VFAs) are the key intermediates of organic waste transforma-
tion into biogas. The degradation of VFAs (along with hydrolysis) determines the over-
all rate of AD process [3]. In the absence of inorganic electron acceptors, VFAs can
be degraded only when an active and balanced consortium of syntrophic bacteria and
methanogenic archaea develop in the reactor. Syntrophic bacteria oxidize VFAs anaerobi-
cally only when the concentration of the products (especially H, and formate) is kept low.
This leads to the dependence of syntrophic bacteria on their hydrogen/formate-utilizing
methanogenic partners [1].

VFAs accumulate rapidly when syntrophic bacteria or methanogenic archaea are
suppressed or in the case of the substrate overloading. In the latter case, hydrolytic and
acidogenic bacteria develop faster than synthrophs and methanogens, which are unable
to oxidize VFAs at the same rate as they are produced. VFA accumulation results in a
gradual decrease in pH level, which negatively affects methanogenesis, and the AD process
becomes unstable. An increased concentration of VFAs is therefore an important indica-
tor of instability of the AD process [4,5]. VFA (mainly acetate, propionate and butyrate)
accumulation often happens during AD of a readily biodegradable feedstock, such as
food waste [6], sewage sludge [7] or agroindustrial waste [8]. For example, the acidifi-
cation and termination of methane production were observed during the thermophilic
AD of food waste when the concentrations of VFAs reached 10-14 g/L, corresponding to
4-14 mM propionate, 54-70 mM butyrate and 75-120 mM acetate [9]. The investigation of
adaptation mechanisms in microbial communities exposed to increased VFA concentra-
tion and searching for syntrophic bacteria and methanogenic archaea, which are resistant
to high concentrations of acetate, propionate and butyrate, is of special importance for
the practical application of these consortia in the AD process and for the stabilization of
biogas production.

Acetate is a pivotal intermediate in the anaerobic decomposition of organic matter,
and it contributes to a major part of the produced methane [10]. It has been reported that
syntrophic acetate oxidation (SAO) has become the dominant pathway in overcoming ac-
etate accumulation from initially acetoclastic methanogenesis-dominant anaerobic systems
under high ammonia stress [11,12]. Additionally, the SAO pathway also played a significant
role in the anaerobic digester suppressed through high concentrations of VFAs [13,14] and
high temperatures [15] due to the inhibition of acetoclastic methanogens.

Propionate has the most pronounced and the most difficult-to-overcome inhibitory
effect on the microorganisms in the methanogenic community. A number of works have
therefore focused on syntrophic propionate degradation [16,17]. In the work of Jannat
et al. [18], propionate degrading consortia were enriched in sequential mode, from lower
(1 g/L or 13.7 mM of propionate) to higher strength phase with 3 g/L (or 41.1 mM) propi-
onate. Four syntrophic microbial groups, Syntrophaceae, Syntrophomonadaceae, Methanobac-
terium and Methanosaeta were dominant in the lower strength phase. However, the substrate
accelerated microbial shifts were observed in the high-strength phase with a significant
decrease in Syntrophaceae of up to 26.9% [18]. Syntrophobacter was identified as the most
abundant and consistent bacterial partner in syntrophic propionate conversion, regardless
of the concentration of propionate, while among methanogen partners, Methanoculleus
was specifically enriched at the inhibitory levels of propionate, likely due to the ability to
function under unfavorable environmental conditions [19].

Although the amount of butyrate produced during organic waste decomposition
can be 5-10 times higher than that of propionate [9], the effect of butyrate on the AD
process attracts considerably less attention. In a mesophilic upflow anaerobic sludge
blanket reactor fed with high-butyrate (up to 6 g/L or 68 mM) containing palm oil mill
effluent, butyrate was (3-oxidized to acetate and hydrogen by obligate proton reducers
in syntrophic association with H; utilizing methanogens [20]. The conversion of acetate
to methane appeared to be a rate-limiting step but a key microbial community was not
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identified. Better butyrate-tolerated microbial consortia were domesticated and enriched
through adding butyric acid, ranging from 0.2 to 4.4 g/(L-d) (i.e., up to 55 mM in the
influent) in the mesophilic continuously stirred reactor [21]. The syntrophic consortia
mainly included butyrate-oxidizing bacteria (Syntrophomonas), acetate-oxidizing bacteria
(Synergistaceae and Mesotoga), interspecies Hj transfer promoted bacteria (DMER64) and
methanogen (Methanosarcina). No inhibition of the microbial community was observed [21].
It is well-known that the thermophilic AD system has higher biochemical reaction rates
but is more prone to destabilization as a result of the VFA build-up [22-24]. Moreover,
it would be interesting to study the effect of much higher concentrations of butyrate on
the shifts in the microbial community in order to better evaluate patterns of adaptation
to inhibition. Such findings could be useful to improve degradation efficiencies, and
the obtained enriched culture could be used to recover soured (specifically, butyrate-
accumulated) digesters by bioaugmentation.

The goals of the present work were: (1) the gradual adaptation of the thermophilic
methanogenic community to extremely high (up to 170 mM) butyrate concentrations; (2) to
study the change in the thermophilic microbial community in response to extremely high
concentrations of butyrate; and (3) to evaluate the feasibility of bioaugmentation using an
enriched syntrophic consortium to stabilize the overloaded AD system.

2. Materials and Methods
2.1. Inoculum

A thermophilically digested mixture of primary and secondary sewage sludge (1:1 ratio
by volume) from the Kuryanovo wastewater treatment plant (Moscow, Russia) was used as
an inoculum. The inoculum contained 4.5% total solids and 2.96% volatile solids.

2.2. Enrichment of Syntrophic Consortium

The enrichment of syntrophic consortium was conducted at 50 °C in 500 mL serum
bottles. Modified Pfennig medium [25] with microelements and vitamins solutions [26,27]
was prepared as described in [28]. A total 100 mL of medium was dispensed into the bottles
under argon atmosphere by using a bottle-top dispenser. Bottles were sealed with butyl
rubber stoppers, closed with aluminum caps and sterilized. Sodium butyrate (98%, Thermo
Scientific, Waltham, MA, USA) was used as a substrate. Enrichment was begun at the
initial butyrate concentration of 20 mM. The cell biomass (10% vol/vol) was sequentially
transferred into fresh media with higher butyrate concentrations (50, 95 and 170 mM) after
the butyrate and all metabolite products were consumed and methane production was
terminated. The initial pH of the inoculated medium was 6.8-7.0. pH was not controlled
during incubation.

2.3. Bioaugmentation Experiment

Enrichment culture adapted to 170 mM butyrate was used to overcome the AD destabi-
lization of simulated, readily biodegradable organic waste (dog food) containing 90.1% total
solids, 80.6% volatile solids, 14.5% crude protein, 35.5% carbohydrates, 2.3% crude lipids
and 9% crude cellulose (according to the manufacturer’s analysis). Thickened, thermophili-
cally digested sludge was used as an inoculum. Two inoculum-to-substrate ratios (ISR) on
VS basis were tested: 50/50 (the optimal value) and 20/80 (unfavorable value, potentially
resulting in excessive VFA accumulation and the destabilization of the AD process [29]).
The bioaugmentation experiments were carried out in 120 mL vials. Bioaugmentation vials
containing 10 g of the inoculum and substrate mixture with ISR of 50/50 or 20/80 were
supplemented with 10 mL of the enrichment culture. The control vials were supplemented
with 10 mL of distilled water instead of the enrichment culture. The final concentration
of VS in all mixtures was 7.5%. The vials were purged with argon, sealed with rubber
stoppers and closed with aluminum caps. The incubation was carried out in triplicate at
50 °C for 30 days without agitation. The composition of the gas phase, VFA concentration
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and pH were monitored regularly. Total solids (TS) and volatile solids (VS) content were
determined at the onset and end of the experiment.

2.4. Analytical Methods

Concentrations of CHy, H; and CO; in the gas phase and of acetate, propionate,
butyrate and iso-butyrate in the liquid phase were analyzed using a Crystal 5000.2 gas
chromatograph (GC) (Chromatec, Yoshkar-Ola, Russia) as described previously [30]. Total
solids (TS) content was determined after drying the sample to a constant weight at 105 °C.
Nonvolatile solids (NVS) content was determined by the combustion of dry sample in a
muffle furnace to constant weight at 650 °C. Volatile solids (VS) content was calculated
as the difference in weight between the TS and NVS. The pH was determined using an
FE20 pH meter equipped with an InLab® microelectrode (both Mettler Toledo, Greifensee,
Switzerland). The maximal rates of butyrate degradation, acetate production and con-
sumption and methane production were calculated via the angle of the tangent line at the
steepest part of the relevant curve. The average rates were calculated as the amount of
substrate consumed or products formed over the whole period of the experiment. The rates
were expressed in mmol/(L day).

2.5. Analysis of Microbial Diversity
2.5.1. DNA Extraction

An amount of 2-10 mL of microbial suspension from thoroughly mixed enrichment
cultures was placed into tubes using a syringe and centrifuged at 13,000 x g for 10 min. The
microbial pellets were used for DNA extraction. DNA was extracted using the method
based on the modified Birnboim-Doli DNA alkaline extraction method and purified with
the Wizard DNA cleanup system (Promega GmbH, Walldorf, Germany) [31].

2.5.2. Amplification, Cloning and Sequencing

The obtained DNA was used in PCR for archaeal and bacterial 165 rRNA genes with
primer sets Univ27f/Univ1492r [32] and A8F/A915R [33]. The PCR products were purified
by electrophoresis in agarose gel using the Wizard PCR Preps kit (Promega). Purified PCR
products were ligated into the pGEM-T EasySystem vector (Promega), according to the
manufacturer’s recommendations and cloned into E. coli DH10B. The sequencing of PCR
products and cloned fragments was performed on an ABI3730 DNA Analyzer (Applied
Biosystems) using the Big Dye Terminator v 3.1 Cycle Sequencing Kit (Applied Biosystems,
Waltham, MA, USA) according to the manufacturer’s recommendations.

2.5.3. Phylogenetic Analysis

The initial analysis of the obtained sequences was performed using the NCBI BLAST
service (http:/ /www.ncbi.nlm.nih.gov/blast, accessed on 1 August 2021). The chimeric
sequences were checked and removed using the Bellerophon program [34]. Sequence
editing was performed using the BioEdit editor (http://jwbrown.mbio.ncsu.edu/BioEdit/
bioedit.html, accessed on 1 August 2021). The phylogenetic dendrogram of bacterial and
archaeal 165 rRNA genes was constructed using the neighbor-joining method of MEGA
6.0 [35]. Bootstrap values were calculated after 1000 replications. The GenBank accession
numbers of the 165 rRNA gene sequences are MN382163-MN382177.

2.6. Statistical Analysis

The confidence limits of average values of experimental data were calculated using
Equation (1) [36]:

)

where

X—the average value;
s—the standard deviation;
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n—the number of replicates;

t—the corresponding t-statistical distribution value, depending on the number of samples
and on the degree of confidence (95% in the present study).

3. Results
3.1. Dynamics of Processes Involved in Syntrophic Degradation of Butyrate

A consortium of thermophilic bacteria and archaea adapted to high concentrations
of butyrate and acetate was obtained by sequentially transferring the biomass of ther-
mophilically digested sewage sludge into the fresh medium with higher concentrations of
butyrate, i.e., 20, 50, 95 and 170 mM, respectively. The dynamics of methane production via
syntrophic butyrate degradation followed by the production and degradation of acetate is
shown in Figure 1, and the rates of the processes are given in Table 1.
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Figure 1. Dynamics of anaerobic butyrate degradation at different initial concentrations of butyrate:
(A) 20 mmol/L, (B) 50 mmol/L, (C) 95 mmol/L and (D) 170 mmol /L.

Table 1. The rates of processes involved in the syntrophic degradation of butyrate.

Maximum/Average Rates, mmol/(L Day)

Initial Butyrate Concentration, mmol/L

20 50 95 170
butyrate degradation 7.1/1.3 1.6/1.2 10.3/4.5 75/3.3
acetate production 15.7/4.8 3.6/2.8 3.3/3.1 7.7/3.8
acetate consumption 3.65/1.2 3.1/1.8 10.1/5.8 1.03/-
methane production from butyrate 3.3/0.48 3.6/25 21.2/8.3 9.4/2.8

Experiments started at an initial butyrate concentration of 20 mM. At this concentra-
tion, the complete degradation of butyrate with the production of methane as the final
product proceeded in three stages (Figure 1A). During the first stage (10 days), butyrate
degradation was accompanied by the rapid accumulation of acetate (up to 60 mM). The
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amount of acetate produced was not equimolar, i.e., the measured acetate concentration
was 1.5 times higher than the one calculated using the Equation (2) [37]:

CH;CH,CH,COO™ + 2H,0 — 2CH;COO™ + H* +2H, AGo’ = +48 k] @)

The consortium was further transferred to the fresh medium with 50 mM butyrate,
after the acetate was consumed completely (Figure 1B). While the rates of butyrate degrada-
tion at 50 mM were lower than at 20 mM, the process of methane production was balanced
better (Table 1). During the first 20 days of the experiment, 30.2 out of 50 mM butyrate
was degraded, and 50.8 mM acetate was accumulated in the medium, which was at least
16% below the maximal theoretically calculated value. This was an indication of coupled
processes of syntrophic butyrate degradation and acetoclastic methanogenesis. Hydrogen
was detected in the gas phase during the first day of incubation (0.3 mM) and close to the
end of the experiment (2.24 mM). No significant effect of H, on the activity of syntrophic
bacteria was observed.

The most efficient butyrate degradation and methane production was observed,
when the enrichment culture was further transferred into the medium with 95 mM
butyrate (Figure 1C, Table 1). Butyrate decomposition occurred at the highest rate of
10.3 mmol/(L day) and was completed on day 23 of incubation. Hydrogen (up to 0.5 mM)
was detected on day 3 and was consumed within 24 h. The highest acetate concentra-
tion was 58.8 mM (~47% of the theoretically calculated maximum value), and methane
production rate reached the highest value of 21.2 mmol/(L day). This indicated that
the microbial community contained active butyrate-degrading syntrophic bacteria, hy-
drogenotrophic and acetoclastic methanogens and became resistant to high substrate
concentrations. Thus, the butyrate in concentrations of up to 100 mM had no inhibitory
effect on the enrichment culture.

The subsequent increase in butyrate concentration to 170 mM resulted in a decrease in
rates of butyrate degradation and methane production (Figure 1D, Table 1). The highest
rate of methane production was 9.4 mmol/(L day), which was 55.7% lower than the value
observed when 95 mM butyrate was added (Table 1).

Under these conditions, acetate utilization again became the rate-limiting stage. The
highest acetate concentration in the medium was 198.8 mM (58.8% of the theoretically
calculated value). Both acetate conversion and methane production decreased sharply after
butyrate was consumed on day 50. Acetate concentration decreased only to 78 mM (by
40%) during the following 95 days. Since H; did not accumulate in the gas phase and
pH was maintained at 7.5-8.0, the high concentration of acetate, apparently, was a factor
negatively affecting the microbial community.

3.2. Changes in the Composition of the Microbial Community during the Degradation of
170 mM Butyrate

Samples of enrichment culture for DNA extraction were taken twice on days 20 and 120,
and it can be seen that at the first stage of butyrate degradation, the microbial community
was more diverse than at the end of the experiment (Figures 2—4, Table S1).

Among methanogenic archaea, Methanosarcina thermophila TM-1 (100% 165 rRNA similar-
ity) dominated (86% of cloned archaeal sequences) on day 20 of the experiment with 170 mM
butyrate (Table S1, Figure 4). Acetoclastic methanogens related to Methanothrix thermophila
PT (95.8% 165 rRNA similarity) were a minor part of the community responsible for 4.3% of
the archaeal sequences. The bacterial community was mainly dominated by Syntrophaceticus
(30.4%) and Anaerobaculum (38.0%) with the lower content of Anaerolineae (15.3%).

The composition of the archaeal part of the community changed on day 120. The share
of methanogens related to Methanosarcina thermophila decreased to 25%, while the abundance
of Methanothermobacter thermautotrophicus and Methanomassiliicoccus luminyensis became more
numerous (53.1 and 21.9%, respectively) (Table S1). Similarly, the composition of the bac-
terial part of the community changed by the end of the experiment (day 120). Syntrophic
acetate-oxidizing bacteria (SAOB) related to Syntrophaceticus schinkii and Thermacetogenium
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phaeum became more abundant (43 and 7% of cloned bacterial sequences, respectively). Over
26% of the sequences belonged to unclassified Firmicutes, in which syntrophic bacteria are
common. Oppositely, the abundance of bacteria related to Anaerobaculum hydrogeniformans
and Anaerolineae decreased to 14.3 and 7.1%, respectively (Figures 2 and 3).
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Figure 2. Relative abundance of bacterial (A) and archaeal (B) community at the genus level in the

enrichment culture during the degradation of 170 mM butyrate.
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Figure 3. Phylogenetic tree of bacterial 165 rRNA gene sequence of representative clones of each
OTU and related type strains of the most represented bacterial groups of the enrichment culture. The

scale bar represents 5% sequence divergence.
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Figure 4. The phylogenetic tree of archaeal 165 rRNA gene sequence of the representative clones of
each OTU and related type strains of the most represented archaeal groups of the enrichment culture.
The scale bar represents 5% sequence divergence.

The results obtained by cloning indicate that high acetate accumulation causes a shift
of the major methanogenic pathway from acetoclastic to hydrogenotrophic coupled with
syntrophic acetate oxidation. An increase in acetate concentration was the factor driving
the changes in the composition of the microbial community.

3.3. Improvement in AD Performance though Bioaugmentation with the Syntrophic Enrichment
Culture

The ability of the syntrophic enrichment culture adapted to high VFA concentrations
to improve the performance of AD of readily biodegradable waste (dog food) was tested at
different ISRs (Table 2).

Table 2. The performance efficiency of bioaugmentation with enrichment culture to prevent AD
failure at different ISRs.

Cumulative Methane Average Methane Maximum Methane
Sample VS Removal, % Production, Production Rate, mL Production Rate, mL
mL/g VS CHy/(g VS Day) CHy/(g VS Day)
Bioaugmentation Mixture 1
(ISR = 50,/50) 346 £1.7 178.5 + 8.7 519 £0.11 245+04
Control 1
(ISR = 50//50) 120 £ 0.6 286+ 1.3 1.50 £ 0.04 819+ 0.16
Bioaugmentation Mixture 2
(ISR = 20/80) 38.1+£1.8 174.0 £ 8.7 511 +0.11 27.7 £0.5
Control 2 52 +0.3 4254022 -* 2.04 £+ 0.04

(ISR = 20/80)

* Calculation of average methane production rate was not possible because methanogenesis ceased completely
after 4-5 days of incubation.
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The enrichment culture exhibited high activity both under-favorable (ISR = 50/50) and
unfavorable (ISR = 20/80) conditions. Cumulative methane production in the bioaugmented
mixtures after 30 days of incubation was maximum both for favorable and unfavorable
ISR, reaching 178.5 + 8.7 and 174.0 & 8.7 mL/g VS, respectively. In the mixtures with
ISR of 50/50 the AD process was stable, with the average methane production rate of
5.19 £ 0.11 mL CHy/(g VS day). The average rate of methane production in the control
samples did not exceed 1.50 + 0.04 mL CH, /(g VS day), i.e., it was 3.5 times lower than in the
bioaugmented samples. In the mixtures with ISR of 20/80, a suppression of methanogenesis
was observed on days 3-5. Subsequently, however, the AD process stabilized and attained
the average methane production rate of 5.11 & 0.11 mmol CH4 /(g VS day). In the control
samples (ISR = 20/80), methane production stopped on days 3-5 of incubation (Table 2)
due to the inhibition of methanogenic community caused by high VFA build-up (~8.0 g/L),
represented mainly by butyrate (53.4 mM), acetate (37.8 mM) and ethanol (20.2 mM).

The maximum concentration of total VFAs was as high as 7.6-7.9 g/L on days 2-3,
the main components being butyrate (48.8-52.5 mM), acetate (35.7-38.9 mM) and ethanol
(23.1-26.7 mM). In the mixtures supplemented with the enrichment culture, the maximum
VFAs concentration was 1.5-2 times higher than in the control, which indicates better
substrate decomposition by the microorganisms of the bioaugmented microbial community.
This is apparently due to the lack of inhibition by metabolite products, which are rapidly
consumed and do not accumulate to inhibitory concentrations. In both bioaugmentation
and control mixtures with ISR of 50/50, VFAs were almost completely consumed by the
end of incubation (12 mM propionate and 5.5 mM acetate remained). Hydrogen concen-
tration in the headspace did not exceed 0.71 mmol/L for the control and 0.15 mmol/L
for the bioaugmentation mixture. While in all control mixtures with ISR of 20/80, Hy
concentrations were high (from 15.86 mmol/L at the onset of incubation to 12.14 mmol/L
by its end). Such high H; concentrations indicate a severe imbalance in the AD process.
Thus, our findings showed that the syntrophic enrichment culture significantly improved
AD performance.

4. Discussion
4.1. Dynamics of Butyrate Degradation

In the AD process, acetate is mainly formed during acetogenesis from other VFAs,
such as butyrate (Equation (2)) [23]. The electrons produced during the oxidation of
butyrate are transferred to protons to generate hydrogen. It must be mentioned that these
oxidation reactions are thermodynamically unfavorable and can only proceed when the
produced hydrogen is consumed by methanogens to keep a low partial pressure. Finally,
methane is produced in methanogenesis from either the oxidation of acetate (Equation (4))
or the reduction of CO; by H, (Equation (5)), which is the most sensitive step to high
VEFA concentrations compared to other steps. Acetate can be metabolized to methane in
two ways: syntrophic acetate oxidation coupled with hydrogenotrophic methanogenesis
(Equations (3) and (5)) and acetoclastic methanogenesis (Equation (4)).

CH3COO™ +4H,0 — 2HCO;~ + H" +H, AGo' = +105k] 3)
CH3COO™ + H,O — CHy + HCO3~ AGo' = —31k] 4)
4H, + 2HCO; ™ + H* — CH4 + 3H,0 AGo’ = —131k] 5)

Excessive acetate (Figure 1A) was probably formed due to biomass hydrolysis and
the decomposition of yeast extract (a component of the medium, 0.1 g/L). Acetate could
also be produced from H; and CO, by homoacetogenic bacteria. Since the affinity of
homoacetogens for H; is lower than that of hydrogenotrophic methanogens, they cannot
compete and exhibit low activity in balanced methanogenic communities [38]. However,
under unfavorable conditions, e.g., in the presence of inhibitors of methanogenic archaea
or at high substrate loads, homoacetogenic bacteria gain an advantage for growth [39].
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Methanothrix spp. is the most common acetoclastic methanogen in bioreactors with low
acetate concentrations, including those for the treatment of mixed sewage sludge [40—42].
Methanosarcina spp. is more abundant when acetate concentration in the medium in-
creases, especially in the case of thermophilic communities [43]. Members of the genus
Methanosarcina have a high capacity for adaptation to varying environmental conditions,
and their increased abundance therefore promotes the stabilization of the community [44].
It was shown previously that the adaptation of the methanogenic community may occur
due to the accumulation of Methanothrix spp. [45] and specific aggregation [41], when the
concentration of acetate increases gradually. No data are available on the inhibitory con-
centrations of butyrate used as a sole carbon source. Wang et al. considered the inhibitory
effect of butyrate indirect and associated primarily with rapid acetate accumulation in
the medium [16].

Our findings (Table 1) are in agreement with the results of Dogan et al. [46], who
reported halving the methane production in the presence of 220, 170, and 48 mM of acetate,
butyrate, and propionate, respectively. The inhibitory effect of acetate was previously
shown to be more pronounced than that of butyrate [16,47].

Literature data show differences in inhibitory concentrations of acetate. Dogan et al.
reported a decrease in the activity of acetoclastic methanogens at 68 mM acetate [46]. Illmer
and Gstraunthaler found that 150 mM acetate concentration caused the destabilization
of a large-scale thermophilic reactor fed with SS and OF-MSW [48]. According to Lins
et al., inhibitory acetate concentrations varied from 23 to 81 mM [17]. Nozhevnikova et al.
showed that acetate in concentrations from 5 to 100 mM affected the rate of thermophilic
methanogenesis: the rate of methane production was higher at lower acetate concentra-
tions [45]. The latter may vary, however, depending on the degree of the community
adaptation to experimental conditions, as can be seen from our results. We observed the
inhibition of methanogenesis at acetate concentrations above 50 mM in the first transfer.
The adaptation of the community to this concentration was found in subsequent transfers.
The further accumulation of over 200 mM acetate resulted in the pronounced retardation
of acetate conversion to methane. Fotidis et al. found that the maximum growth rate of
mesophilic microorganisms was 40% higher than that of thermophiles at acetate concen-
trations above 120 mM, while at lower acetate concentrations thermophiles had the same
growth rate as mesophiles or higher [5]. This may be explained by higher cell permeability
at elevated temperatures, so that high substrate concentrations have a more pronounced
inhibitory effect [42].

The formation of a small amount of propionate (up to 0.8 mM) was observed in the last
experiment with 170 mM butyrate addition. This may also indicate imbalance within the
community, i.e., the insufficient activity of H,-utilizing and acetoclastic methanogens [37].
The pH of the medium varied within the range of 6.5-8.0 and was 7.5-8.0 even at high
acetate concentrations. This was probably due to the hydrolysis of dead biomass with
the release of ammonium, as well as CO, production and its dissolution in the medium,
causing bicarbonate alkalinity.

Thus, butyrate itself in concentrations of up to 170 mM had no significant negative
effect on syntrophic bacteria and methanogenic archaea. A conversion of the intermediate
metabolite (acetate) was the stage limiting methanogenesis in the course of syntrophic bu-
tyrate degradation. To overcome this problem, a dense population of active acetate-utilizing
microorganisms with high growth rates should be present in the microbial community.

4.2. Changes in Microbial Community Composition during the Degradation of 170 mM Butyrate

Bacteria most closely related (among cultured strains) to Syntrophomonas wolfei subsp.
saponavida DSM 4212 (94.7% similarity of the 165 rRNA gene sequences) were detected in
the community on day 20. S. wolfei is capable of syntrophic butyrate degradation [49]. Ap-
proximately 30% of the cloned bacterial sequences are related to mesophilic Syntrophaceticus
schinkii Sp3 (96.4% 16S rRNA similarity), which are capable of syntrophic acetate oxidation
(SAO) [50]. The smaller part of the bacterial community consisted of microorganisms
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related to other SAOB, including thermophilic ones: 5.1% of the cloned bacterial sequences
belonged to Thermacetogenium phaeum DSM 12270 (97.1% 16S rRNA similarity); 1.3% to
Pseudothermotoga profunda AZM34c06 (97.4% 16S rRNA similarity); and 2.5% to Tepidiphilus
margaritifer N2-214 (99.4% 16S rRNA similarity). Approximately 38% of the sequences
belonged to Anaerobaculum hydrogeniformans OS1 (100% 16S rRNA similarity). A. hydrogeni-
formans is a typical component of microbial communities in thermophilic bioreactors. It
ferments sugars, amino acids, and yeast extract, producing H, [51]. Members of the phylum
Chloroflexi, class Anaerolineae, contributed to 15.3% of the bacterial sequences. Anaerolineae
is one of the most numerous microbial groups inhabiting anaerobic bioreactors; they are
often members of anaerobic syntrophic consortia [52].

In the studied community, Methanosarcina thermophila TM-1 most probably carried out
acetoclastic methanogenesis, although it is also able to grow on methanol, methylamines,
and H, /CO; [52]. Members of the genus Methanothrix are sensitive to high acetate con-
centrations in the medium [53]. However, our data show that these methanogens were
able to survive at acetate concentrations of up to 60 mM by aggregation, the formation
of a protective external matrix, and existence inside microbial granules. A similar mecha-
nism was described for a mesophilic methanogen Methanothrix (Methanosaeta) harundinacea,
which was able to survive at acetate concentrations of >100 mM [41]. Hydrogenotrophic
methanogens were represented by Methanothermobacter thermautotrophicus Delta H (100%
16S rRNA similarity) and contributed up to 3.2% of archaeal sequences. Microorgan-
isms related to the methyl-reducing methanogens Methanomassiliicoccus luminyensis B10
(95.7% 165 rRNA similarity) were also detected. Members of the genus Methanomassiliic-
occus use methanol and methylamines as substrates and exhibit obligate dependence on
hydrogen or formate [54].

Obligatory acetoclastic Methanothrix spp., which exhibited high affinity for acetate
and can utilize it at very low concentrations [55], dominated in the original inoculum.
They were replaced by Methanosarcina spp. with a lower affinity for acetate but higher
growth rates and an ability to use other substrates for methanogens along with acetate.
Increasing acetate concentrations in the medium were accompanied by the accumulation
of Methanosarcina-like microorganisms. When acetate concentration further increased to
>100 mM, the share of Methanosarcina in the community decreased and hydrogenotrophic
Methanothermobacter became the predominant methanogenic archaea. The accumulation
of Methanothermobacter in the community was accompanied by the increased abundance
of bacteria related to SAOB. Jang et al. reported similar changes in the population of
methanogenic archaea: increasing organic loading rate resulted in the decrease in the share
of Methanosarcinales from 81.3 to 54%, while the relative abundances of Methanobacteriales
and Methanomicrobiales increased from 5 to 17% and from 11 to 25%, respectively [52].

The shift of the key pathway of methanogenesis was the major mechanism for the
adaptation of the microbial community to high VFA concentration. Such a shift is probably
more important in the case of thermophilic communities, since the SAO process is known to
be more efficient under thermophilic conditions (55-60 °C) than under mesophilic ones [56].
Lins et al. and Wang et al. established that adaptive mechanisms acting in the methanogenic
community destabilized by excessive VFA accumulation were associated with shifts in
the trophic interactions between microbial groups, rather than with changes in microbial
abundance [16,17]. However, our results do not agree with the conclusion by Hattori that
low acetate concentrations (below 1 mM) are preferable for SAOB, which prevails over
acetoclastic methanogens under such conditions [56]. Our results also contradicted the
data of Fotidis et al. [5] and Hao [57], who showed that elevated acetate concentrations
in the medium under thermophilic conditions promoted the shift from hydrogenotrophic
to acetoclastic methanogenesis. However, our results are in agreement with those of Lins
et al. [17], who showed predominance of Methanosarcina and Methanoculleus (a genus of
hydrogenotrophic methanogens) in the inoculum obtained for preventing acetate destabi-
lization of AD process, together with predominance of members of the genus Clostridium,
including C. ultunense (SAOB). Moreover, they showed that inoculum obtained by shock
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load (150 mM) provided higher methane yield than sequentially adapted ones [17]. This is
probably due to the loss of a part of the bacterial community in the course of adaptation.
Using labeled acetate, Sasaki et al. showed that the thermophilic digestion of OF-MSW
resulted in conversion of ~80% acetate to methane via the SAO pathway with subsequent
hydrogenotrophic methanogenesis, while acetoclastic methanogenesis was responsible
only for ~20% [58].

4.3. Improvement in AD Performance through Bioaugmentation, Comparison with Recent Research

The accumulation of VFAs caused by impact loadings often leads to the acidification
and failure of AD systems. Bioaugmentation is considered to be an effective method to alle-
viate the VFA inhibition of AD. The most recent research mainly reports the improvement
of the mesophilic AD process through bioaugmentation with acetate and propionate-
degrading consortiums (Table 3).

Table 3. Improvements in AD performance through bioaugmentation with syntrophic enrichment

cultures.
Temperature/ Enrichment (Bioaugmentation) Culture
Feedstock - Improvements Reference
Operation Mode Bacteria Archaea
Mesophilic acetate and
propionate-oxidizing consortia
(CLifE:)iizlz};f;bazf;)f ermenter Acetoclastic and
37 °C/fed-batch trophi ! hydrogenotrophic
syntrophic - . methanogens . . o
VFAs-oxidizing bacteria (Methanosacta Increased biogas yield by 175%
(Rikenellaceae_DMER64, . 4
. Methanolinea and
Smithella and g
Methanospirillum)
Syntrophobacter)
Municipal sludge [59]
Thermophilic acetate
and propionate oxidizing consortia
Proteolytic bacteria
53 °C/fed-batch (Keratinibaculum, and Hydrogenotrophic
Tepidimicrobium), m}e,thafo en P Increased biogas yield by 746.7%,
syntrophic VFAs- (Me thanosgarcinu) mitigated ammonia inhibition
oxidizing bacteria
(Syntrophomonas)
Exiguobacterium,
R . Janthinobacterium, Rate constant k increased from 0.071 h™!
Sewage sludge 35 °C/semi-flow Acinetobacter, and Methanosaeta {60,087 h-1 [60]
Stenotrophomonas
High C/N artificial Culture from propionate-degrading bioreactor Organic loading rate, methane

feedstock made up with
rice flour, whole egg
powder and

milk powder

35 °C/continuous

Syntrophobacter (40-63%)

Methanothrix (53-70%)
and Methanoculleus
(10-25%)

percentage, volumetric methane

production and volatile solid methane [61]
production higher at 1.0 g L/d, 24%, 0.22
L/L/d and 0.23 L/gVS/d, respectively

Synthetic wastewater
(non-fat, dry milk)

35 °C/continuous

Methanogenic, aero-tolerant propionate

enrichment culture

Spirochaetaceae (30%) and

Thermovirga (12%)

Methanosaeta (65%)

11 + 3% increase in CHy production [62]

Simulated readily
biodegradable waste
(dog food)

50 °C/batch

Syntrophic butyrate-degrading consortium

Syntrophaceticus (42.9%),
Syntrophomonas (26.2%),
Firmicutes (26.2%), and
Anaerobaculum (14.3%)

Methanosarcina (25%),
Methanomassiliicoccus
(21.9%), and
Methanothermobacter
(53.1%)

More than 3.5, 6.2 and 2.9 times higher
methane production rate, methane yield,
and VS removal, respectively

Cai et al. used the sludge previously acclimated with VFAs for the bioaugmentation
of an acidified mesophilic anaerobic digestion system and increased the methane yield
by 8.03-9.59 times. Acetoclastic methanogens from the acclimated sludge acted as the
main contributors to pH neutralization and methane production during the early phase
of bioaugmentation [63]. The bioaugmentation of mesophilic and thermophilic AD under
ammonia inhibition with syntrophic acetate and propionate oxidizing consortia was inves-
tigated by Li et al. [61]. Their results showed that the bioaugmented reactors recovered
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earlier than control reactors at 20 and 8 days, respectively, in mesophilic and thermophilic
operation mode. Different bioaugmentation mechanism occurred in mesophilic and ther-
mophilic AD, which are derived from the synergetic effects of ammonia tolerance and
microbial interactions [61]. Bioaugmentation with a mixture of microorganisms (Bacteria
and Archaea) was applied to improve the anaerobic digestion of sewage sludge. The rate
constant increased from 0.071 h~! to 0.087 h~! as doses of the bioaugmenting mixture were
increased, as compared to values of 0.066 h~! and 0.069 h—! obtained with sewage sludge
alone. Next-generation sequencing revealed that Cytophaga sp. predominated among
bacteria in digesters and that the hydrogenotrophic methanogen Methanoculleus sp. was the
most abundant genus among archaea [60]. It was also reported that bioaugmentation with
propionate-degrading enrichment culture can improve the digestion performance of high
C/N ratio feedstock without co-digestion with nitrogen-rich substrate [61]. Bioaugmenta-
tion with aero-tolerant propionate enrichment culture, dominated by Spirochaetaceae (30%),
Thermovirga (12%), and Methanosaeta (65%), was successful in improving by 11 = 3% of CHy
production in quasi steady state performing anaerobic digesters. CH4 production increase
after bioaugmentation was correlated to increased relative abundance of Methanosaeta and
Methanospirillum originating from the bioaugment culture [62]. Amani et al. [47] applied an
adapted consortium for the intensification of methanogenesis under high VFAs load. Using
the consortium shortened the retention time while the process stability was maintained. It
was found that the ratio between active methanogens and syntrophs was one of the key
aspects that determined the rate of methanogenesis and the stability of the process [47].
Gagliano et al. showed that active syntrophic interactions promoted increased biogas yield,
since they provided for a more complete utilization of the waste substrates [64]. In this
study, under thermophilic conditions, both cumulative methane production and methane
production rates were significantly (more than 3.5 and 6.2 times, respectively) improved
through bioaugmentation with syntrophic butyrate-degrading consortium, which is very
competitive with other works (Table 3). Our study revealed the thermophilic butyrate-
oxidizing consortia as a bioaugmented culture could be a potential strategy to alleviate the
high organic load and VFA stress of AD.

5. Conclusions

This study showed that a gradual increase in butyrate concentration is a viable strategy
for the adaptation of the methanogenic microbial community to butyrate concentrations
up to 170 mM. The indirect inhibition of the anaerobic degradation of butyrate was clearly
demonstrated at the highest concentration of butyrate tested. Based on the dynamics
of the conversion of butyrate and the by-product of its syntrophic degradation, namely
acetate into methane, it was suggested that the limiting rate of the syntrophic butyrate
oxidation is the degradation of acetate due to its accumulation up to ~200 mM. As a
response to acetate build-up, a change in the microbial community occurred regarding the
enrichment of microbial groups that carry out syntrophic acetate oxidation (Syntrophaceticus
and Syntrophomonas) coupled to hydrogenotrophic methanogenesis (Methanothermobacter
thermautotrophicus and Methanomassiliicoccus). Thus, acetate inhibition can be overcome.
Bioaugmentation with syntrophic butyrate-degrading consortium has been shown to be
a viable strategy to alleviate VFA build-up due to organic overload. This finding is of
particular practical importance in the case of thermophilic AD, which is more prone to
destabilization than the mesophilic process.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13010173/s1, Table S1: Phylogenetic affiliation and relative
abundance of bacterial and archaeal 165 rRNA gene sequences retrieved from the clone libraries.
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