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ABSTRACT Acetate is a major intermediate in the anaerobic digestion of organic
waste to produce CH4. In methanogenic systems, acetate degradation is carried out
by either acetoclastic methanogenesis or syntrophic degradation by acetate oxidizers
and hydrogenotrophic methanogens. Due to challenges in the isolation of syntrophic
acetate-oxidizing bacteria (SAOB), the diversity and metabolism of SAOB and the
mechanisms of their interactions with methanogenic partners are not fully character-
ized. In this study, the in situ activity and metabolic characteristics of potential SAOB
and their interactions with methanogens were elucidated through metagenomics and
metatranscriptomics. In addition to the reported SAOB classified in the genera Tepid-
anaerobacter, Desulfotomaculum, and Thermodesulfovibrio, we identified a number of
potential SAOB that are affiliated with Clostridia, Thermoanaerobacteraceae, Anaeroli-
neae, and Gemmatimonadetes. The potential SAOB possessing the glycine-mediated
acetate oxidation pathway dominates SAOB communities. Moreover, formate appeared
to be the main product of the acetate degradation by the most active potential
SAOB. We identified the methanogen partner of these potential SAOB in the acetate-
fed chemostat as Methanosarcina thermophila. The dominated potential SAOB in each
chemostat had similar metabolic characteristics, even though they were in different
fatty-acid-fed chemostats. These novel syntrophic lineages are prevalent and may play
critical roles in thermophilic methanogenic reactors. This study expands our understand-
ing of the phylogenetic diversity and in situ biological functions of uncultured syntrophic
acetate degraders and presents novel insights into how they interact with methanogens.

IMPORTANCE Combining reactor operation with omics provides insights into novel
uncultured syntrophic acetate degraders and how they perform in thermophilic
anaerobic digesters. This improves our understanding of syntrophic acetate degradation
and contributes to the background knowledge necessary to better control and optimize
anaerobic digestion processes.
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waste treatment and renewable energy production. The degradation of organic matter Tihe awilhens dedie e @arifilia: of iniaiest,
to methane consists of four basic steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. Volatile fatty acids (VFAs, e.g., acetate, propionate, butyrate, and
isovalerate) are the main intermediates in the AD system (1). The degradation of VFAs
in anaerobic digesters becomes thermodynamically unfavorable even with a slight
accumulation of metabolic products (i.e., acetate, H,, and formate) (2, 3). The syntro-
phic interaction of VFA oxidizers with partner methanogenic archaea that consume
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the products is essential in AD (4-6). Thus, syntrophic fatty acid oxidation is thought to
be a critical step in AD. Acetate is the product of syntrophic propionate, buty-
rate, and isovalerate degradation (equations 1-3) (2, 7). Theoretically, one, two, and
three molecules of acetate can be produced from the degradation of one molecule
of propionate, butyrate, and isovalerate, respectively. Therefore, acetate serves as an
important intermediate metabolite and the major precursor of methane in the AD
of organic matter (8, 9). Metabolic disorders within anaerobic digesters would lead
to the accumulation of acetate and/or Hy, which may cause acidification and reduce
methane production, destabilizing the AD system. Therefore, uncovering the underlying
mechanism of anaerobic acetate metabolism is fundamental to managing the microbial
AD system for better performance.

Propionate™ + 3H,0 — Acetate™ + 3H, + HCO3; + H* AG” = +71.7kI mol™! €))
Butyrate™ + 2H,0 — 2Acetate” + 2H, + HY AG” = +48.3 kI mol™" )
Isovalerate™ + HCO3 4+ H,0 — 3Acetate” 4+ H, + H* AG® = +20.2kJ mol™ 3)

Under methanogenic conditions, methane production from acetate follows two
routes (i) acetoclastic methanogenesis (equation 4) and (ii) acetate oxidation (equation 5)
coupled with hydrogenotrophic methanogenesis (equation 6) (9).

Acetate™ + H,0 — CH, + HCO; AG® = —31.0kImol™’ (4)
Acetate™ + 4H,0 —> 2HCO3 + 4H, + H* AG” = + 104.6 kJ mol™ (5)
4H, + HCO; + HY — CH, 4+ 3H,0 AG” = —135.6 kJ mol™ (6)

In the first instance, acetate is cleaved into carbonyl and methyl groups, then,
respectively, oxidized to CO, and reduced to CH4 by multitrophic methanogen
Methanosarcina or acetoclastic methanogen Methanothrix (10). In the second instance,
both methyl and carbonyl groups of acetate are oxidized to CO,, associated with
the generation of H,. This reaction is thermodynamically unfavorable under stand-
ard conditions (equation 5). Thus, “syntrophic” cooperation with hydrogen-scavenging
methanogenic partners (equation 6) is necessary to maintain thermodynamic favora-
bility (9). Previous studies have observed syntrophic acetate oxidation under specific
conditions [e.g., high concentration of ammonia (11-14), high temperature (14, 15), or
low loading rate and long retention time (16)], suggesting that this metabolism may
play a critical role in diverse methanogenic systems and that there may be challenges in
supporting acetoclastic methanogens.

Although six strains of SAOB have been cultured, the diversity and metabolism of
SAOB are not fully understood. Among the described SAOB, three species [Thermacetoge-
nium phaeum (17), Syntrophaceticus schinkii (18), and Tepidanaerobacter acetatoxydans
(19)] possess the well-known reverse Wood-Ljungdahl (WL) pathway for syntrophic
acetate oxidation (20, 21), but two others, Pseudothermotoga lettingae (22) and
Schnuerera ultunensis (23), lack genes for this classical WL pathway and are suspected to
possess an alternative metabolism, potentially mediated by a glycine cleavage path-
way (24). Moreover, these cultured SAOB are generally detected at low abundances in
anaerobic bioreactors (less than 1%) (25, 26). Previous studies based on DNA or protein
stable isotope probing point toward the presence of other phylogenetically distinct
uncultured acetate oxidizers in anaerobic digestors (27, 28). Therefore, uncovering the
diversity, ecology, metabolism, and symbiotic interactions of these yet-to-be-cultured
SAOB is essential for improving our understanding of methanogenic bioreactors under
various conditions.

In our previous studies, we operated chemostats fed with acetate, propionate, or
isovalerate as the sole carbon source to enrich syntrophic fatty acid oxidizers (28—
30). Some unclassified bacterial populations were detected at high abundances in
all acetate-, propionate-, and isovalerate-fed thermophilic chemostats based on 16S
ribosomal RNA (rRNA) analysis (28-30). Since acetate is the product of propionate
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and isovalerate oxidation, those unclassified bacterial populations may be involved in
acetate degradation. Using the DNA stable-isotope probing (DNA-SIP) method, some
of those unclassified bacterial populations in acetate- and propionate-fed thermo-
philic chemostats were found to be potential acetate oxidizers (28). However, the
metabolic characteristics and prevalence of these potential acetate oxidizers remain
unclear. To address this, four additional thermophilic fatty-acid-fed chemostats were
constructed and analyzed in this study. To systematically investigate the diversity and
metabolism of potential acetate oxidizers, we employed metagenomics to recover
genomes (metagenome-assembled genomes, MAGs) of potential acetate oxidizers from
acetate-, propionate-, butyrate-, and isovalerate-fed thermophilic chemostats. Metage-
nomics- and metatranscriptomics-based metabolic reconstruction of these populations
uncovered the catabolic pathways of acetate oxidation, the mechanisms for electron
transduction from acetate oxidation to H, and formate generation, and the interactions
of these populations with their methanogenic partners. This study provides insights into
uncultured novel thermophilic acetate oxidizers and their in situ performance.

MATERIALS AND METHODS
Operation of thermophilic anaerobic chemostats

In our previous work, four thermophilic (55°C) chemostats (ATL chemostat, acetate-fed,
dilution rate of 0.025 day™'; ATH chemostat, acetate-fed, dilution rate of 0.05 day™'; PTL
chemostat, propionate-fed, dilution rate of 0.025 day™'; and VTL chemostat, isovalerate-
fed, dilution rate of 0.025 day™") were built (28-30). In this study, we constructed four
additional thermophilic chemostats (PTH chemostat, propionate-fed, dilution rate of
0.05 day™'; BTL chemostat, butyrate-fed, dilution rate of 0.025 day™'; BTH chemostat,
butyrate-fed, dilution rate of 0.05 day™'; and VTH chemostat, isovalerate-fed, dilution rate
of 0.05 day™). Overall, eight thermophilic anaerobic chemostats operated with different
carbon sources (acetate, propionate, butyrate, or isovalerate), two dilution rates [0.025
day™", hydraulic retention time (HRT) = 40 days; 0.05 day™', HRT = 20 days] (Table 1). The

TABLE 1 Operational performance of thermophilic chemostats during the steady operation period®

Applied and Environmental Microbiology

Chemostat name ATL ATH PTL PTH BTL BTH VTL VTH
Carbon source Acetate Acetate Propionate  Propionate  Butyrate Butyrate Isovalerate  Isovalerate
Dilution rate (day™) 0.025 0.05 0.025 0.05 0.025 0.05 0.025 0.05
HRT (day) 40 20 40 20 40 20 40 20
Inflow concentration (mg-L”) 20,000 20,000 16,444 16,444 14,667 14,667 13,600 13,600
Gas production rate 115+£22 294 + 67 103+£17 383+43 155+ 28 396 + 35 143 £37 365+18
(mL-L"-day™)
CH4 content (%) 58+4 60+5 62+2 63+3 66 + 2 73+4 67 +4 76+6
H, partial pressure (Pa) 08+04 14+£06 29+1.2 31+1.3 23+1.4 29+13 20+1.2 25+09
pH 8.04+0.14 785+0.14 795+0.14 7.78+0.14 7.78+0.08 763+0.11 7.84+0.14 7.66+0.10
Outflow TOC (mg-L™") 139+83 132+78 84 +49 118 46 87+74 123 £91 84 +49 114+ 44
Formate (mg-L™")° ND ND ND ND ND ND ND ND
Acetate (mg-L™) 11 +22 12£35 6+8 2+4 31+47 27 £ 69 23+53 20+20
Propionate (mg-L™) 0 0 11£13 15+48 ~1.0 ~1.0 ~1.0 ~1.0
Butyrate (mg-L™") 0 0 0 0 ~1.0 ~1.0 ~1.0 ~1.0
Valerate (mg-L™") 0 0 0 0 0 0 ~1.0 ~1.0
Iso-valerate (mg-L™") 0 0 0 0 0 0 ~1.0 ~1.0
SS(gL™) 0421+0.08 0.543+0.14 0.468+0.11 0.68+0.07 1.43+0.49 144+038 135+044 1.38+0.25
VSS (g-L™) 0.308+0.07 0.392+0.11 0.352+0.10 0.513%0.07 0.62+0.21 0.65+0.18 0.57+021 0.67+0.19

“HRT, hydraulic retention time; TOC, total organic carbon; SS, suspended solid; VSS, volatile suspended solid; ND, not detected. The operational parameters (e.g., pH, gas
production rate, CH4 content, etc.) were the averages (mean + SD, n > 30) during the steady-state period in ATL (day 100-550), ATH (day 80-550), PTL (day 100-650), PTH
(day 300-450), BTL (day 100-650), BTH (day 300-650), VTL (day 150-650), and ATL (day 300-650) chemostats (Fig. S2). The steady state was defined as the operational

parameters (i.e., biogas production, pH, TOC, VSS, and concentrations of VFAs) being relatively stable.
Formate concentration was below the detective limit (10 mg L™') of the high-performance liquid chromatography.
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HRT of 20 and 40 days were selected based on the typical HRT of 15-40 days needed for
the anaerobic digestion of agricultural and municipal wastes.

The eight chemostats were constructed using continuous stirred tank reactors, each
with a working volume of 1.8 L (Fig. S1). The seed sludge for inoculating acetate- and
propionate-degrading chemostats was obtained from a thermophilic anaerobic digester
treating kitchen waste (Sichuan Province, China), and the seed sludge for inoculating
butyrate- and isovalerate-degrading chemostats was from a swine manure treatment
plant (Sichuan Province, China) (Table S1). The thermophilic chemostats were fed with
artificial wastewater containing acetate (20.0 g-L™"), propionate (16.4 g-L™"), butyrate
(14.7 g-L™"), or isovalerate (13.6 g-L™") as the sole carbon source, respectively [total
organic carbon (TOC) = 8,000 mg-L"]. The artificial wastewater contained 0.3 g-L™
KH5PO4, 4.0 g-.L™" KHCO3, 1.0 g-L™" NH4Cl, 0.6 g-L™" NaCl, 0.82 g-L™' MgCl5-6H50, 0.08 g-L™’
CaCly2H50, 0.1 g-L™" cysteine-HCI-H,0, 10 mL trace element solution; and 10 mL vitamin
solution (28, 29).

Cultures from the chemostats were used for fluorescence microscopic observation
and the analyses of pH, suspended solids, volatile suspended solids, TOC, and VFAs
using the same protocols described previously (28). CHy4, CO», and H; contents of the
biogas were determined using gas chromatography (GC-2014C, Shimadzu, Kyoto, Japan).
During the steady operation period, biomass collected from the chemostats was used for
DNA and RNA extraction.

DNA and RNA extraction, 16S rRNA gene, metagenomics, and metatranscrip-
tomics sequencing

Samples for microbial analysis were taken at random time intervals when the chemo-
stats operated stably. The steady-state operation periods of chemostats were defined
based on the stability of the reactor performance (i.e., biogas production was stable
and VFA accumulation was negligible; Fig. S2) and the microbial community structure
(16S rRNA gene sequencing). Sampling time points for 16S rRNA gene amplicon,
metagenomics, and metatranscriptomics sequencing in this study are shown in Table
S1. Total DNA and RNA were extracted via the cetyl-trimethyl ammonium bromide
method (31). Total RNA was reverse transcribed using PrimeScript RT reagent Kit with
gDNA Eraser (Perfect Real Time) according to the manufacturer’s protocol (Takara,
Kusatsu, Japan). DNA and cDNA samples were subjected to 16S rRNA gene amplicon
sequencing. The V4-V5 hypervariable regions of the bacterial and archaeal 16S rRNA
genes were amplified with universal primers 515F (5-GTGCCAGCMGCCGCGGTAA-3’) and
909R (5-CCCCGYCAATTCMTTTRAGT-3’). PCR product purification and lllumina sequenc-
ing were conducted using the protocol previously reported (28). Metagenomic DNA
was sequenced on an lllumina HiSeq 2000 platform (lllumina). For metatranscriptomics
sequencing, total RNA was purified and then sequenced on an lllumina HiSeq 2000
platform (lllumina). Before sequencing, rRNA was removed from the DNase-treated RNA
via the Ribo-Zero rRNA Removal Kits (Illumina, San Diego, CA, USA).

Bioinformatics analyses

The data processing of 16S rRNA gene sequences was conducted using the protocol
previously reported (28). The paired-end metagenomics reads (2 x 150 bp) were trimmed
via Trimmomatic v0.36 (32), co-assembled via SPAdes v.3.5.0 (33), binned through
MetaBAT v0.26.3 (34) and MaxBin 2.0 (35), and checked for completeness and contami-
nation using CheckM v1.0.5 (36). Taxonomy affiliation of MAGs was processed through
GTDB-tk (v1.3.1) (37). Phylogenetic trees were built with PhyloPhlAn v0.99 (38), and the
tree was edited using iTOL (39). All genomes were annotated through a combination of
Prokka v1.13 (kingdom = Bacteria or Archaea) (40), KEGG KAAS (https://www.genome.jp/
tools/kaas/), and manual curation (see Supplementary Methods for details of bioinfor-
matics analyses).

The paired-end metatranscriptomic reads (2 x 150 bp) were trimmed as the DNA-
trimming step described above and mapped to MAGs using the BBMap with the
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parameters as: minid = 1 (v35.85; http://sourceforge.net/projects/bbmap/). The gene
expression levels of functional genes from each MAG were calculated as reads per
kilobase transcript per million reads mapped to the MAG (RPKM) averaged from
duplicate samples. The RPKM was further normalized to the median gene expression
level in the heat map illustration for each MAG (RPKM-NM) averaged from duplicate
samples (29). Genes exhibiting high expression levels indicate that their RPKM-NM values
ranked within the top quartile among all genes' RPKM-NM values.

RESULTS AND DISCUSSION
Chemostat operation and performance

Eight thermophilic anaerobic chemostats were successfully operated with artificial
wastewater, containing acetate, propionate, butyrate, or isovalerate as the sole
carbon/energy source at two hydraulic retention times. These chemostats were
continuously operated for more than 450 days, and the performance was kept stable
during the steady-state period in each chemostat [i.e., biogas production was stable and
effluent concentrations of VFAs in the eight chemostats were low (10-30 mg L™")] (Table
1; Fig. S2). The methane content reached approximately 54%-77%, and the H, partial
pressure was below 5 Pa. These indicated that the influent VFAs were almost completely
degraded by these microbial communities. Additionally, various fatty acids were used as
the sole carbon sources in this study, and the reactors were operated in chemostat mode
over 450 days, which seems to be favorable for enriching fatty acid oxidizers.

Microbial diversity and community composition of thermophilic anaerobic
chemostats

DNA- and RNA-based 16S ribosomal RNA gene analysis revealed that the bacterial
community of the thermophilic chemostats contained a diverse population belonging
to uncultured lineages (Fig. 1; Fig. S3). The dominant bacterial populations included
Firmicutes (e.g., order MBAO3 and family Thermoanaerobacteraceae), Bacteroidetes
(Lentimicrobiaceae), and Chloroflexi (Anaerolineaceae), which were at high relative
abundance (up to 72%) and RNA-based activity (up to 41%) in all of the thermophilic
chemostats. Thermodesulfovibrio displayed a low DNA-based relative abundance but
high activity (up to 18% of transcriptome). Notably, the genus associated with previously
isolated SAOB (Tepidanaerobacter) (19) was detected but only comprised less than 2%
of the total bacterial community (DNA-based abundance, 0.04%-0.32%; RNA-based
activity, 0.10%-1.89%). In our previous study, members of MBAO3, Thermoanaerobacter-
aceae, Anaerolineae, Lentimicrobiaceae, and Thermodesulfovibrio were determined to
be potential SAOB in ATL and PTL by using DNA-stable isotope probing (28). These
populations were also detected in other chemostats (ATH, PTH, BTL, BTH, VTL, and
VTH; Fig. 1; Fig. S3), suggesting the potential contribution of the syntrophic acetate
oxidization pathway for methane generation. However, the metabolic characteristics of
these potential SAOB require further investigation. In regard to the archaeal commun-
ity, according to 16S rRNA gene analysis, Methanosarcina whose relative abundance
accounted for 26%-94% and 48%-99% of the archaeal community at the DNA and
RNA level, respectively, was the active methanogen across all thermophilic chemostats
(Fig. S4). Operational taxonomic units (OTUs) of Methanosarcina held a 99.5% sequence
similarity to the multitrophic methanogen M. thermophila TM-1, which is able to convert
H,, acetate, and methanol to methane (41, 42). The activities of Methanoculleus and
Methanothermobacter were negligible in ATL. Methanothermobacter was dominant in PTL
(67% DNA and 51% RNA), PTH (47% DNA and 42% RNA), and BTL (25% DNA and 24%
RNA), while Methanoculleus predominated in BTH (33% DNA and 29% RNA) and VTH
(59% DNA and 9% RNA).

The structures of the microbial community in low- and high-dilution rate chemostats
fed with the same carbon source were similar (Fig. 1; Fig. S3 and S4). Therefore, we only
conducted metagenomics and metatranscriptomics analyses on the chemostats with
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Relative abundance of bacterial genera in the thermophilic chemostats. The relative abundance was calculated based on 16S rRNA gene amplicon

sequencing (DNA level). ATL chemostat, acetate-fed, dilution rate of 0.025 day"; ATH chemostat, acetate-fed, dilution rate of 0.05 day"; PTL chemostat,

propionate-fed, dilution rate of 0.025 day"; PTH chemostat, propionate-fed, dilution rate of 0.05 day"; BTL chemostat, butyrate-fed, dilution rate of 0.025 day”;
BTH chemostat, butyrate-fed, dilution rate of 0.05 day"; VTL chemostat, isovalerate-fed, dilution rate of 0.025 day”; VTH chemostat, isovalerate-fed, dilution rate

of 0.05day ™.

low dilution rates (ATL, PTL, BTL, and VTL) to profile the metabolic characteristics of such
bacteria and methanogens (potential partners and competitors). A total of 173 Gbp
metagenomic clean sequences (ATL, 35 Gbp; PTL, 69 Gbp; BTL, 34 Gbp; VTL, 35 Gbp) were
obtained. Binning of the assembled contigs from the metagenomes yielded 45, 41, 52,
and 56 high-quality (=70% genome completeness and <10% contamination) prokaryotic
MAGs from ATL, PTL, BTL, and VTL, respectively. To obtain gene expression profiles of the
bacteria and archaea in the chemostats, a total of 287 million metatranscriptomic reads
(33.6 Gbp, approximately 4.2 Gbp for each RNA sample) were sequenced and mapped to

the MAGs for each chemostat (78%-95% of reads mapped using a 100% nucleotide
similarity cutoff).

Syntrophic metabolism and energy conservation of acetate-degrading
community in ATL

Based on 16S ribosomal RNA gene analysis (DNA- and RNA-based), the relative
abundance and RNA-based activity of bacteria were higher than that of archaea in
all chemostats, with the exception of PTH (Fig. S5A and B). Based on mapping meta-
genomic reads to the obtained MAGs, the bacterial populations retrieved accounted
for 79%, 52%, 67%, and 67% of the metagenomic reads obtained from ATL, PTL, BTL,
and VTL, respectively (Fig. S5C). In addition, these bacterial populations accounted for
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80%, 74%, 65%, and 73% of the metatranscriptomic reads from ATL, PTL, BTL, and
VTL, respectively (Fig. S5D). In PTL, BTL, and VTL, bacteria displayed higher abundance
and activity than archaea. The explanation for this phenomenon was that propionate,
butyrate, and isovalerate were degraded by syntrophic fatty acid-oxidizing bacteria,
and then the products (i.e., acetate and Hy/formate) were handed off to partnering
acetate- and Hy-consuming methanogenic archaea. In ATL, acetate could be converted
by Methanosarcina to produce methane. However, the microbial consortia were still
dominated by bacterial populations. This result together with the low concentration of
VFAs (10-30 mg L") suggested that some bacterial populations (e.g., unclassified MBAO3,
unclassified Thermoanaerobacteraceae, unclassified Lentimicrobiaceae, and unclassified
Anaerolineaceae) may be potential acetate oxidizers and play a significant role in acetate
degradation at least in our acetate-fed chemostats, which was consistent with our
previous DNA-SIP experiments (28).

Activity of CO>-reducing methanogenesis in Methanosarcina in ATL

MAGs of methanogens, including multitrophic Methanosarcina (MAG.ATL014), hydroge-
notrophic Methanoculleus (MAG.ATL103) and Methanothermobacter (MAG.ATL045), and
methylotrophic Methanomassiliicoccus (MAG.ATL089) were recovered from ATL (Fig. S6;
Table S2). Based on metatranscriptomics, the activity of Methanoculleus (MAG.ATL103)
was not detected. Methanothermobacter (MAG.ATL045) displayed low activity (0.22%)
and did not express genes involved in hydrogenotrophic methanogenesis (Fig. 2 and
3B; Tables S3 and S4). Methanomassiliicoccus MAG.ATLO89 (activity of 1.64%) highly
expressed methylotrophic methanogenesis (top octile). On the other hand, Methano-
sarcina (99.5% rRNA sequence similarity to M. thermophila TM-1; MAG.ATL0O14) was
highly abundant (17%) and active (18%) in the ATL. It highly expressed genes for
CO5 reduction (in addition to acetate catabolism; top quartile of expressed genes in
the corresponding MAG; Fig. 2 and 3B; Tables S3 and S4). Thus, only Methanosarcina
MAG.ATLO14 may be capable of consuming H; in ATL and possibly act as a syntrophic
partner of SAOB. Even though some Methanosarcina species are known to significantly
downregulate the expression of genes for CO, reduction during acetate degradation as
they are not necessary (43), this was not the case for Methanosarcina (MAG.ATLO14) in
ATL. A decrease in the activity of the CO,-reducing pathway also results in decreased
cellular concentrations (up to 10-fold) of coenzyme F45¢, an electron carrier for the CO,
branch during growth on acetate (44). Though only qualitatively, Methanosarcina-like
cells showed higher autofluorescence (at 420 nm) in chemostats where Methanosarcina
highly expressed the CO5-reducing pathway [i.e., ATL and ATH compared to PTL in Fig.
S7; (30)]. Thus, in situ, the Methanosarcina likely were involved in hydrogenotrophic
methanogenesis.

Given that H, was not added to the system, this may indicate the presence of some
bacterial populations in the chemostat catabolizing acetate and syntrophically transfer-
ring H, to Methanosarcina. In support of this, (i) acetate-degrading M. thermophila cells
are capable of consuming Hy (41, 42), and (ii) Methanosarcina MAG.ATLO14 highly
expressed hydrogenases (i.e, VhoGAC, EchA-F, and FrhABG; Fig. 3B and 4; Table S4). This
is consistent with one previous study where Methanosarcina had been observed
together with potential SAOB in acetate-fed thermophilic anaerobic digesters (27).

Putative syntrophic acetate metabolizers in ATL

To identify potential uncultured SAOB that may interact with the above-mentioned
methanogens, we performed metabolic reconstruction of the MAGs recovered from
abundant and active bacterial populations. We found that 10 bacterial MAGs that are
associated with uncultured Clostridia, Thermoanaerobacteraceae, Anaerolineae, and
Gemmatimonadetes encode the complete WL or glycine-mediated acetate-oxidizing
pathway (Fig. 2; Table S5). Phylogenetic analysis revealed that these bacterial popula-
tions were distantly related to isolated SAOB and pure-cultured organisms (Fig. S8).
Genome- and transcriptome-based prediction of SAOB is challenging given that (i) the
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pathways among the studied contributors. For each syntroph and methanogen, we show the presence (indicated by filled circles) of genes encoding pathways
for acetate catabolism and methanogenesis. Enzyme abbreviations are as follows: Ack, acetate kinase; Pta, phosphate acetyltransferase; Acs, acetyl-CoA
synthetase; CODH complex, acetyl CoA synthetase complex; AcsE, methyltetrahydrofolate:corrinoid/iron-sulfur protein methyltransferase; MetF, methylenete-
trahydrofolate reductase; FolD, methylenetetrahydrofolate dehydrogenase/cyclohydrolase; Fhs, formate-tetrahydrofolate ligase; Fdh, formate dehydrogenase;
Grd, glycine reductase; Por, pyruvate dehydrogenase; PfID, pyruvate-formate lyase; Sda, serine dehydratase; GlyA, glycine hydroxymethyltransferase; GcvPA,
glycine dehydrogenase subunit A; GcvPB, glycine dehydrogenase subunit B; GevT, glycine cleavage system T protein; GecvH, glycine cleavage system H protein;
DId, dihydrolipoyl dehydrogenase. Fmd, formylmethanofuran dehydrogenase; Ftr, formylmethanofuran-tetrahydromethanopterin N-formyltransferase; Mch,
methenyltetrahydromethanopterin cyclohydrolase; Mtd, methylenetetrahydromethanopterin dehydrogenase; Mer, F450-dependent 5,10-methenyltetrahydro-
methanopterin reductase; Cdh, acetyl-CoA decarbonylase/synthase complex; Mta, [methyl-Co(lll) methanol-specific corrinoid protein]:CoM methyltransferase;
Mtb, [methyl-Co(lll) dimethylamine-specific corrinoid protein]:CoM methyltransferase; Mtm, [methyl-Co(lll) monomethylamine-specific corrinoid protein]:CoM
methyltransferase; Mtr, tetrahydromethanopterin S-methyltransferase; Mcr, methyl-CoM reductase. CHO-MF, formyl-methanofuran; CHO-H4MPT, formyl-tetrahy-
dromethanopterin; CH=H4MPT, methenyl-tetrahydromethanopterin; CH,=H4MPT, methylene-tetrahydromethanopterin; CH3-H4MPT, methyl-tetrahydrometha-
nopterin; CH3-S-CoM, methyl-coenzyme M; HS-CoM, coenzyme M; HS-CoB, coenzyme B; CoB-S-S-CoM, mixed disulfide of CoM and CoB. Enzyme abbreviations
and their corresponding genes are elaborated in Tables S3 and S5.
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FIG 3 Gene expression level for acetate oxidation, Hy/formate metabolism, and electron transfer genes in (A) potential SAOB, which may syntrophically degrade

acetate and (B) methanogens in ATL. For each MAG, the percentages of the metatranscriptomic (MT) reads mapped to the MAG out of the metatranscriptomics

mapped to all MAGs (both Bacteria and Archaea) are shown. Pathways containing genes with RPKM-NM greater than the octile and quartile are marked (filled

and open dots, respectively). Enzyme abbreviations and their corresponding genes are elaborated in Tables S3 to S6.

conventional acetate oxidation pathway (WL pathway) can be used for carbon fixation,
and (ii) the previously proposed glycine-mediated pathway can be used for serine/
glycine biosynthesis. To identify genotypic features associated with SAOB, we performed
comparative genomics of isolated SAOB and homoacetogens. All isolated SAOB (T.
phaeum, S. schinkii, and T. acetatoxydans) that possess the WL pathway harbor NAD(P)
transhydrogenase (PntAB) (20, 21, 24), while species only capable of homoacetogenesis
do not encode genes for this enzyme. Both SAOB (S. ultunensis and P. lettingae) that
possess glycine-mediated pathway (24) harbor NADPH re-oxidizing complexes, albeit
different enzymes: NADPH-dependent FeFe hydrogenase (S. ultunensis) and NADH-
dependent NADP:ferredoxin oxidoreductase (NfnAB, P. lettingae). Interestingly, S.
ultunensis encodes the glycine dehydrogenase (CUESP1_0060-63) directly upstream of
NADPH-dependent FeFe hydrogenase (CUESP1_0067-68), suggesting the potential
association of glycine metabolism, NADPH re-oxidation, and H, generation. To further
increase the stringency of these potential SAOB possessing the glycine-mediated
pathway, we excluded any populations that highly expressed amino acid catabolism
(which is often NADP-dependent) using the expression of glutamate dehydrogenase
(gdhA/gdhB) as a marker (i.e., gdhA/gdhB in the top quartile of expression profile). Thus,
we restricted our analysis to populations that encoded and highly expressed the WL
pathway or glycine-mediated pathway along with NADPH re-oxidation and Hy/formate
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generation (expression in the top quartile of each population’s expression profile) and
had low expression of amino acid catabolism.

Based on the criteria above, 8 of the 10 populations were identified as potential
SAOB (Fig. 3A; Tables S5 and S6). Thermoanaerobacteraceae (MAG.ATL105), Anaeroli-
neae (MAG.ATLOO1 and MAG.ATL101), and Clostridia (MAG.ATL040) may syntrophically
degrade acetate via the WL pathway, while Thermoanaerobacteraceae (MAG.ATL024
and MAG.ATL090), Clostridia population (MAG.ATL044), and Gemmatimonadetes
(MAG.ATL080) may syntrophically degrade acetate via the glycine-mediated acetate-oxi-
dizing pathway. These results suggested that these novel potential SAOB play a critical
role in syntrophic acetate oxidation.

Energy conservation and electron flow in potential acetate oxidizers in ATL

Syntrophic acetate oxidation necessitates the complementation of substrate oxida-
tion with electron balance (24, 45). Thus, we explored energy conservation sys-
tems (e.g., intracellular electron transfer and electron confurcation/bifurcation) of
the putative acetate oxidizers. For formate metabolism, six of the eight poten-
tial SAOB MAGs possessed a ferredoxin-dependent formate dehydrogenase (FdhH)
(Fig. 3A and 4; Table S6). The Clostridia (MAG.ATL044), Thermoanaerobacteraceae
(MAG.ATL105 and MAG.ATL024), and Anaerolineae (MAG.ATL001) related members
possessed a putative NADPH-dependent formate dehydrogenase (FdpAB). MAG.ATL044
also harbored a putative NAD*-dependent electron-bifurcating complex (FdhA-hydBC:
formate dehydrogenase). As for H, generation, most of the putative SAOB possessed
cytoplasmic [FeFe]-type electron-confurcating hydrogenases (HydABC) (Fig. 3A and 4;
Table S6) that use exergonic oxidation of reduced ferredoxin (Fdeq) (E* = —430 mV)
to drive unfavorable H, generation from NADH oxidation (£ = —230 mV) (46), an
energy conservation strategy associated with syntrophic fatty acid oxidizers (21, 47).
In addition, some populations (MAG.ATLO80 and MAG.ATL090) performed H, genera-
tion via NADPH-dependent [FeFe] hydrogenase (HndABCD). The Anaerolineae member
(MAG.ATL001) also harbored a cytochrome b-linked NiFe hydrogenase (HybABCO) and a
cytosolic NiFe hydrogenase (HoxEFUHY).

As discussed above, reducing equivalents (i.e., NADH, NADPH, and reduced ferredoxin
[Fdreq]) are involved in the actions of hydrogenases and formate dehydrogenases. To
complete acetate degradation, SAOB in acetate-degrading communities encode redox
complexes that support electron transfer between (i) NAD(H) and Fd (Rhodobacter
nitrogen fixation complex Rnf; NADH:Fd oxidoreductase) (48), (ii) NADP(H) and NAD(H)
and Fd (NADH-dependent NADP:Fd oxidoreductase NfnAB) (24, 46), (iii) NAD(H) and
NADP(H) [NAD(P) transhydrogenase PntAB] (49), and (iv) Fd and unknown electron
carriers (uncharacterized oxidoreductase Flox:Hdr) (24) (Fig. 3A and 4; Table S6). Using
these complexes, the potential acetate oxidizers may employ reverse electron transport
and electron bifurcation to generate H.

In addition, we found that Clostridia member MAG.ATLO44 contained a more
energy-efficient pathway compared to the WL pathway, a potential explanation for its
25% high abundance and 29% activity in ATL based on total community (Fig. 3A and 4;
Table S6). Analyses of the metatranscriptome indicated that MAG.ATL044 did not express
hydrogenase (HydABC), suggesting it may convert acetate to formate but not further
to Hy or it may possess unknown hydrogenase. A previous study has observed that
some potential acetate-degrading species expressing the glycine-mediated pathway
just oxidized acetate to formate (no H, generation) in full-scale anaerobic digesters
(50). Formate was not detected in ATL, indicating that acetate was completely oxidized
without accumulation of this metabolic intermediate. In addition, we did not detect
F40-reducing formate oxidation (lacking F49-dependent formate dehydrogenases) in
Methanosarcina in ATL. Thus, we suspected other syntrophic species may convert the
acetate-derived formate to H,. In agreement with this, metagenomics analyses showed
that Clostridia (MAG.ATL106) and Anaerolineaceae (MAG.ATLO19) highly expressed
formate dehydrogenases and hydrogenases (Fig. 4; Table S6), suggesting potential
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FIG4 Overview of the metabolism of potential SAOB and methanogens in ATL. Enzyme abbreviations and their corresponding genes are elaborated in Tables S3

to S6.

involvement in syntrophic formate oxidation (51). The glycine cleavage pathway avoids
endergonic 5-methyl-THF oxidation, generating a yield of one ATP per acetate (24). In
comparison, the WL pathway holds a theoretical yield of zero ATP per acetate (Fig. 2A)
(46, 52, 53). This optimal energy generation strategy might partially explain the high
abundance and activity of MAG.ATL044.

Syntrophic metabolism and energy conservation of potential SAOB in
propionate-, butyrate-, and isovalerate-fed chemostats

Acetate is an important by-product of syntrophic fatty acid degradation. To investi-
gate potential SAOB in PTL, BTL, and VTL, we analyzed the acetate metabolic path-
way of the MAGs in the other three chemostats. We found 10 (PTL), 9 (BTL), and
10 (VTL) bacterial MAGs encoding a complete WL or glycine-mediated acetate-oxidiz-
ing pathways (Fig. S9; Table S5). These populations associated with uncultured Clos-
tridia (16 MAGs), Thermoanaerobacteraceae (5), Anaerolineae (1), Gemmatimonadetes
(2), Desulfotomaculum (1), Tepidanaerobacter (2), and Thermodesulfovibrio (2) (Fig. S8).
Notably, populations related to the isolated acetate-oxidizing genus Tepidanaerobacter
(MAG.BTL055 and MAG.VTL084) displayed low activity and did not express acetate-oxi-
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dizing activity in BTL and VTL. Based on the criteria in the “Putative syntrophic ace-
tate metabolizers in ATL" section above, 10 of the 29 populations were identified as
potential SAOB (Fig. 5; Fig. S9; Tables S5 and S6). Thermodesulfovibrio (MAG.PTLO17
and MAG.VTL073), Desulfotomaculum (MAG.BTLO07), and Thermoanaerobacteraceae
(MAG.VTL0O38 and MAG.BTLO14) may syntrophically degrade acetate via WL pathway,
while Clostridia (MAG.PTL141, MAG.BTL065, and MAG.VTL024) and Gemmatimonadetes
(MAG.BTLO79 and MAG.VTL039) may syntrophically degrade acetate via the glycine-
mediated acetate-oxidizing pathway. Our results were consistent with our previous
study in which members of Clostridia, Thermoanaerobacteraceae, Anaerolineae, and
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Thermodesulfovibrio were labeled by *Cy-acetate and determined to be potential SAOB
in ATL and PTL (28). Therefore, these microorganisms were potential acetate degraders.

Potential SAOB showed higher diversity, abundance, and activity in ATL compared
to the other three chemostats (PTL, BTL, and VTL). Eight MAGs were identified as
potential SAOB in ATL, four MAGs in BTL and VTL, and only two MAGs in PTL. The
relative abundance of potential SAOB in ATL, PTL, BTL, and VTL accounted for 38.2%,
9.4%, 8.2%, and 27.2%, respectively. The activity of potential SAOB in ATL, PTL, BTL, and
VTL accounted for 48.8%, 10.2%, 9.8%, and 13.8%, respectively. These potential SAOB
displayed the highest relative abundance and activity in ATL, but their abundance and
activity were reduced in other chemostats, especially in PTL and BTL. Since acetate is the
carbon/energy source for SAOB, this phenomenon might be attributed to the differences
in the acetate availability in four chemostats. The TOC fed to each chemostat was the
same; as acetate was supplied as the substrate in ATL, the acetate availability of SAOB
in ATL was higher than that in the other three chemostats, which enabled SAOB to
dominate in ATL. The carbon converting ratios of propionate, butyrate, and isovalerate to
acetate are 2/3, 4/4, and 6/5, respectively (equations 1-3). As a result, the accessibility of
acetate in VTL was higher than that in PTL and BTL, which enabled SAOB in VTL to obtain
more energy and had a higher abundance and activity than those in PTL and BTL.

In the PTL, BTL, and VTL, most of the populations identified as potential SAOB
were closely related to those identified in the ATL, suggesting the contribution of the
acetate oxidization pathway for methane generation in the chemostats (Fig. S8). For
instance, Clostridia members (MAG.ATL044, MAG.PTL141, MAG.BTL065, and MAG.VTL024)
reconstructed from chemostats were phylogenetically closely related to each other.
Among these potential acetate oxidizers, SAOB possessing glycine-mediated pathway
dominated in SAOB communities in all four chemostats (Fig. 5; Tables S5 and S6).
Clostridia (MAG.ATL044, MAG.PTL141, MAG.BTL065, and MAG.VTL024) were the most
active SAOB across four chemostats and displayed high metabolic similarity (e.g.,
acetate oxidation pathway, H, generation, formate metabolism, and electron transduc-
tion mechanism). Gemmatimonadetes (MAG.ATL080, MAG.BTL079, and MAG.VTL039)
exhibited similar activity and metabolic characteristics in ATL, BTL, and VTL. Thermoa-
naerobacteraceae (MAG.ATL090, MAG.VTL038, and MAG.BTL014) were at higher activity
in BTL and VTL than in ATL. Anaerolineae (MAG.ATL0O01 and MAG.ATL101) displayed high
activity and highly expressed genes for the WL pathway in ATL. Desulfotomaculum only
had highly expressed genes for the WL pathway in BTL. ATL and PTL were inoculated
with the same seed sludge; however, a big difference was found in the species of
potential SAOB detected in the two chemostats. In addition, SAOB in Desulfotomaculum
was found in BTL but not VTL, and SAOB in Thermoanaerobacteraceae was found in VTL
but not BTL, though BTL and VTL were inoculated with the same seed sludge. These
results indicated that compared to the inocula, the type of fatty acid used for enrichment
had a greater effect on the structure and metabolic characteristics of SAOB community.
However, the most dominant potential SAOB in each chemostat were those in Clostridia,
which had similar metabolic characteristics even though they were in different fatty-acid-
fed chemostats.

Biosynthetic metabolism of potential acetate oxidizers

In our chemostats, the potential SAOB used acetate as the carbon and energy source for
producing H,/formate, reducing equivalents (i.e., NADH, NADPH, and reduced ferredoxin
[Fdreq]), and ATP, which provided the cell with energy for biomass biosynthesis. These
potential acetate degraders encode pathways for converting acetyl-CoA to pyruvate
and other important precursors for the biosynthesis of sugars, amino acids (AAs), and
nucleotides, as well as the pathways for AA degradation (Tables S7 to S9). The poten-
tial SAOB that were phylogenetically closely related to each other possessed similar
capabilities for AA biosynthesis (Table S7). Most of the Clostridia, Thermoanaerobacter-
aceae, Anaerolineae, and Gemmatimonadetes members encode and highly express
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the majority of the genes involved in glycolysis/gluconeogenesis, as well as pentose

phosphate pathway for nucleotide biosynthesis (Table S9).

The prevalence of the novel potential SAOB across diverse AD communities

The potential acetate oxidizers (Clostridia, Thermoanaerobacteraceae, Anaerolineae, and
Gemmatimonadetes) from ATL, PTL, BTL, and VTL were distantly related (16S rRNA
gene sequence similarity < 88% and amino acid identity < 65%) to any currently
isolated species (Fig. S8). These potential SAOB displayed high phylogenetic diversity
and metabolic diversity (e.g., acetate oxidation pathway and formate metabolism; Fig. 5;

Tables S5 and S6).

To investigate whether the potential SAOB identified in this study also occur in
other habitats, we compared 16S rRNA genes of these potential SAOB with the NCBI
nr/nt database using BLASTn. The results showed that the potential SAOB (Clostridia,
Thermoanaerobacteraceae, Anaerolineae, and Gemmatimonadetes) in our chemostats
were also detected in multiple environments. OTUs of these potential acetate oxidizers
were closely related (=97% sequence similarity) to uncultured populations detected in
anaerobic digesters under various conditions (e.g., thermophilic, mesophilic, ammonia
stress, or low loading rate) (Fig. 6; Table S10). These anaerobic digesters were fed with
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FIG 6 Ecological characterization of the novel potential acetate oxidizers. The pairwise connections represent the existence of the relatives (>97% similarity of

16S rRNA gene sequences) of the potential acetate oxidizers in various environments. The accession numbers of all reference sequences used in this study are

provided in Table S10.
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a wide diversity of substrates [e.g., sole carbon source (54), binary carbon source (55),
municipal waste (56), agricultural waste (57), and industrial waste (58)]. The in situ
bioactivation or bioaugmentation of these potential bacterial clades may be beneficial to
the start-up process and resilience of anaerobic digestion (59). Moreover, the potential
acetate oxidizers presented high sequence similarity (=97%) with uncultured popula-
tions detected in different environmental communities [e.g., compost (60), groundwater
(61), oil reservoir (62), and rhizosphere (63)] (Fig. 6; Table S10). These results suggest that
these potential SAOB may be extensively present in diverse environments.

Conclusion

In summary, we combined metagenomics and metatranscriptomics to characterize
novel potential syntrophic acetate oxidizers, including Clostridia, Thermoanaerobacter-
aceae, Anaerolineae, Gemmatimonadetes, Desulfotomaculum, and Thermodesulfovibrio
members, in thermophilic fatty-acid-fed anaerobic chemostats. The high expression of
genes involved in acetate oxidation and energy conservation based on metatranscrip-
tomics revealed that these potential acetate-oxidizing species played an essential role
in acetate degradation. These potential acetate oxidizers displayed high phylogenetic
diversity and differences in the acetate oxidation pathway and formate metabolism.
Our results expand the phylogenetic diversity and in situ metabolic characteristics
of potential syntrophic acetate degraders in thermophilic anaerobic digesters, thus
providing helpful insights to better control and optimize AD processes.
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