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Rumen Lachnospiraceae isolate NK3A20 exhibits metabolic
flexibility in response to substrate and coculture with
a methanogen
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ABSTRACT Hydrogen (H;) is the primary electron donor for methane formation in
ruminants, but the Hy-producing organisms involved are largely uncharacterized. This
work integrated studies of microbial physiology and genomics to characterize rumen
bacterial isolate NK3A20 of the family Lachnospiraceae. Isolate NK3A20 was the first
recognized isolate of the NK3A20 group, which is among the ten most abundant
bacterial genera in 16S rRNA gene surveys of rumen microbiota. NK3A20 produced
acetate, butyrate, Hy, and formate from glucose. The end product ratios varied when
grown with different substrates and at different H, partial pressures. NK3A20 produced
butyrate as a major product using glucose or under high Hy partial pressures and
switched to mainly acetate in the presence of galacturonic acid (an oxidized sugar) or
in coculture with a methanogen. Growth with galacturonic acid was faster at elevated
H, concentrations, while elevated H;, slowed growth with glucose. Genome analyses
revealed the presence of multiple hydrogenases including a membrane-bound Ech
hydrogenase, an electron bifurcating butyryl-CoA dehydrogenase (Bcd-Etf), and an Rnf
complex that may be involved in modulating the observed metabolic pathway changes,
providing insight into H, formation in the rumen.

IMPORTANCE The genus-level NK3A20 group is one of the ten most abundant genera

of rumen bacteria. Like most of the rumen bacteria that produce the hydrogen that is

converted to methane in the rumen, it is understudied, without any previously charac-

terized isolates. We investigated isolate NK3A20, a cultured member of this genus, and

showed that it modulates hydrogen production in response to its growth substrates and

the hydrogen concentration in its environment. Low-hydrogen concentrations stimula-

ted hydrogen formation, while high concentrations inhibited its formation and shifted

the fermentation to more reduced organic acid products. We found that growth on

uronic acids, components of certain plant polymers, resulted in low hydrogen yields

compared to glucose, which could aid in the selection of low-methane feeds. A better

understanding of the major genera that produce hydrogen in the rumen is part of Editor Gemma Reguera, Michigan State University,
developing strategies to mitigate biogenic methane emitted by livestock agriculture. East Lansing, Michigan, USA
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he rumen houses a genetically and functionally diverse microbiome that medi-

ates ruminant host nutrition through fermentation end products and is, in turn,
influenced by the host’s diet (1, 2). Methane (CHy) is generated by methanogenic archaea
in the rumen microbial community and represents a potential loss of energy to the host
(3). CHy4 produced by farmed ruminants also contributes to anthropogenic greenhouse

Received 16 April 2023
Accepted 8 August 2023
Published 6 October 2023

Copyright © 2023 American Society for
Microbiology. All Rights Reserved.

October 2023 Volume 89 Issue 10 10.1128/aem.00634-23 1


https://crossmark.crossref.org/dialog/?doi=10.1128/AEM00634-23&domain=pdf&date_stamp=2023-10-06
https://doi.org/10.1128/aem.00634-23
https://doi.org/10.1128/ASMCopyrightv2

Full-Length Text

gas emissions (4). Most rumen methanogens use hydrogen gas (H,) as a substrate
for methanogenesis, which is produced from carbohydrate fermentation by rumen
bacteria, protozoa, and fungi (5). Known as interspecies H, transfer, this interaction is
thought to be integral to ruminal CH4 emissions and controlling rumen fermentation
through Hy removal (6, 7). The rumen celluloytic bacterium Ruminococcus albus serves
as a model species for studies of interspecies H, transfer, where the consumption of H,
by a hydrogenotroph facilitates more H, formation than in the absence of the H,-using
partner (8-12). Other rumen organisms that display this behavior include Ruminococcus
flavefaciens (13), Selenomonas ruminantium (14), and several fungi (15, 16), indicating
that this is an important function in gut ecosystems. It is known that many ruminal
bacterial genomes encode hydrogenases, indicating a prevalent capability to produce H;
(12). Identification and investigation of these species and their potential to participate in
interspecies H, transfer may be an important step toward understanding CH4 production
and mitigating emissions.

The family Lachnospiraceae is abundant in gut environments and comprises part of
the core rumen microbiome (2, 17). Several poorly studied Lachnospiraceae-associated
lineages are posited to possess hydrogenases (12, 18). Studies on cultured lineages,
including members of Butyrivibrio and Roseburia, indicate that polysaccharide degrada-
tion and butyrate production are key characteristics of members of Lachnospiraceae (19).
Molecular studies have uncovered significant genetic and potential functional diversity
within this family (20), but there remain many uncharacterized Lachnospiraceae genera
of interest to rumen microbiology (17, 21).

This study characterized the novel rumen bacterial isolate NK3A20. It is a member of
the family Lachnospiraceae and the first cultured representative of the NK3A20 group.
The NK3A20 group probably represents a genus-level taxonomic group and is commonly
found among the most abundant taxa in surveys of gut microbiota (21, 22). For example,
Henderson and colleagues estimated that this probable genus constitutes 2.7% of rumen
bacteria and was the seventh most abundant ruminal bacterial genus in the Global
Rumen Census (2, 21). We studied the metabolism of isolate NK3A20 to better under-
stand this otherwise unstudied group. In particular, we were interested in the range of
substrates this bacterium can use for growth and its potential role in H, formation as a
precursor of CH4 generation in the rumen. A better understanding of the major genera
that produce Hs in the rumen is part of developing strategies to mitigate biogenic CHyg
emitted by livestock agriculture.

MATERIALS AND METHODS
Sources of strains

NK3A20 was isolated from rumen contents from a sheep grazing rye-grass-dominated
pasture in the Manawata region of New Zealand (23). Isolation was through a dilution-
to-extinction approach (23, 24) in RM02 liquid medium supplemented with glucose,
cellobiose, xylose, L-arabinose, casamino acids, Bacto-peptone, and yeast extract (23).
Methanobrevibacter olleyae strain 1H5-1P (DSM 16632; 25) was purchased from DSMZ
(Braunschweig, Germany).

Strain purity was assessed by microscopy of Gram stained (26) and wet mount
preparations and by 16S rRNA gene sequencing, using the methods described in
reference (23).

Microscopy

Phase contrast photomicrographs were taken using a DM2500 microscope (Leica
Microsystems, Wetzlar, Germany) with a 100x oil phase contrast objective, and the
images were captured digitally using Leica Application Suite software. Cell dimensions
were calculated using imaging software and parallel photomicrographs of a reference
stage micrometer.
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Cultures and growth conditions

Cultures were revived from frozen stocks (—80°C; AgResearch Rumen Microbiology
collection) in Hungate tubes (Bellco Glass, Vineland, NJ, USA) containing 9 mL of RM02
medium (23) under a 100% CO, headspace (BOC Gas, Palmerston North, New Zealand).
Bacterial cultures were supplemented with 0.5 mL 2x GenRFYV, a stock solution contain-
ing a mix of substrates and vitamins dissolved in clarified rumen fluid. This was modified
from GenRFV described in reference (23) to contain stock concentrations of 40 mM each
for glucose and xylose and 20 mM each for cellobiose and arabinose or twice that in the
original recipe.

Methanogen cultures were supplemented with 0.5 mL clarified rumen fluid (23)
containing 4 mM CaCly, 3 mM MgCl,, 2% (wt/vol) yeast extract, and vitamins (NoSubRFV;
final concentrations). Cultures were also supplemented with 60 mM sodium formate
and 20 mM sodium acetate (final concentrations; added as 0.2 mL from a concentrated
stock). Supplements were filtered directly into tubes using sterile 0.22 um pore size
Millex GP filters (Millipore Corp., Bedford, MA, USA) fitted to sterile plastic syringes and
needles (Becton Dickinson and Co., Franklin Lakes, NJ, USA). Methanogen cultures were
pressurized with Hy: CO; (80:20 vol/vol) to 140 kPa over the 101 kPa CO5 already in the
tubes. Tubes were closed with butyl rubber stoppers and screw caps (Bellco Glass).

All cultures were incubated at 39°C and in the dark. Cultures were incubated statically
for growth substrate tests. Cultures in growth kinetics and coculture experiments were
shaken horizontally on an Orbitex XL orbiting platform (Infors HT, Basel, Switzerland) set
to 50 rpm. It should be noted that comparisons of results between static and shaken
experiments could be confounded by differences in the conditions.

Measuring culture density

Optical density was measured at 600 nm either by inserting Hungate tubes directly into a
Spectronic 200 spectrophotometer (ThermoFisher Scientific, Auckland, New Zealand) or
by taking samples using disposable 1 mL plastic syringes and needles and measuring the
optical density in disposable 1 cm path length semi-micro polystyrene cuvettes (Greiner
Bio-One, Kremsmiinster, Austria). Absorbance was set to zero using water, and the optical
density measurements were corrected for uninoculated medium, or the absorbance was
set to zero using tubes containing uninoculated medium.

Testing use of growth substrates

Individual substrates were sterilized by autoclaving them separately as concentrated
stocks or suspensions and then added to Hungate tubes containing RM02 medium
supplemented with NoSubRFV (1% vol/vol). Final concentrations of substrates were
20 mM for organic acids, 10 mM for monosaccharides, 5 mM for disaccharides, or 0.2%
(wt/vol) for polysaccharides, unless noted otherwise. Amorphous cellulose was prepared
using the method described in reference (27). Acids were added as their sodium salts.

To measure growth on different substrates, a 1% (vol/vol) inoculum was added to
triplicate Balch tubes (Bellco Glass) each containing 9 mL of RM02 medium, 0.5 mL
NoSubRFV, and 5 or 10 mM of a single substrate (final concentration) added in 0.2 mL
of a concentrated solution, with a headspace of 100% CO,. Vials were closed with butyl
rubber stoppers (Fit Prototyping, Lupburg, Germany) and aluminum caps (Bellco Glass).

Growth kinetics

To assess growth and end-product accumulation, a 1% (vol/vol) inoculum was added
to triplicate 125 mL serum vials (Bellco Glass) each containing 46 mL of RM02 medium,
2.5 mL NoSubRFV, and either 10 mM glucose or 10 mM sodium galacturonic acid (final
concentrations) added from a concentrated solution at 0.5 mL per vial. Vials were closed
with butyl rubber stoppers (Fit Prototyping) and aluminum caps (Bellco Glass) with a
headspace of 100% CO,. Cultures were shaken during incubation.
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Coculture experiment

M. olleyae was grown in Hungate tubes (5% vol/vol inoculum) under the methanogen
culture conditions described above. Cultures were grown to stationary phase to ensure
that there was sufficient methanogen cell mass. Culture headspaces were then flushed
free of CHy and any residual Hy with 100% CO,, before 10 mM glucose or sodium
galacturonic acid was added in 0.2 mL from concentrated stocks. NK3A20 was inocu-
lated at 1% (vol/vol). Concurrent pure cultures of NK3A20 were grown with 9 mL
RMO02 medium and 0.5 mL NoSubRFV and supplemented with the same substrates as
cocultures. Half of the bacterial pure cultures were pressurized with Hy: CO; (80:20 vol/
vol) to 140 kPa over the 101 kPa CO, already in the tubes, while the other half remained
under 100% CO,.

Fermentation end-product analysis

H, and CH4 concentrations in the gas headspace were measured by taking a 0.5 mL
headspace sample at the pressure in the culture vessel. Samples were taken using
polycarbonate 1 mL Luer-Lok syringes (Becton Dickinson and Co., Franklin Lakes, NJ,
USA) fitted with Mininert Luer-tip syringe valves (Hamilton, Reno, NV, USA). Samples were
manually injected into an Aerograph 660 gas chromatograph (Varian Associates, Palo
Alto, CA, USA) fitted with a Porapak Q80/100 mesh column (Waters Corporation, Milford,
MA, USA) and a thermal conductivity detector. Nitrogen (N,) was used as the carrier gas.
A standard containing 5%:30%:65% vol/vol/vol Hy:CH4:N; (BOC Gas, Palmerston North,
NZ) was measured using a 0.5 mL sample at 1 atm for calibration. This standard was also
diluted in 100% N, to give 0.03% H, for the detection of low concentrations. Dissolved
H, concentrations were calculated from the headspace concentrations using Ostwald
coefficients tabulated by reference (28) and molar gas volumes from reference (29),
assuming that the headspace gases were in equilibrium with the dissolved gases. H, and
CH,4 formation are reported as amounts per liter of culture, even though they accumulate
in the gas phase of the culture vessels and include both gaseous and dissolved fractions,
unless noted otherwise.

Liquid cultures were sampled (1 mL) into 1.5 mL tubes (Axygen, Inc., Union City, CA,
USA) for fermentation product analysis. Samples were centrifuged (13,000 x g for 13 min)
in a benchtop centrifuge (Eppendorf, Hamburg, Germany). 900 uL of supernatant was
collected into a clean 1.5 mL tube, and 100 pL of internal standard (20 mM ethylbutyrate
in 20% wt/vol H3PO4) was added. Samples were stored at —20°C until analyzed for a
minimum of 24 hours.

Samples were thawed and centrifuged (13,000 x g for 13 min), and 800 pL of
supernatant was collected into a crimp-capped GC vial (ThermoFisher Scientific) for
alcohol and aqueous short-chain fatty acid analysis. Vials were stored at 4°C until
analysis. The remaining 200 pL supernatant was collected into 1.5 mL tubes (Eppendorf,
Hamburg, Germany) for derivatized organic acid analysis.

Analysis of alcohols (methanol, ethanol, 1-propanol, and 1-butanol) and aqueous
short-chain fatty acids (acetate, propionate, butyrate, isobutyrate, 2-methylbutyrate,
valerate, isovalerate, and caproate) was performed using a GC-2010 Plus equipped
with an AOC 20i auto injector (Shimadzu Corporation, Kyoto, Japan), a Zebron ZB-FFAP
Capillary GC Column (Phenomenex, Torrence, CA, USA), and helium carrier gas (BOC
Gas). The injection temperature was 90°C, and the FID detector temperature was 240°C.
The GC column temperature was set to 60°C for 3.5 min, then increased to 120°C (at
30°C/min), then to 185°C (10°C/min), and lastly to 200°C (at 15°C/min) with a final 3-min
hold.

Samples were derivatized using a downscaled method described in reference (30).
Briefly, 5 uL of 1% (wt/vol) resazurin dye, 100 pL of 37% (wt/vol) HCl, and 800 pL
diethyl-ether were added to a 1.5 mL tube containing 200 pL of sample. Samples were
shaken vigorously then left to settle for 1 minute. The top ether layer was collected
into a new 2 mL tube. The previous step was repeated, and the ether layer was
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collected again and added to the same tube. 100 pL of derivatization agent (N-methyl-
N-t-butyldemetzylsilytriflouroacetamide; ThermoFisher Scientific) and 800 pL of ether
layer were added to a GC vial. Vials were crimp capped immediately with aluminum
caps. Samples were heated at 80°C for 20 min and left under a fume hood for 48 hours
before analysis. Analysis of derivatized organic acids (formate, lactate, and succinate)
was performed using a GC-2010 Plus equipped with a Barrier lonization Discharge (BID)
detector, AOC 6000 auto-sampler, VICI heated helium purifier (Valco Instruments Co. Inc.
Houston, TX, USA), Zebron ZB-5MS Capilliary GC Column, and helium carrier gas. The
GC conditions were as follows: 1 pL of sample split injection (20:1 split ratio), injection
temperature set to 240°C, BID detector temperature set to 250°C, GC column tempera-
ture set to 50°C for 2 min, then increased to 130°C (at 5°C/min), and then to 240°C (at
15°C/min) with a final 4.67-min hold.

The amounts of each analyte were quantified using LabSolutions software (Shimadzu
Corporation, Kyoto, Japan) by comparing the peak area of each analyte to its correspond-
ing standard curve.

Carbon and available H, balances were calculated as described in reference (31).
Statistics and graphs were generated using RStudio (32) using the ggplot2 (33), reshape2
(34), plyr (35), and viridis (36) packages.

Phylogenetic analyses

The 16S rRNA gene sequence of NK3A20 was aligned with type strain sequences
from the family Lachnospiraceae as found in the LPSN - List of Prokaryotic names
with Standing in Nomenclature (37). Only species with 16S rRNA sequences (> 1,371
nt) available in GenBank were included. Alignments were performed using ClustalW
implemented in MEGA (version 10.0.50; 38). A phylogenetic tree was reconstructed in
MEGA using the maximum-likelihood method and Jukes-Cantor model (39) with 1,000
bootstrap iterations.

Genome analyses

The resources available from JGI's Integrated Microbial Genomes and Microbiome
Samples (IMG/M) database were used for genome sequence analysis (40). Annotations
were performed using GAMOLA2 (41) and visualized in a customized version of the
Artemis Genome Viewer (version 16) (42). Annotations were also generated using
the BlastKoala function and mapped to pathways in KEGG (43). Hydrogenases were
identified and categorized using HydDB (44).

RESULTS AND DISCUSSION
Cell morphology

Cells of isolate NK3A20 stained Gram negative and were non-motile. Cells were ovals
with pointed ends, averaging 1.6 um long and 0.82 um in diameter (SD = 0.23 and 0.22,
respectively; n = 100), and were often in pairs or chains (Fig. 1). Division appeared to be
by binary fission.

Phylogenetic placement

A phylogenetic comparison of 16S rRNA genes from NK3A20 and those of type strains
from Lachnospiraceae indicated that this isolate forms a distinct lineage in the tree and
probably represents a novel genus (Fig. S1). The closest relative of NK3A20 was Butyrivi-
brio proteoclasticus (88.82% sequence identity). 16S rRNA gene sequence identities
of <96% are usually considered to indicate membership of distinct genera (45, 46). In the
Genome Taxonomy Database (GTDB release 214, 28 April 2023; 47), strain NK3A20 is
classified in genus CAG-791, as species sp900107575. NK3A20 has also been assigned the
name Candidatus Efretella ranebella based on its genome (48).
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FIG1 Phase contrast photomicrograph of cells of NK3A20. The scale bar represents a distance of 10 um.

Substrates supporting growth

NK3A20 was tested for its ability to grow using 28 different carbon and energy sources.
Good growth (ODggg >0.7) was supported by a range of sugars (Table 1). Soluble sugars
and uronic acids supported good growth of NK3A20, but polysaccharides did not.

Genome analysis of carbohydrate metabolism

Examination of the genome sequences revealed that NK3A20 had an extensive
complement of glycosyl hydrolases (83 from 28 families; Table S1). Many of these families
include enzymes able to cleave galactoside (GH2, GH35, GH36, GH42, and GH53) and
arabinoside/xyloside (GH5, GH8, GH10, GH11, GH30, GH39, GH43, GH120, and GH127)
linkages. NK3A20 was unable to initiate the breakdown of most plant polysaccharides,
suggesting that few of the carbohydrate-degrading enzymes are secreted from the cell.
Most of the carbohydrate-degrading enzymes are predicted to be intracellular,
suggesting that NK3A20 can transport a variety of oligosaccharides into the cell,
where they are further metabolized. This is supported by the diversity of carbohydrate
transporters found in the genome (Table S2). The genome had >20 genes encoding
proteins from functional category COG1653 that includes proteins predicted to transport
oligosaccharides. A small number of GHs have signal peptides (Table S1). These were
found only in members of the GH3, GH10, GH11, GH13, and GH25 families. The GH10 and
GH11 are presumably secreted xylanases and GH13 enzymes degrade starch and similar
carbohydrates. GH3 can have a range of functions including involvement in bacterial
cell wall modification, and GH25 are lysozymes that also have a role in bacterial cell
wall degradation. It is also apparent that NK3A20 has very few carbohydrate-binding
domains associated with the GHs. Lachnospiraceae are generally thought to contribute to
fibrolytic activity (19, 49, 50), but NK3A20 can be seen as a secondary carbohydrate
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TABLE 1 Substrates supporting growth of NK3A20°

Substrate (concentration tested)” Growth®

No substrate added -

Raffinose (5 mM) ++
Cellobiose (5 mM) ++
Melibiose (5 mM) ++
Sucrose (5 mM) ++
Lactose (5 mM) ++
Maltose (5 mM) ++
Glucose (10 mM) ++
Fructose (10 mM) +
Galactose (10 mM) ++
Arabinose (10 mM) ++
Rhamnose (10 mM) -
Xylose (10 mM) ++
Mannose (10 mM) ++
Ribose (10 mM) -
Fucose (10 mM) -
Sorbose (10 mM) -

Lactate (20 mM) -
Succinate (20 mM) -

Galacturonate (20 mM) ++
Glucuronate (20 mM) ++
Pectin (0.1%)

Polygalacturonate (0.1%) +

Starch (0.1%) -
Amorphous cellulose (0.1%) -
Crystalline cellulose (0.1%) -
Inulin (0.1%) -
Chitin (0.1%) -
Xylan (0.1%) +

“Experiments were performed in Hungate tubes.

PAll percentages are wt/vol.

‘For simple sugars: ++, OD >0.3; +, OD >0.1; —, <0.1. For polymers: ++, >10 mmol/L total lactate, acetate, and
butyrate; +, >1 mmol/L total lactate, acetate, and butyrate; —, products similar to those in control without added
substrate.

degrader dependent on oligosaccharides or sugars generated by microbes able to
initiate plant polysaccharide breakdown.

Growth on different substrates

NK3A20 grew at different rates with different substrates, and the lag periods after
transfer from a galacturonic acid-containing medium were sometimes long (Fig. 2).
Maximum densities of cultures grown on xylose, galacturonic acid, and maltose were
recorded within 36 hours, within 56 hours on lactose, and within 80 hours on glucose
and galactose. There were differences in growth rate between replicate cultures growing
on the same substrate, as indicated by the large error bars, particularly when the lags
were longer. Growth in situ may not match these patterns as many sugars will be
available at the same time, but these results may still aid in understanding factors that
contribute to abundance trends of NK3A20 in microbiome studies and are important if
this organism is used as a model for understanding rumen biology.

End-product formation on different substrates

End-product generation was measured using increasing initial concentrations of glucose
(Fig. 3). NK3A20 produced acetate and butyrate, small amounts of formate, and only
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FIG 2 Growth of isolate NK3A20 on different substrates initiated from the same galacturonic acid-grown
inoculum in Balch tubes. Colors represent substrates. Error bars represent one SD from the mean of three
(lactose only) or four replicates.

trace amounts of lactate and succinate (Fig. 3). H, gas also accumulated in the cul-
ture headspace. No methanol, ethanol, 1-propanol, 1-butanol, propionate, isobutyrate,
2-methylbutyrate, valerate, isovalerate, or caproate was produced after growth on
glucose. End-product accumulation and culture density increased concomitantly with
increasing substrate concentration up to about 10 mM initial glucose. End products
did not change greatly in composition or proportion with different concentrations of
glucose. Carbon recoveries and H; balances indicated that NK3A20 used all the substrate
provided and that the major end products were accounted for (Table 2).

Substrates that supported good growth were tested for possible differences in
end-product formation (Table S3). This revealed that the ratios of acetate and butyrate
produced by NK3A20 varied depending on the substrate. Fermentation of hexoses and
pentoses to pyruvate yields 2 NADH and 2 ATP, while fermentation of galacturonic acid
and glucuronic acid (oxidized forms of galactose and glucose, respectively) to pyruvate
yields no NADH and 1 ATP. This explains the dominance of acetate as a product from
galacturonic acid and glucuronic acid fermentation (acetate: butyrate ratio of 2.74 and
2.83, respectively) because fewer electrons are available for butyrate formation, and
acetate formation generates ATP while consuming no electrons. Hexoses and pentoses,
and their dimers, yielded much smaller acetate: butyrate ratios, of 0.40 to 0.71, consistent
with more electrons derived from the fermentation being routed to form the reduced
fermentation product, butyrate.

Applied and Environmental Microbiology

TABLE 2 End products, carbon recoveries, and available H balances of NK3A20 grown with 2.5 mM (25 umol/tube) and 5 mM (50 pmol/tube) initial glucose

Initial glucose Products (umol/tube)’ Carbon Available H
(pmol/tube) Acetate Butyrate Formate Succinate  Lactate H, CO,°  recovery balance

25 7.37 £5.05 17.90 £2.21 0.94 £0.26 <0.01 0.15+0.26 66.37+7.16 42.2 0.87 1.08

50 19.05 + 1.69 37.92£0.96 454 +0.47 0.55+048 0.06+0.10 123.27+6.03 89.8 0.96 1.02

“The data are the means of three replicates + SD.

®CO, produced during pyruvate conversion to acetyl-CoA was included in the carbon balance and was estimated by assuming two CO, are produced per butyrate and one
per acetate. Formate and succinate were subtracted from the CO, estimate as one CO, is used to produce one formate or one succinate.
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FIG 3 Relationships between initial glucose concentration and end product formation by NK3A20.
Experiments were performed in Hungate tubes. Colors represent measured growth indicators and end
products. Error bars represent one SD from the mean from three replicates. Small amounts of lactate and
succinate (<0.2 mmol/L) were detected (not shown).

Growth kinetics

Growth of NK3A20 was monitored to determine the generation of end products over
time when grown with glucose (Fig. 4A) and galacturonic acid (Fig. 4B). End products
accumulated concurrently with increases in optical density on both substrates.

The maximum optical density (ODgqg) for NK3A20 growing with glucose was recorded
72 hours after inoculation, while maximum growth on galacturonic acid was recorded
after 24 hours (Fig. 4A and B). The lag on glucose was long even with a glucose-grown
inoculum, suggesting that galacturonic acid is a preferred substrate, as found previously
(Fig. 2). The proportions of the products differed on the two substrates. With glucose,
NK3A20 produced up to 32 mmol/L of Hy, 7 mmol/L of acetate, 7 mmol/L of butyrate,
and 0.7 mmol/L formate. When grown with galacturonic acid, acetate was the major
product, with up to 9 mmol/L produced, and less butyrate and H, were produced, as
expected for this more oxidized sugar.

Effect of H; on fermentation

Some studies have shown that fermentation product ratios of hydrogenogenic microbes
shift when cocultured with a hydrogenotrophic microbe (e.g., 8, 13-16). We reduced the
H, partial pressure by coculturing NK3A20 with M. olleyae, a methanogen that can use
both H, and formate as energy sources. In addition, we added H, to pure cultures of
NK3A20 prior to incubation to increase the initial dissolved H, partial pressure to about
600 uM, which is much greater than the 0.1 to 50 pM normally encountered by these
organisms in the rumen (7).

The effects of H, use by the methanogen were tested in NK3A20 cultures supple-
mented with either glucose or galacturonic acid. CH4 production was observed in the
cocultures, and no formate or H, could be detected, indicating that any formate and
Hy produced by NK3A20 was consumed by M. olleyae (Table 3). Results clearly show
shifts in the end products of NK3A20 in the presence of M. olleyae. H, and formate
formation by the bacterium was assumed to be 4 mol per mol of CH, detected, and
these are all reported as H,. Production of acetate and H, from glucose fermentation
by NK3A20 increased (Welch's two-sample t-test; acetate P = 0.1, Hy, P = 0.002), while
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FIG 4 Growth kinetics of NK3A20 on glucose (A) and galacturonic acid (B). Colors represent measured growth indicators and end products. The values are means

from two (A) or three (B) replicates, and the error bars represent one SD from the mean. Experiments were performed in serum vials. Small amounts of succinate

(<0.2 mmol/L) were detected in the cultures grown with galacturonic acid (not shown).

butyrate decreased (P = 0.0006) in coculture with the methanogen. When growing with
galacturonic acid, acetate and H; increased (acetate P = 0.06, Hy P = 0.01), while butyrate
decreased (P = 0.00007). CH,4 formation was significantly lower from galacturonic acid
(0.25 mol CH,4 per mol of sugar) than from glucose (0.6 mol CH4 per mol of sugar; P =
0.002).

In contrast, results were reversed in pure cultures grown under increased partial
pressures of Hy (Table 3). Butyrate formation by NK3A20 increased (glucose P = 0.06,
galacturonic acid P = 0.0008) while H, and acetate decreased on both substrates
compared to pure culture controls without added H; (H, from glucose P = 0.008, H from
galacturonic acid P = 0.02; acetate from glucose P = 0.0001, acetate from galacturonic
acid P = 0.0007). Formate increased under both conditions, but this was not statistically
significant on glucose (glucose P = 0.2, galacturonic acid P = 0.0001). Some changes in
acetate production were not significant, possibly due to the use of acetate as an anabolic
substrate by the methanogen. Although small concentrations of lactate were sometimes
detected (e.g., Table 2), we did not observe lactate formation in these experiments.

Growth rates of NK3A20 on glucose in pure culture and coculture with M. olleyae
were very similar (Fig. 5). It should be noted that both organisms contribute to opti-
cal densities in the cocultures. Interestingly, growth of pure cultures of NK3A20 was
fastest with galacturonic acid with added H, than without, while cocultures with M.
olleyae grew the slowest. In contrast, on glucose, the cocultures grow most rapidly, and
the growth of the NK3A20 pure cultures was slowed when H, was added. This could
suggest that a high partial pressure of H, was deleterious for growth with glucose but
advantageous with galacturonic acid. It is possible that the use of electrons in the first
steps of galacturonic acid degradation (catalyzed by the uxaB gene product; Table S4)
creates a deficit that is exacerbated by methanogen consumption of Hy, and higher
H, concentrations are beneficial for galacturonic acid use. Hy partial pressures in the
rumen are typically low (7), and their significance for uronic acid use remains to be
determined. Also, the impact of differing uronic acid compositions of ruminant feeds
on ruminal Hy and so CH,4 formation remains to be determined. In the rumen, where
many different sugars are available and used simultaneously, electron use will likely be
balanced through the common pools of intracellular intermediates and electron carriers.

Our results agree with previous studies showing end-product shifts in response to
interspecies H, transfer (8, 51, 52). Hy consumption by a hydrogenotrophic microbe
in coculture increases the flow of electrons to Hy and probably formate, benefiting
the metabolism of the hydrogenogenic microbe by allowing more carbon to flow
through the ATP-forming pathway to acetate and less to the formation of other reduced
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FIG 5 Growth kinetics of NK3A20 on different substrates, in coculture with M. olleyae and alone with or without added H,.

Colors represent culture conditions. The values are means from three replicates, and the error bars represent one SD from the

mean. Experiments were performed in Hungate tubes.

products like butyrate. Results from pure cultures grown with high partial pressures of Hy
demonstrate the opposite impact, where presumably feedback from the high dissolved
H, concentrations limits the formation of H, and therefore results in the use of those
electrons to form butyrate. However, our results with galacturonic acid suggest that
while there may be fermentation shifts to produce more H; in the presence of methano-
gens, there may be trade-offs for the H, producer.

Metabolic predictions from genome

The genome of NK3A20 was analyzed to support experimental findings of substrate
use and end-product formation. Fermentation of sugars to pyruvate appears to be
through the Embden-Meyerhof-Parnas pathway via glyceraldehyde-3-phosphate, as the
genome encodes all the required enzymes (Table S4). Pyruvate and glyceraldehyde-3-
phosphate are also produced from uronic acids via 2-dehydro-3-deoxy-phosphogluco-
nate aldolase and 2-dehydro-3-deoxygluconokinase (Table S4). Genes for galacturonic
acid and glucuronic acid utilization were present. NK3A20 harbors a large gene cluster
(genes G595DRAFT_00078-00103) that contains genes for galacturonic acid metabolism,
GH families 28, 35, and 88, pectin methyl esterase (CE8) and predicted ABC oligogalactur-
onide and arabinogalactan transporters.

The fermentation products observed in the laboratory experiments were supported
by genome analyses. NK3A20 possessed genes for pyruvate:ferredoxin oxidoreductase
(pyruvate synthase), phosphate acetyltransferase, and acetate kinase, which provide
a mechanism for acetate production and reduced ferredoxin formation that presum-
ably leads to H, generation. Additionally, acetyl-CoA acetyltransferase, 3-hydroxybu-
tyryl-CoA dehydrogenase, enoyl-CoA hydratase, butyryl-CoA dehydrogenase, phosphate
transbutyrytransferase, and butyrate kinase were encoded, which form a well-documen-
ted pathway to butyrate production, particularly in other Lachnospiraceae (53, 54). This
pathway acts as an electron sink, recycling reduced cofactors generated during sugar
metabolism to acetate. In NK3A20, flow through this pathway increased leading to more
butyrate formation and less acetate and Hy (Table 3) when H, partial pressures were
high, and H; evolution was presumably less favorable. Conversely, butyrate formation
was lower when H; partial pressures were low in the presence of a methanogen.
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The genome also encodes a pyruvate formate lyase and its activating enzyme,
explaining formate production. A gene encoding lactate dehydrogenase was found in
the genome, although lactate was only a trace product under the conditions we used
in our experiments. Some succinate was observed in cultures grown with galacturonic
acid, and its formation was increased under high H; partial pressures, but the pathway
for formation is not known.

Genes encoding multiple hydrogenase types and hydrogenase expression proteins
( Table S4) were present in the genome. Sequences in the NK3A20 genome encode all
subunits of a membrane-associated [NiFe] group 4e hydrogenase, indicating a poten-
tial means of Hy production, which is coupled to ferredoxin oxidation (55). Group
4e hydrogenases are also predicted to catalyze the reverse reaction (55). Genes for a
putative cytosolic H, evolving [FeFe] group B hydrogenase were found. The genome also
encoded the catalytic and glutamate synthase subunits of a [FeFe] group A2 hydroge-
nase. Hydrogenase group A2 is uncharacterized, but its association with glutamate
synthase has prompted a suggestion that it has a role in nitrogen assimilation (56),
although it may have a more general role in Hy generation. This confirms that NK3A20
has mechanisms for reoxidizing reduced electron carriers, like ferredoxin, that are formed
during fermentation, and to form H,.

Potential impact of Rnf, Bcd-Etf, and Ech on ATP yield

A survey of rumen Lachnospiraceae genomes in the Hungate 1000 collection showed
that many members may possess an electron-bifurcating butyryl-CoA dehydrogenase
(Bcd-Etf) (57). This enzyme couples ferredoxin reduction by NADH to crotonyl-CoA
reduction to butyryl-CoA (58). Hackmann and colleagues (57) showed that in addition to
Bcd-Etf, some Lachnospiraceae also possess a transmembrane [NiFe] group 4e hydro-
genase (Ech) and an Rnf complex. These complexes oxidize reduced ferredoxin and
generate ion gradients that drive ATP synthesis via electron transport phosphorylation.
Hypothetically, this could result in the production of up to 4.5 ATP per glucose for
fermentation to one butyrate (57, 59) or even 5 ATP per glucose for the production of
two acetates (Table S5). The NK3A20 genome encodes all three enzyme complexes.
Estimates of ATP yield indicate that NK3A20 can produce up to 4.35 ATP per glucose
in pure cultures, a high yield that is possibly consistent with NK3A20 abundances in
microbiome studies (Table 4). This assumes that Ech, and not a cytosolic hydrogenase,
is active in all culture conditions. The activity of Rnf may change to accommodate
differences in fermentation ratios and maintain relatively consistent ATP yields with
different H; levels. Rnf may be the least active in pure cultures with glucose (Fig. S2A),
as approximately all NADH produced during glycolysis should be consumed during
fermentation to butyrate. Rnf may be more active in pure cultures with glucose and
added Hy (Fig. S2B), as more butyrate is produced, requiring some ferredoxin to be
oxidized to produce more NADH. Interestingly, Rnf may operate in reverse in NK3A20
cocultures supplemented with glucose (Fig. S2C), using a small amount of ATP to oxidize
NADH and generate sufficient reduced ferredoxin, which is needed by Ech to produce
enough H; to generate the CH,4 formed by M. olleyae. It is possible that some formate is
produced in cocultures, replacing some of the H,, but this would not impact the activity
of Rnf, and it would result in a lower ATP yield (57). While overall fermentation product

TABLE 4 Estimated ATP yields from culture conditions in H, metabolism experiments

Applied and Environmental Microbiology

Culture Substrate ATP per glucose (using calculated ATP per glucose (using experimentally

ferredoxin balance)

determined H, for Ech)

NK3A20 Glucose 453
NK3A20 + H, Glucose 4.44
NK3A20 + M. olleyae Glucose 4.37
NK3A20 Galacturonate 3.68
NK3A20 + H, Galacturonate 3.46
NK3A20 + M. olleyae Galacturonate 3.70

4.35
4.19
4.73
3.34
3.24
3.82
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trends in cultures with galacturonic acid are similar to those with glucose, ATP yields
decrease. Although more carbon is fermented to the high ATP-yielding acetate pathway,
this may not compensate for the loss of ATP during galacturonic acid fermentation to
pyruvate; the shift away from butyrate may yield less ATP from substrate-level phosphor-
ylation in addition to less ferredoxin from Bcd-Etf (Fig. S3). Though Rnf would still be
active in all conditions, less ferredoxin would be available overall, impacting electron
transport phosphorylation from Ech. This yields less H, and, consequently, less ATP.

Conclusions

Our experiments showed that isolate NK3A20 exhibits flexible metabolisms in response
to substrates and H; partial pressure. The finding that NK3A20 produces significantly
less H,, leading to less CH4, when growing with galacturonic acid may prove useful
in CH4 mitigation strategies that incorporate feed with higher proportions of uronic
acids. The main component of pectin is polygalacturonic acid, and galacturonic acid
and other uronic acids are components of other plant components (60). Uronic acids
make up <1% on a dry matter basis of grains (61) but are more abundant in grasses
and silages (1.5%-4.3%; 62-64) and in grain by-products and various meals (2.2%-3.9%;
61). They can make up quite large parts of some animal feeds, like legumes (2.5%-
9.3%; 61, 63, 65, 66), brassicas (up to 15%; 67), and sugar beet pulp (>20%; 68). Future
studies could investigate the fermentation profiles of NK3A20 using oligosaccharide
substrates and under varying mixed culture conditions (e.g., including a hydrogenotro-
phic organism and/or an organism that uses lactate to produce propionate or butyrate)
to further investigate their relationships to other microbes. The significance of formate
as an interspecies electron shuttle is also worthy of investigation. NK3A20 produces
formate, but whether is this a major electron sink and the relative significance of H,
and formate remain to be elucidated (69). Additionally, the ATP yields, the metabolic
flexibility allowed by the Rnf system, and the expression and functions of the multiplicity
of hydrogenases remain to be confirmed and understood.
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