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ABSTRACT: Nanaerobes are a newly described class of micro-
organisms that use a unique cytochrome bd oxidase to achieve
nanaerobic respiration at <2 uM dissolved oxygen (~1% of
atmospheric oxygen) but are not viable above this value due to the
lack of other terminal oxidases. Although sharing an overlapping
ecological niche with methanogenic archaea, the role of nanae-
robes in methanogenic systems has not been studied so far. To
explore their occurrence and significance, we re-analyzed published
meta-omic datasets from animal rumina and waste-to-energy
digesters, including conventional anaerobic digesters and anaerobic
digesters with ultra-low oxygenation. Results show that animal
rumina share broad similarities in the microbial community and
system performance with oxygenated digesters, rather than with conventional anaerobic digesters, implying that trace levels of
oxygen drive the efficient digestion in ruminants. The rumen system serves as an ideal model for the newly named nanaerobic
digestion, as it relies on the synergistic co-occurrence of nanaerobes and methanogens for methane yield enhancement. The most
abundant ruminal bacterial family Prevotellaceae contains many nanaerobes, which perform not only anaerobic fermentation but also
nanaerobic respiration using cytochrome bd oxidase. These nanaerobes generally accompany hydrogenotrophic methanogens to
constitute a thermodynamically and physiologically consistent framework for efficient methane generation. Our findings provide new
insights into ruminal methane emissions and strategies to enhance methane generation from biomass.
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1. INTRODUCTION

Methane emission by ruminant animals contributes signifi-
cantly to climate change,' whereas methane production in
waste-to-energy anaerobic digestion systems is vital for a
sustainable future.” Biomethane is generally considered to be
produced by four anaerobic microbial groups, including

termed nanaerobic respiration.'* Therefore, a special DO niche
(0 < DO <2 M) may exist for both nanaerobes and obligate
anaerobes (including methanogens), creating a goldilocks
paradigm for the synergistic partnership between nanaerobic
respiration and anaerobic methanogenesis, referred to as
nanaerobic digestion in this study. To the best of our

hydrolyzers, acidogens, acetogens, and methanogens. These
anaerobes are commonly believed to be viable below 1% of
atmospheric oxygen, corresponding to approximately 2 uM
dissolved oxygen (DO) at 25 °C.*~> This DO level also fits the
growth pattern of most facultative bacteria with heme-copper
oxidases (types A, B, and C, see Table $1).°7"" Below 2 uM
DO, they switch from aerobic respiration to anaerobic
fermentation for energy production. Nanaerobes, which
encode single cytochrome bd oxidase, were proposed as a
new class of microorganisms in 2004."” Due to the extremely
high oxygen affinity of cytochrome bd oxidase, nanaerobes can
respire aerobically at DO levels as low as 3 nM, which is two to
three orders of magnitude lower than previously observed for
aerobes.'” Moreover, since they lack other oxidases present in
conventional facultative bacteria, nanaerobes are not viable
above 2 uM DO,"” and their respiratory lifestyle has been
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knowledge, the occurrence and environmental significance of
nanaerobes in methanogenic systems have not been explored
before.

Some micro-oxygenated anaerobic digestion studies have
provided clues about the role of nanaerobes in methane
generation. It was reported that injection of a small amount of
air or oxygen into traditional anaerobic digesters significantly
enhanced organic matter degradation, alleviated volatile fatty
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acid (VFA) accumulation, and increased methane produc-
tion."”'® The phenomenon has long been attributed to the
participation of the aforementioned normal facultative
bacteria.'>'® However, an ideal DO dosing regimen that
would balance aerobic and anaerobic metabolisms has not
been established. Nguyen et al.'” and Wu et al."® began to
notice a positive relationship between nanaerobe involvement
and methane enhancement in lignocellulosic biomass digestion
with an intermittent oxidation—reduction potential (ORP)-
controlled micro-aeration system, referred to as ORP-
controlled micro-oxygenated digester. The cytochrome bd-
encoding nanaerobe Proteiniphilum sp. was highly enriched in
each of their experimental triplicates when ORP values were
set at 25 mV above the anaerobic baseline ORP of ~—500 mV
(below nanomolar DO), increasing the methane yield by 3.1-
fold (from 22.9 + 3.7 to 70.8 + 3.7 mL CH,/g volatile solids
(VS)) and improving the VS reduction by 2.3-fold (from 20.6
+ 2.7 to 47.3 + 2.7%) at an organic loading rate as high as S g
VS/L/day.”’18 These results indicated that this enhanced
performance may be due to the co-occurrence of cytochrome
bd-induced nanaerobic respiration and the traditional four
anaerobic digestion steps that facilitated methane production.
However, due to the operational complexity (unexpected
oxygen) and data incompleteness (absence of microbial
activity data) in these engineered systems, the concept of
nanaerobic digestion, an enhancement of methane production
driven by nanaerobes, was not fully established.

Ruminant digestion is not only efficient in lignocellulose
degradation to produce VFAs for animal growth but also emits
substantial amounts of methane, contributing to global
warming.'” Studies of rumina have focused only on the
above four anaerobic microbial groups and have left numerous
unanswered questions. There have been no effective strategies
to maintain animal productivity while reducing methane
emission.””?' Meanwhile, attempts to simulate rumen
digestion by inoculating anaerobic bioreactors with rumen
content have proven unsuccessful for long-term operation due
to the washout of rumen microbial populations.””~** Thus,
there are undiscovered factors that shape the rumen micro-
biome. Ultra-small amounts of oxygen likely reach the
intestinal tract of various animals,?>*° including the rumen.”’
It was reported that DO levels of ~1 M had been detected in
situ in rumina of cows, sheep, and goats shortly after feeding,”'
suggesting that oxygen is introduced during feeding. Trace
amounts of oxygen may also be introduced during rumination,
a process involving regurgitation of previously ingested food
back to the mouth for a second mastication. Therefore, the
effectiveness of rumen digestion may also be linked with the
process of nanaerobic digestion, where nanaerobic respiration
may be induced by the intermittent injection of nanomolar
levels of oxygen during rumination. Although there are
difficulties of precise comparison between rumen performances
due to their varied sizes, they may represent perfect scenarios
for the evolution of nanaerobe prevalence as ultra-low oxygen
tension in animal rumina.

Based on the above rationale, this study aimed to
demonstrate the novel concept of nanaerobic digestion,
where the long overlooked but critical contributors, nanae-
robes, perform nanaerobic respiration through the use of
cytochrome bd oxidase and concurrently participate in the
traditional four-step anaerobic digestion for methane gen-
eration. Considering the three striking similarities between
ORP-controlled oxygenated lignocellulosic biomass digesters

and animal rumina, (1) both are fed with lignocellulosic
substrates, (2) both are subjected to intermittent exposure to
oxygen, and (3) both are efficient methane producers,'”'%*%*!
these two ecosystems may be appropriate to illustrate the
concept. However, digester studies are designed to compare
performance yet make it difficult to avoid variation in
microbiome dynamics associated with the occasional external
oxygen intrusion. In contrast, due to the delicate variation in
oxygen flux, rumina allow the investigation of microbiome
reproducibility but do not exhibit much difference in
performance. In this study, we mainly focused on the responses
of ruminal microbial communities (oxygen-consuming bacteria
and cooperative methanogenic archaea) to the intermittent low
oxygen delivery through rumination. To demonstrate and
evaluate the prevalence of nanaerobes and their respiratory
activity in methanogenic systems, we specifically assessed the
diversity and expression of bacterial terminal oxidase genes
responsible for oxygen consumption, as well as their affiliated
taxonomy ranks, using metagenomic and metatranscriptomic
approaches. We also elucidated the most likely metabolic
pathway under such low oxygen condition through thermody-
namics analysis to reveal the nature of the methanogen
population present in nanaerobic digestion. Finally, since
enhanced methane production has been well demonstrated in
ORP-controlled and other micro-oxygenated digesters,">™®
the rumen samples were retrospectively compared with
digester samples in terms of microbial community and
performance metrics. Such analyses facilitate in establishing
an unprecedented correlation between methane yield and
abundance of nanaerobes in two typical model systems.

2. MATERIALS AND METHODS

2.1. Sample Selection. Metagenomic and metatranscrip-
tomic datasets were used to mine information on the
abundance and activity of nanaerobic bacteria, and oxygen
and methane concentrations were used to evaluate their
relationship (Table 1). For rumina, recent studies mainly
focused on collecting metagenomic data to investigate
metabolic pathways associated with atmospheric methane
emission. There are, however, limited studies focusing on
metatranscriptomic data. Meanwhile, due to the low oxygen
delivery during rumination, rumen studies typically lack such
direct information about DO levels, but DO levels might be
proportional with the rumination frequency and duration.”® In
addition, due to the microbiome complexity in animal rumina,
it would be better to utilize deep sequencing data to pinpoint
an unbiased profile of nanaerobe prevalence. Therefore, four
ultra-deep-sequenced rumen samples (~90 Gb of metage-
nomic data and the corresponding metatranscriptomic data)
from two high- and two low-methane-emitting sheep, which
had been classified by Shi et al.,>” were selected for our study.
Considering that cattle are the main ruminant animals
contributing to methane emissions, we included metagenomic
and corresponding metatranscriptomic datasets for four cattle
samples (no methane information was available for these
samples).”® Three additional cattle samples with methane and
metagenomic datasets were also studied (no metatranscrip-
tomic data were available for these samples).”’ Relevant
digester studies usually focused more on oxygen-induced
performance improvement, rather than on their underlying
microbial mechanisms,"*'¢ resulting in few samples that were
suitable for this study. Four samples for metagenomic
sequencing were collected from a Napier grass-fed digester

https://doi.org/10.1021/acs.est.2c07813
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under anaerobic and ORP-controlled oxygenated conditions in
duplicate runs, enabling the recovery of a complete genome of
a highly abundant nanaerobe Proteiniphilum sp. from these
systems.'”'® To study the abundance of nanaerobic bacteria
and to minimize the operational impact of intrusive oxygen
common in lab-scale systems, we also included metagenomic
datasets from six mesophilic full-scale digesters.”” ** The
samples were collected from different plant locations (Den-
mark, Spain, and China) and feedstock types (sewage sludge,
animal manure, food waste, and maize silage). We lacked
multi-omic datasets derived from the mesophilic digester fed
with a lignocellulosic substrate for direct comparison with
rumen systems. Therefore, we chose three datasets from
thermophilic digesters fed livestock wastes as supplementary
data.**?® Finally, a metagenomic dataset from a deep
subsurface oil reservoir (methanogenic system) served as a
strict anaerobic control.”” In summary, data from 25 published
samples were selected to elucidate the concept of nanaerobic
digestion. The features of each ecosystem are summarized in
Table 1, and the sequence characteristics of each dataset are
given in Table S2.

2.2. Metagenomic and Metatranscriptomic Data
Processing. Each metagenome was assembled and annotated
to create its own reference gene database. Briefly, the raw
paired-end metagenome reads were first filtered using
Trimmomatic (version 0.36).** The trimmed clean paired-
end reads were then de novo-assembled into contigs using
metaSPAdes from SPAdes (version 3.9.0).°”*° Due to the
differences in sequence length, parameters for read trimming
and assembly differed between samples (Table S2). For gene
prediction and function annotation, the assembled contigs
were then carried out by Prodigal program (version 3.0)*'-
incorporated Prokka Software (version 1.13) in metagenome
mode.”” The process automatically found open reading frames
(ORFs) and RNA regions, translated them into protein
sequences, and searched them against a set of public databases
(UniProt, Pfam, TIGRFAMs, and NCBI's RefSeq) using
BLAST and HMMER. Sequences shorter than 180 nucleotides
were excluded, and an e-value threshold of 107 was used. For
each dataset, the search result was combined to associate query
genes with functional categories, including gene symbols,
Enzyme Commission (EC) numbers, Clusters of Orthologous
Groups (COG) terms, and protein products, creating a gene
database for further functional quantification (the database of
cytochrome bd oxidase genes for each sample is shown in
Table S3).

To identify the functional profile, the metagenome and
metatranscriptome reads were individually mapped back to the
annotated assembly using Bowtie2 (version 2.2.9)."* First, an
index database from assembly contigs was created using
Bowtie2-build. Trimmed paired-end sequences were then
mapped to the database with Bowtie2 using default parameters
(local alignment, -D 20 -R 3 -N 0 -L 20 -i S,1,0.50 options).
Finally, the number of reads mapped to the sequences in the
assembly contigs was filtered and counted using Samtools
(version 1.2)** (the resulting numbers of each cytochrome bd
oxidase gene for each sample are shown in Table S3). To
facilitate the comparison between samples, mapped gene
counts were normalized by gene length and the mean counts of
housekeeping genes (values and equations for each sample are
shown in Table S3). Four universal single-copy housekeeping
genes (the RNA polymerase genes rpoA, rpoB, and rpoC and

the recombinase gene recA) were used as the housekeeping
genes in the procedure.**®

To assign the taxonomic levels of cytochrome bd oxidase
subunit genes (cydA, appC, and ythA) in the rumina, the
sequences were extracted from the annotated metagenomic
assembly of all the samples using Samtools (version 1.2)**
(sequence names from each sample are listed in Table S3).
Then, sequences were analyzed with the following steps: (1)
reads shorter than 300 bp were discarded, and chimeras were
checked and removed with UCHIME (version 6.0);*"** (2)
sequences were translated and corrected with the cydA
reference sequence using RDP FrameBot;* (3) amino acid
sequences were aligned with HMMER3.>" To construct a
phylogenetic tree, reference sequences were obtained by
searching against the NCBI nr database using the representa-
tive sequences. Then, a tree was built using a neighbor-joining
method.”" To identify the microbial community composition,
the program SortMeRNA (version 4.2)52 was used to extract
16S rRNA gene reads from the metagenomic datasets. Then,
the extracted reads were taxonomically classified using the
RDP classifier (version 2.2).>

2.3. Thermodynamic Calculations. The Gibbs free
energy (AG) values were calculated in three steps according
to Dolfing.>* First, the Gibbs free energy change for standard
conditions (AG") was calculated using the equation AG® = Y
G?Pmducts = Y G{reactanty Where Gf is the Gibbs free energy of
formation of a compound under standard conditions with a
temperature of 25 °C, solutes at concentrations of 1 M, and gas
partial pressure of 1 atmosphere. Next, a temperature
correction was applied because most anaerobic digestion
systems are operated under mesophilic conditions (~3S °C)
using the Gibbs—Helmholtz equation,
AG'Io"act = AG'lo"ref(;:::) + AH'lo"ref'(Tref - Tact)/Tref’ where
T is 298.15 K (25 °C), T, is 308.15 K (35 °C), and
AHY, is the enthalpy of a chemical reaction under standard
conditions by calculating the differences between total reactant
and total product molar enthalpies. Finally, corrections for the
actual solute concentrations and gas partial pressures were
applied for specific conditions using the equation

AG = AG® + RT(

ce.p*
AB"
constant (8.314 J/K mol), A and B represent the reactants,
and C and D represent the products with a, b, ¢, and d
representing the corresponding mole numbers in the reaction.
For the calculation of thermodynamic constraints, AG was set
to zero, and then the threshold conditions were calculated.
Detailed procedures and assumptions are shown in Tables S4
and SS.

2.4. Statistical Analysis. The correlations between
datasets were calculated using Pearson correlation in Excel.
The comparison between groups was conducted using t-test.
Differences were considered statistically significant when p <
0.0S.

2.5. Data Availability. The metagenome sequencing reads
from two lab-scale anaerobic digesters were submitted to the
NCBI's Sequence Read Archive under accession numbers
SAMN23297125 to SAMN23297126. The cytochrome bd
oxidase-related gene sequences retrieved from each metage-
nome were deposited at the FigShare Online Database (dx.doi.
org/10.6084/m9.figshare.22776413).

), where R is the universal gas
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Figure 1. Distribution of terminal oxidase genes in animal rumina and engineered digesters. The sample names in the x-axis refer to the samples
described in Table 1 and Table S2. The relative gene abundance was a ratio of normalized gene number between the genes of interest (see legend)
and housekeeping genes (the RNA polymerase genes rpoA, rpoB, and rpoC and the recombinase gene recA) for each metagenome. The genes
encoding the catalytic subunits of seven different terminal oxidases are shown. Among them, cytochrome bb; (coxN), cytochrome bo; (cyoB),
cytochrome aa;-600 (qoxB), and cytochrome aa; (ctaD) belong to the low-oxygen-affinity oxidases, whereas cytochrome ba3 type (cbaA),
cytochrome cbb3 type (fixN and ccoN), and cytochrome bd type (type I, cydA; type 11, appC; putative type, ythA) belong to the high-oxygen-

affinity oxidases (details are given in Table S1).

3. RESULTS AND DISCUSSION

3.1. Evaluation of Nanaerobic Respiration in Meth-
anogenic Systems. To examine the possibility of aerobic
respiration in methanogenic systems, we assessed the
distribution of seven different terminal oxidases, including
four low-oxygen-affinity variants [i.e., cytochrome bb; (coxN),
cytochrome aa; (ctaD), cytochrome aa;-600 (gqoxB), and
cytochrome boy (cyoB)] and three high-oxygen-affinity variants
[i.e,, cytochrome ba3 type (cbaA), cytochrome cbb3 type (fixN
and ccoN), and cytochrome bd type (type I (cydA), type 11
(appC), and putative type (ythA))] (Table S1). Figure 1 shows
the normalized oxidase gene abundance for 11 rumen and 13
digester samples, as well as one sample from a deep subsurface
oil reservoir (Table 1 and Table S3). Among all the samples,
the oil reservoir microbiome had the lowest abundance of
terminal oxidases and was used as a control for strict anaerobic
conditions. The anaerobic digester samples maintained a
higher abundance of terminal oxidases than the deep surface
oil reservoir (p < 0.05), indicating that they may have regularly
been exposed to oxygen. The abundance of terminal oxidases
was greater in the lab-scale digesters than in full-scale digesters
(p < 0.05), which is consistent with common difficulties of
eliminating oxygen during lab-scale reactor operation. Findings
from a previous lab-scale study of ORP-controlled oxygenated
digesters provided insights into the impact of ultra-low oxygen
levels on microbial populations.'”'® The overall abundances of
terminal oxidase genes for ORP-controlled oxygenated
conditions were significantly higher than for the corresponding
conventional anaerobic conditions (p < 0.05), indicating that
oxygen at nanomolar concentrations could induce terminal
oxidase changes. Thus, the abundance of terminal oxidase
genes may be a sensitive indicator of the response to
environmental oxygen gradients. Based on these observations,
a new understanding of ruminant digestion may be proposed.
Animal rumina have generally been considered to be anaerobic
environments as oxygen is typically undetectable (<250 nM)
within 30 s after feeding.”” However, the rumen samples
studied herein exhibited relatively high abundances of terminal
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oxidases, which were even higher than in several full-scale
conventional anaerobic digesters (p < 0.05). These results
imply that rumina commonly experience greater exposure to
oxygen than expected. Rumination in animals, a process of
rechewing the previously ingested rumen contents, might
deliver oxygen for prolonged time periods, as this refeeding
process occupies almost one-third of the lifetime of a healthy
animal.*® By linking the different types of terminal oxidases
with their respective oxygen affinity, more clues on ecosystem
characteristics may be revealed. Herein, the high-oxygen-
affinity variant cytochrome bd type (cydA, appC, and ythA) was
dominant in all samples. As the nanaerobic respiration induced
by cytochrome bd oxidase had been demonstrated to occur
only at nanomolar oxygen levels,”'® methanogenesis was
likely maintained under nanaerobic rather than strict anaerobic
conditions. However, samples from engineered systems usually
contained low-oxygen-affinity oxidases (ctaD, cba4, etc.),
indicating apparent oxygen intrusions, which may happen
during digester feeding.”” In contrast, rumen samples only
contained the highest-oxygen-affinity cytochrome bd oxidase,
suggesting a more reproducible and subtle fluctuation in
oxygen levels in animal rumina. Therefore, the animal rumen
system may represent an ideal model for nanaerobic digestion,
where nanaerobes thrive in methanogenic environments,
neither influenced by traditional facultative bacteria nor having
an impact on anaerobic methanogens.

As animal rumina harbor microbiomes that are consistent
with the proposed concept of nanaerobic digestion, we further
focused on ruminal microorganisms. The rumen microbial
genes and their corresponding transcripts involved in aerobic
respiration and anaerobic fermentation were analyzed to
evaluate their co-occurrence. Since metatranscriptomic data-
sets were not available for some samples, eight rumen samples
were examined. The functional profile (Figure 2a,b and Table
S3) shows that all the cattle and sheep rumina possess and
express the complete set of genes for aerobic respiration,
including pyruvate oxidation, the tricarboxylic acid (TCA)
cycle, and the electron transport chain. They further possess
and express the genes associated with the anaerobic conversion
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Figure 2. Metabolisms of nanaerobic respiration and anaerobic fermentation in four cattle and four sheep rumina. (a) Schematic diagram of key
genes involved in the pyruvate conversion into acetyl-CoA and electron transfer chain (ETC). The nanaerobic respiration pathway is shown in
orange, and the anaerobic fermentation pathway is marked in green. poxB, pyruvate dehydrogenase; pdhABCD, pyruvate dehydrogenase; por/nif],
pyruvate-ferredoxin/flavodoxin oxidoreductase; porABCD, pyruvate ferredoxin oxidoreductase; korAB, 2-oxoacid ferredoxin oxidoreductase; pfIB,
formate C-acetyltransferase; nuoA-N, NADH-quinone oxidoreductase; sdhAB, succinate dehydrogenase; cydAB/appBC/ythAB, cytochrome bd-1/11/
putative type oxidase. (b) Heatmap of normalized abundance of the above genes and transcripts in cattle and sheep rumina from metagenomic and
metatranscriptomic analyses (for values, see Table S3). Genes and transcripts involved in the nanaerobic respiration pathway are shown in orange,
genes and transcripts involved in the anaerobic fermentation pathway are shown in green, and transcript/gene ratios for both pathways are shown
in gray. (c) Phylogenetic tree of cytochrome bd oxidase amino acid sequences (CydA, AppC, and YthA) retrieved from eight animal rumina and
relative abundances of their affiliated bacterial families based on the extracted 16S rRNA gene sequences of each metagenome. The tree was
constructed using 21 amino acid sequences, which were selected from a total of 598 sequences from the metagenome datasets. The phylogenetic
tree constructed using 598 amino acid sequences retrieved from all the samples is shown in Figure S1. The sequence names for each sample are

listed in Table S3.

of pyruvate into acetyl-CoA, which links to various
fermentative metabolisms. These observations are in accord-
ance with the end-fermentation products (e.g, acetate,
propionate, and butyrate) produced in these cattle®® and
sheep®” rumina. With respect to the ratios between transcripts
and genes, gene expressions of pyruvate transformation under
anaerobic conditions were generally higher than under aerobic
conditions, in line with the final production of methane during
rumen digestion. These results provide evidence that
nanaerobic and anaerobic processes co-occur in rumen
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environments, which may contribute to the effectiveness of
rumen digestion.

To evaluate the importance of nanaerobic respiration by
ruminal nanaerobes, we also determined their relative
abundances. We determined that most ruminal cytochrome
bd-related gene sequences were affiliated with the family
Prevotellaceae (phylum Bacteroidetes) (Figure 2c and Figure
S1). Members of the family Prevotellaceae are common and
dominant bacteria in rumina.””*" They usually function as
hydrolyzers and fermenters to degrade polysaccharides and

https://doi.org/10.1021/acs.est.2c07813
Environ. Sci. Technol. 2023, 57, 12302—-12314


https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07813/suppl_file/es2c07813_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07813/suppl_file/es2c07813_si_003.xlsx
https://pubs.acs.org/doi/10.1021/acs.est.2c07813?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07813?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07813?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07813/suppl_file/es2c07813_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07813/suppl_file/es2c07813_si_003.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07813/suppl_file/es2c07813_si_003.xlsx
https://pubs.acs.org/doi/10.1021/acs.est.2c07813?fig=fig2&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

peptides into a wide range of VFAs.”” Our data suggest that
Prevotellaceae bacteria also live nanaerobic lifestyles in rumen
environments: similar to facultative anaerobes, they can grow
aerobically, yet similar to obligate anaerobes, they are only
viable below DO levels of 2 yuM."> Moreover, nanaerobes
belonging to the families Selenomonadaceae (phylum Firmi-
cutes) and Eggerthellaceae (phylum Actinobacteria) were also
found to be enriched in these rumen environments (Figure 2c
and Figure S1). While the in situ detection of oxygen
consumption by ruminal microorganisms has long been
attributed to a transient action by ordinary facultative
anaerobes,” our results suggest that nanaerobic respiration is
performed by these abundant rumen nanaerobes and appears
to be an overlooked yet fundamental metabolism co-occurring
with rumen methane production. The pattern of higher
abundance of nanaerobes was also observed in our previous
ORP-controlled oxygenated digesters as compared with their
respective anaerobic control, in which the nanaerobe
Proteiniphilum (phylum Bacteroidetes), which has genes for
acetate fermentation and aerobic respiration (cytochrome bd
as the sole oxidase), was always the dominant population (32—
65%) (Figure S1)."7'% Other micro-oxygenated digesters were
usually operated at a higher DO level of 0.1—1.0 mg/L (~3—
30 uM),'® which likely induce the presence of facultative
anaerobes relying on conventional heme-copper oxidases to
scavenge oxygen. ~°' However, since nanaerobes and obligate
anaerobes (e.g, some methanogens) share similar niche
preferences, nanaerobic operation may provide a promising
development for methane production in engineered systems.

3.2. Characterization of the Synergetic Role of
Hydrogenotrophic Methanogenesis with Nanaerobic
Respiration. To understand nanaerobic ecosystems, it is
important to characterize methanogenic populations. We
found that rumina and the ORP-controlled oxygenated
digesters share similarities in methanogenesis. In rumen
environments, hydrogenotrophic methanogenesis is the
dominant pathway for methane production,”” although acetate
available at micromolar concentrations is sufficient to support
acetoclastic methanogenesis.”> Similarly, hydrogenotrophic
methanogenesis was observed to be prevalent in the ORP-
controlled oxygenated digesters.'”'® To underpin the driving
force behind these observations, we used thermodynamic
calculations to evaluate the most likely pathway of methano-
genesis under extremely low DO conditions. Herein, three
possible routes of acetate conversion to methane were
thermodynamically evaluated (Table 2 and Figures S4 and
§5):'7% (1) acetoclastic methanogenesis, (2) syntrophic
acetate oxidation coupled with methanogenic CO, reduction,
and (3) complete acetate oxidation via nanaerobic respiration
linked to CO, reduction through hydrogenotrophic methano-
genesis. First, the Gibbs free energy (AG) calculations show
that hydrogenotrophic methanogenesis (R2) is more exergonic
than acetoclastic methanogenesis (R1), indicating a thermody-
namic advantage of methane production through CO,
reduction. Second, if acetoclastic methanogenesis is inter-
rupted, hydrogenotrophic methanogenesis (R2) may couple
with syntrophic acetate oxidation (R3), which usually relies on
low H, partial pressures.”* The thermodynamic constraints
(Figure 3a), however, show that the reaction window for
syntrophic methanogenesis (R3 + R2) is relatively small; the
H, partial pressure should fall between ~10™* and 10~° atm for
the conditions shown in Figure 3a. For the specific
environmental conditions, syntrophic acetate oxidation (R3)
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Table 2. Gibbs Free Energies of Three Pathways for the Conversion of Acetate to Methane in Animal Rumina and ORP-Controlled Oxygenated Anaerobic Digesters”
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Figure 3. Thermodynamic constraints for methanogenesis. The calculations were performed for the following conditions: CH, at 0.5 atm; O, at
107# atm; acetate at 20 mM, pH = 6.5, 35 °C, and 1 atm, which is between the animal rumina and ORP-controlled oxygenated digesters mentioned
in Table S4. (a) Partial pressures of H, and CO, are plotted as thermodynamic constraints for the conversion of acetate to methane. The lines
represent the threshold at which the free energy change for each process is equal to zero. The direction of the arrows indicates conditions under
which the processes become increasingly exergonic. Acetoclastic methanogenesis (R1) is shown in blue. Hydrogenotrophic methanogenesis (R2) is
shown in orange. Syntrophic acetate oxidation (R3) is shown in green. Complete acetate oxidation (R4) is shown in red. The areas shaded in red
and purple colors represent the coupling between complete acetate oxidation and hydrogenotrophic methanogenesis, whereas the area shaded in
purple alone represents the linkage between syntrophic acetate oxidation and hydrogenotrophic methanogenesis. (b) CO, partial pressure effect on
the change in Gibbs free energy for methanogenesis. The dashed line between blue and orange dots represents the energy differences between
acetoclastic and hydrogenotrophic methanogenesis at a specific CO, partial pressure. Here, the dashed line represents a CO, partial pressure of 0.3
atm. The direction of the arrow indicates the increase in CO, partial pressure induced by nanaerobic respiration.

is exergonic, but AG is close to zero in ORP-controlled
oxygenated digesters, whereas the reaction is endergonic in
rumina (Table 2 and Tables S4 and SS). These data are
consistent with the low relative abundance of syntrophic
bacteria (less than 1%) in the ORP-controlled oxygenated
digester.'” In rumina, due to the relatively high H, partial
pressures (between 2 X 107 and 1 X 1072 atm), reductive
acetogens, bacteria that reversely synthesize acetate from CO,
and H,, are found frequently.”” Thus, there might be
alternative pathways to support hydrogenotrophic methano-
genesis. Finally, if DO is present at nanomolar levels,
nanaerobes may enable complete acetate degradation into
CO, (R4) using the cytochrome bd oxidase, thereby providing
a new route to link CO, reduction (R2) by hydrogenotrophic
methanogenesis. Thermodynamic calculations (Figure 3a)
verify that a substantial window of opportunity exists for this
route, possibly bypassing the thermodynamically limited
reaction of syntrophic acetate oxidation. Meanwhile, AG
calculations show that such nanaerobic methanogenesis (R4 +
R2) provides higher energy for ATP vyield and biomass
synthesis, which may benefit the proliferation of nanaerobes,
and in turn may improve their fermentation capabilities. Our
previous observation in ORP-controlled oxygenated digestion
indeed confirmed that the nanaerobe Proteiniphilum became
dominant and therefore alleviated VFA stress and increased
overall digestibility.'”'® The abundance of nanaerobic
Prevotellaceae in rumina as observed in this study also suggest
their collaboration with hydrogenotrophic methanogens. As
additional conversion of VFAs leads to an increase in CO,
partial pressure, hydrogenotrophic methanogenesis (R2)
becomes more exergonic than acetoclastic methanogenesis
(R1) (Figure 3b). Therefore, hydrogenotrophic methano-
genesis coupled with nanaerobic respiration may constitute the
main pathway for methane generation in oxygenated
methanogenic systems.
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3.3. Evaluation of Methane Production in Nanaerobic
Digestion. With the synergistic interaction between nanaero-
bic respiration and hydrogenotrophic methanogenesis, the
overall digestion performances can be improved in both animal
rumina and oxygenated digesters (Table 3). While typical
nanaerobic digesters and normal oxygenated digesters may
have different microbiomes, they share similar performance
trends. We thus discuss the oxygenated digesters as well as the
ORP-controlled oxygenated digesters to link their phenotypes
with animal rumen phenotypes. The enhancement of methane
yield has been identified as the main benefit in oxygenated
digesters.'>'® Specifically, in our ORP-controlled oxygenated
digestion of Napier grass, a typical lignocellulosic biomass, a
3.4-fold increase in methane yield, a 2.3-fold improvement in
VS removal, and a 2.1-fold reduction in VFA concentration
were achieved relative to an unstable strict anaerobic digester,
which was on the verge of failure.'” Such improvement was
found to be closely associated with the cytochrome bd-
encoding nanaerobe Proteiniphilum.18 Similarly, ruminants are
well known for their ability to efficiently degrade fibers and the
high emission of methane gas.'” Although in situ oxygen
consumption by rumen microbiota has been previously
reported,” the rumen is commonly regarded an anaerobic
environment.’ The importance of introducing nanomolar
levels of oxygen during regurgitation and reswallowing (i.e.,
rumination) has been mostly overlooked, possibly due to the
relatively high detection limits of oxygen electrodes used in
rumen environments (>250 nM).”” Interestingly, in this study,
when mapping four sheep rumina methane yield data (Table
1) to their corresponding oxygen-related gene profiles (Figure
2b and Table S3), we found that methane yield correlated with
the abundance (r = 0.884, p < 0.05) and expression (r = 0.996,
p < 0.05) of cytochrome bd oxidase (cydA, appC, and ythA)
and even more strongly with the ratio of transcript over gene
abundance (r = 0.999, p < 0.05). The correlation was also
found between the methane yield and cytochrome bd oxidase
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Table 3. Four Common Phenotypes Shared by Animal Rumina and Micro-Oxygenated Anaerobic Digesters

e
5}
=1

micro—oxygenated AD process
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ruminants with roughage (high O,) and concentrate (low O,) diets

characteristics

no.

o)
S

17

Methane enhancement was accompanied by an increase in the abundance of
cytochrome bd-encoding nanaerobe Proteiniphilum.

study

this

Methane yields show a positive correlation with the abundance of
cytochrome bd-encoded genes in four sheep samples.

Methane yield correlated with
cytochrome bd oxidase gene.

1

o
—

15,

Microaeration improves organic degradation and enhances the methane yield in AD
processes.

67

concentrate diet produces less methane.

Methane yield correlated with oxygen High-roughage diet leads to higher emission of methane, whereas high-
concentration.

2

17

Microaeration controls VFA accumulation, alleviates pH drop, and stabilizes the AD

69

High-concentrate diet is frequently results in acute ruminal acidosis.

VFA concentration and pH value

3

process.

70,
71

Microaeration enhances acetate formation but decreases propionate accumulation,
thereby increasing the ratio of acetate to propionate.

67

High-roughage diet favors acetate production, whereas high-concentrate
diet promotes propionate production.

4 VFA type

“Micro-oxygenated AD, micro-oxygenated anaerobic digester.

gene abundance in three cattle rumina (r = 0.991, p < 0.0,
Table 1 and Table S3), suggesting methane enhancement by
oxygen occurrence in animal rumina. This phenomenon can be
further confirmed through current practices in ruminant
dietary management. Using high-concentrate diets (grain)
instead of high-roughage diets (forage) has been an effective
strategy for methane emission reduction.’” If the degree of
oxygenation is linked to the frequency of rumination induced
by different diets, a new connection may be established. A
high-roughage diet requires more chewing and rumination,®®
leading to more frequent introduction of oxygen, which results
in a higher methane emission. In contrast, the high-concentrate
diet with readily digestible carbohydrates requires less
rumination®® and therefore utilizes less oxygen and produces
less methane. On this basis, ultra-low oxygenation during
rumination may be a key factor to regulate ruminant methane
emission.

Furthermore, VFA patterns are also influenced by the
oxygenation levels in both rumina and oxygenated digesters.
First, although the high-concentrate diet is beneficial for
ruminant methane mitigation, it frequently results in acute
acidosis.”” This may result from excess feed intake but
insufficient rumination, which lowers oxygenation and there-
fore hinders VFA transformation through nanaerobic respira-
tion. In the ORP-controlled oxygenated digesters, at an OLR
(5 g VS/L/day), which is much higher than typical OLRs (1—
4 g VS/L/day),’* small amounts of oxygen rapidly led to the
consumption of accumulated VFAs without external alkalinity
supplementation.'” Second, the types of VFAs (e.g., acetate,
propionate, and butyrate) produced are dependent on the diet.
Ruminants usually produce more acetate when fed a high-
roughage diet, whereas they generate more propionate when
fed with a concentrate-based diet.”” Similarly, several micro-
oxygenated digestion studies also reported oxygen-enhanced
acetate formation and decreased propionate accumulation,
leading to a high ratio of acetate to propionate.”””" Therefore,
promoting ruminal oxygenation may be effective in balancing
rumen health and methane production.

3.4. The Concept of Nanaerobic Digestion. We
demonstrated the occurrence of overlooked nanaerobes as
well as their significance in animal rumina and ORP-controlled
oxygenated digesters. Nanaerobic digestion consists of a five-
step pathway, which includes nanaerobic respiration in
addition to four traditional anaerobic digestion steps for
efficient organic degradation and enhanced methane produc-
tion (Figure 4). In the presence of nanomolar concentrations
of DO, nanaerobes can co-exist with methanogens, and
anaerobic fermentation and nanaerobic respiration are
performed simultaneously. Like the classical acidogenic and
acetogenic fermenters, nanaerobes can convert organic
compounds into VFAs and hydrogen. Meanwhile, they also
can aerobically degrade organic compounds and VFAs into
CO, using cytochrome bd oxidase. Such co-occurring
processes not only bypass the thermodynamically unfavorable
syntrophic VFA oxidation reaction but also accelerate and
promote the degradation of organics, especially VFAs, and
result in the enhanced production of methane by hydro-
genotrophic methanogens.

3.5. Recommendations for Environmental Practice.
Since nanomolar DO levels are ubiquitous, although often not
detected, in both natural and engineered methanogenic
systems, the concept of nanaerobic digestion may provide
additional perspectives for understanding the global methane
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Figure 4. Schematic illustration of the main steps of nanaerobic
digestion, revised from Nguyen et al.'” and Wu et al.'® Solid lines
represent dominant pathways, whereas dashed lines represent minor
pathways. First, complex organics are hydrolyzed and fermented into
simple organic acids by three conventional steps (hydrolysis,
acidogenesis, and acetogenesis). Then, due to the presence of
nanomolar levels of DO, simple organics are completely oxidized to
CO, via nanaerobic respiration, which promotes methane production
through hydrogenotrophic methanogenesis.

fluxes, such as methane emissions from ocean’” and wetland”*
sediments, rumen digestion and ruminant productivity, and
energy recovery from biomass.

The notion that rumina behave like nanaerobic systems
rather than purely anaerobic systems advocates for a balance
between animal productivity improvement and methane
emission reduction. Methane emission may be an evolutionary
advantage for ruminants. Rumen consortia containing nanae-
robes may allow the animal to intake large amounts of fiber to
achieve maximum growth without experiencing ruminal
acidosis. Because of the presence of oxygen introduced during
rumination, VFA compounds that are not promptly absorbed
by the animal may be rapidly degraded into CO, via
nanaerobic respiration, playing a buffering role to maintain
the VFA balance between animal assimilation and microbial
fermentation. Meanwhile, we speculate that greater methane
production, which results from the additional degradation of
excess fiber and VFAs, may induce intense eructation and
therefore physically stop further feed consumption, represent-
ing a feedback signal for balanced feeding of the animal
Therefore, both ruminant health and growth should be
considered in combination when developing strategies for
methane mitigation.

The proposed nanaerobic digestion brings together two
fields of anaerobic digestion research, namely, rumen-
inoculated””™** and micro-oxygenated digesters."”'® Given
the evidence that rumen digestion has similarities to ORP-
controlled oxygenated digestion, a nanaerobic environment
may be needed for the maintenance of rumen microorganisms
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in a continuously operated bioreactor, avoiding the washout or
inactivity of rumen bacteria from the system. Meanwhile,
considering the niche sharing of nanaerobes and methanogens
at nanomolar (or lower) DO concentrations, our findings may
provide guidance on appropriate DO concentrations for the
operation of micro-oxygenated anaerobic digesters. Overall,
nanaerobic operation and nanaerobe enrichment may improve
energy recovery for digestion applications.
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