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ABSTRACT Acetylene (C,H,) is a molecule rarely found in nature, with very few
known natural sources, but acetylenotrophic microorganisms can use acetylene as
their primary carbon and energy source. As of 2018 there were 15 known strains of
aerobic and anaerobic acetylenotrophs; however, we hypothesize there may yet be
unrecognized diversity of acetylenotrophs in nature. This study expands the known
diversity of acetylenotrophs by isolating the aerobic acetylenotroph, Bradyrhizobium
sp. strain 171, from trichloroethylene (TCE)-contaminated soils. Strain 171 is a member
of the class Alphaproteobacteria and exhibits acetylenotrophic and diazotrophic activ-
ities, the only two enzymatic reactions known to transform acetylene. This unique
capability in the isolated strain may increase the genus’ economic impact beyond
agriculture as acetylenotrophy is closely linked to bioremediation of chlorinated con-
taminants. Computational analyses indicate that the Bradyrhizobium sp. strain 171 ge-
nome contains 522 unique genes compared to close relatives. Moreover, applying a
novel hidden Markov model of known acetylene hydratase (AH) enzymes identified
a putative AH enzyme. Protein annotation with I-TASSER software predicted the AH
from the microbe Syntrophotalea acetylenica as the closest structural and functional
analog. Furthermore, the putative AH was flanked by horizontal gene transfer (HGT)
elements, like that of AH in anaerobic acetylenotrophs, suggesting an unknown
source of acetylene or acetylenic substrate in the environment that is selecting for
the presence of AH.

IMPORTANCE The isolation of Bradyrhizobium strain 171 expands the distribution of
acetylene-consuming microbes to include a group of economically important microor-
ganisms. Members of Bradyrhizobium are well studied for their abilities to improve plant
health and increase crop yields by providing bioavailable nitrogen. Additionally, acety-
lene-consuming microbes have been shown to work in tandem with other microbes to
degrade soil contaminants. Based on genome, cultivation, and protein prediction analy-
sis, the ability to consume acetylene is likely not widespread within the genus
Bradyrhizobium. These findings suggest that the suite of phenotypic capabilities of strain
I71 may be unique and make it a good candidate for further study in several research
avenues.

KEYWORDS Bradyrhizobium, acetylene, acetylenotrophy, microbial ecology, nitrogen
fixation, soil microbiology
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cetylene (C,H,) is a trace constituent (~20 to 40 parts per trillion [ppt]) of the

Earth’s present atmosphere (1-3), reflecting a mix of terrestrial and marine emis-
sions from anthropogenic, biomass burning, and unidentified biogenic sources (4-7).
Acetylene is a well-known inhibitor of a variety of microbial processes, including nitro-
gen-fixation (8), nitrification (9, 10), methanogenesis (11), methanotrophy (12-14), and
reductive dechlorination (15). Nevertheless, despite its adverse effects, some microor-
ganisms can utilize acetylene as their primary carbon and energy source in a process
called acetylenotrophy (16). To date, acetylenotrophy has only been demonstrated in 15
aerobic and anaerobic isolates; however, environmental surveys suggest an unknown
larger diversity of acetylenotrophs exists (16). As acetylenotrophy could potentially influ-
ence a wide range of microbial processes, it is important to better understand acetyleno-
trophs’ ecophysiology and impact on the microbial world.

Acetylene can be transformed by two biochemical pathways that are catalyzed by nitro-
genase (N,ase) and acetylene hydratase (AH) enzymes. These oxygen-sensitive enzymes are
structurally unrelated but have low-electrochemical potential. N,ase is found in diazotrophic
(nitrogen-fixing) microbes and catalyzes the reduction of dinitrogen to ammonia. N,ase is
known to be promiscuous, as it will also reduce other triple-bonded molecules like cyanide
and acetylene. The first well-characterized acetylenotroph was the anaerobe Syntrophotalea
acetylenica DSM 32467 (formerly Pelobacter acetylenicus DSM 32467 [17]), which uses acety-
lene hydratase (AH; EC 4.2.1.112) to hydrate acetylene to acetaldehyde (18). The AH of
S. acetylenica, a nonredox active enzyme, is a unique member of the dimethyl sulfoxide
reductase protein family and has been extensively studied (19, 20). The S. acetylenica AH
contains a tungsten pyranopterin cofactor (20, 21) and its catalytic activity is dependent on
the presence of a strong reducing agent (e.g., titanium [lll] citrate or dithionite [19, 22]). AH
is encoded by the ahy gene and is a monomer of 730 amino acids with four domains: do-
main | contains a 4Fe-4S cluster coordinated by four cysteine residues; domains |, Il, and IV
coordinate the bis-molybdopterin guanine dinucleotide cofactors that coordinate a tung-
sten ion (20). AH is highly specific for acetylene and does not react with other triple-bonded
molecular analogs; for a detailed description of the AH enzyme from S. acetylenica, see the
review by ten Brink (2014) (19). Another anaerobic member of the Syntrophotalea genus,
Syntrophotalea acetylenivorans SFB93T, simultaneously expresses both AH and N,ase and
couples growth to acetylenotrophic fermentation with diazotrophy in the absence of readily
bioavailable N-sources (23).

Aerobic acetylenotrophic bacterial strains were isolated and characterized from soils
and sediments. These isolates can use acetylene either as the sole carbon and energy
source or consume it in conjunction with low concentrations of supplemental yeast
extract (24-28). The best characterized aerobic acetylenotrophs are the isolates obtained
by Rosner et al. (28): Rhodococcus opacus strains MoAcy1 and TueAcy1, Rhodococcus zop-
fii strain TueAcy3, and Gordonia alkanivorans strain MoAcy2, which are all members of
the phylum Actinobacteria. Isolate characterization indicated that aerobic acetylenotro-
phic activity depends on molybdenum, unlike anaerobic Syntrophotalea strains with a
tungsten-dependent AH. Further, Rosner et al. (28) showed that the AH of these aerobic
strains did not cross-react with antibodies raised for the AH of S. acetylenica. The lack of
cross-reactivity and requirement for an alternative cofactor indicates structural heteroge-
neity in the enzyme and the potential for aerobic acetylenotrophs to employ an alterna-
tive mechanism for acetylene hydration.

Most environmental acetylene is anthropogenic in origin, resulting from the abiotic
interaction of naturally occurring minerals (e.g., green rusts) with halogenated, unsatu-
rated hydrocarbon contaminants like trichloroethylene (TCE) (29-32). Presumably, long-
duration flow of TCE in contaminated aquifers results in the accumulation of acetylene
in the subsurface, allowing for the growth of acetylenotrophic bacteria. It also explains
the ease with which incubated groundwater samples taken from the TCE-polluted Naval
Air Warfare Center (NAWC) study site readily metabolized acetylene in comparison with
other assayed, more pristine locations (33). Indeed, a syntrophic association could be
artificially established between an acetylenotroph (S. acetylenivorans strain SFB93") and
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dehalogenating anaerobes like Dehalococcoides mccartyi (34). In this association, SFB93T
acetylenotrophic activity sustains D. mccartyi growth by generating metabolic products
(H, and acetate) and by eliminating the inhibitory effect of acetylene on TCE dehaloge-
nation (34). This work was recently followed upon using naturally occurring populations
recovered from a contaminated well (36BR-A) at the NAWC site that were initially
enriched for acetylenotrophs, followed by TCE addition (35). This study observed suc-
cessful dehalogenation by the resident population of dehalococci, suggesting an in situ
TCE-bioremediation strategy focused around exploiting acetylene-metabolism as an al-
ternative to current efforts using nonspecific electron donors like molasses. In addition,
16S rRNA gene sequence-based population assessments suggested that members of the
phylum Actinobacteria rather than Syntrophotalea were the acetylenotrophs in this sys-
tem, which agreed with earlier attempts to isolate acetylene fermenters from freshwater
Searsville Lake (33).

In this study, we evaluated the presence of acetylenotrophs in TCE-contaminated
soils under a stand of poplar trees treated for TCE-phytoremediation amended with an
endophytic bacterium at the National Aeronautics and Space Administration (NASA)
Ames Research Center (36, 37). We isolated an aerobic acetylenotroph from the genus
Bradyrhizobium, isolate 171, expanding the known distribution of acetylenotrophs to
the class Alphaproteobacteria. Prior to this study, no aerobic acetylenotrophs were
known to be affiliated with the Proteobacteria phylum. Bradyrhizobium sp. strain 171 was
shown to couple growth to acetylene consumption and diazotrophy. Genome sequenc-
ing and analysis identified a putative AH in strain 171. Assays with other Bradyrhizobium
isolates did not show that acetylenotrophy is ubiquitous in this genus. Expanding the
known phylogenetic diversity of acetylenotrophs and identifying their AH genes may
allow a better estimation of the environmental importance of these organisms.

RESULTS AND DISCUSSION

Characterization of acetylenotrophic isolate 171 from TCE-contaminated soils.
Soils from a TCE-contaminated site at the NASA Ames Research Center undergoing
phytoremediation were used for selective enrichment of aerobic acetylenotrophs.
Acetylene was rapidly consumed in soil enrichments and activity could be sustained
with repeated additions of acetylene (see Fig. S1 in the supplemental material) (38).
These enrichment cultures were then used for isolation using a multipronged
approach combining agar shakes, serial dilutions, and plate bottle methods. This isola-
tion approach was necessary to ensure that selective conditions were maintained for
an organism which could use acetylene (a gaseous substrate) as its primary carbon
substrate. The development of the plate bottle approach (Fig. S2) allowed us to obtain
an isolate via streak-plating while measuring acetylene consumption by sampling the
headspace gas. The resulting acetylenotrophic isolate, strain 171, was maintained in the
United States Geological Survey (USGS) Reston Microbiology Lab (RML) over several
transfers in WBMMpAc liquid media and via repeated additions of acetylene (Fig. S2).
WBMMpAc liquid medium is a 3-morpholinopropane-1-sulfonic acid (MOPS)-buffered
mineral salts media that contains acetylene as the sole carbon substrate. Although
MOPS is an organic compound, strain 171 required the presence of acetylene for
growth (Fig. 1, discussed below). Isolate 171 was also capable of heterotrophic growth
in modified arabinose gluconate (MAG) and yeast mannitol (YM; DSMZ medium 1070)
medium. Furthermore, the ability of isolate 171 to grow acetylenotrophically was sus-
tained between transfers from heterotrophic media to WBMMpAc with acetylene as
the sole carbon substrate. Analysis of the 16S rRNA gene revealed that strain 171 is a
member of the genus Bradyrhizobium within the class Alphaproteobacteria.

Acetylenotrophic growth of isolate 171 was demonstrated by an increase in optical
density (ODg) and cell numbers linked to consumption of acetylene in WBMMpAc lig-
uid medium (Fig. 1). Isolate 171 consumed 22.4 + 0.68 umoles per bottle of acetylene
in 91 h (cultures were grown in 50 mL liquid WBMMpAc medium in 100-mL serum bot-
tles). These consumption rates corresponded to an increase in ODgq, of 0.045 * 0.001
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FIG 1 Growth (A) and acetylene consumption (B) in Bradyrhizobium strain 171 cultures. Panel A shows
growth measured via optical density (OD4,,) and cell counts (cells/mL) in cultures with acetylene (circles) or
with no added carbon substrate (triangles). Panel B shows acetylene concentrations over time in the 171
culture (circle) and uninoculated controls (square) amended with acetylene. Data are averages =+ standard
deviation of triplicate cultures. All experiments were performed in 100-mL serum bottles containing 50 mL
liquid WBMMpAc medium.

and an order of magnitude increase in cell counts. Starting cell numbers averaged
2.78x 10° £ 9.96x 10° cells/mL and increased to 2.96x 107 = 5.08x 10° cells/mL after
94 h in cultures with acetylene (Fig. 1A). In cultures with no carbon added, average
ODg, decreased over time while a marginal increase in cell numbers was observed
(2.08x 10° £ 5.65x 10° cells/mL at 0 h and 5.93x 10° = 1.01x 106 cells/mL at 94 h).
No acetylene loss or change in ODg, was observed for uninoculated medium controls
(Fig. 1B and Fig. S3; [38]). Similar results were obtained when starting experiments with
different starting 171 cultures (e.g., different cell lines as described in the methods) or
when acetylenotrophic medium was inoculated with a culture of 171 previously grown
on heterotrophic media (Fig. S4 and S5).

The maximum ODg,, achieved by strain 171 during acetylenotrophic growth was
0.084 =+ 0.003. Despite a low culture gain in density compared to many bacterial cul-
tures, this turbidity shift was associated with nearly a 10-fold increase in bacterial cell
counts. The low OD gain obtained by strain 171 is in line with the maximum OD
achieved by the anaerobic acetylenotrophs, e.g., Syntrophotalea acetylenivorans SFB93T
and S. acetylenica but much lower than the OD obtained by the aerobic acetylenotroph
Rhodococcus opacus strain TueAcyl. When grown with acetylene as the sole carbon
and energy source, S. acetylenivorans, S. acetylenica, and R. opacus strain TueAcy1
reached maximum OD of 0.20 (23), ~0.09 (18), and ~1.0 (28), respectively. While these
measurements were made at slightly different wavelengths (ODg, for S. acetylenivor-
ans, ODg;, for S. acetylenica, and ODs,4 for R. opacus), it is valuable to note that growth
by 171 was in a similar range to the anaerobic strains. Therefore, we hypothesize that
the production of acetylenotrophy byproducts, e.g., acetaldehyde (18, 39), could be in-
hibitory to strain 171, as was observed for S. acetylenica DSM 3246" (18). Alternatively,
acetylene is an inefficient substrate for growth by strain 171, or the medium may be
missing essential components.
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FIG 2 Heterotrophic and acetylenotrophic growth in Bradyrhizobium strain 171 cultures. Panel A shows
growth measured via ODy,, in cultures with acetylene and yeast extract (hexagons) or with yeast extract as
the sole carbon substrate (diamonds). Panel B shows acetylene concentrations over time in the 171
culture (hexagon) and uninoculated controls (square) amended with acetylene and yeast extract. Data
are averages *+ standard deviation of triplicate cultures. Experiments were performed in 100-mL serum
bottles containing 40 mL liquid WBMMpAc medium.

To test the latter hypotheses, strain 171 was grown in the presence of complex carbon
with and without acetylene, and we compared our media composition to that used to
cultivate aerobic acetylenotrophs. Isolate 171 reached similar cell densities when grown
on acetylene and yeast extract compared to yeast extract alone, with cultures reaching a
maximum ODgy, of 1.72 * 0.55 and 1.34 = 0.003, respectively (Fig. 2A). Significantly
higher culture density was achieved when 171 was grown on acetylene and yeast com-
pared to acetylene alone (P < 0.0001, two-tailed t test). The increased culture density
was linked to the consumption of acetylene, with ~15 umoles per bottle of acetylene
consumed within the first 43 h of growth (Fig. 2B). Growth with acetylene and yeast
extract yielded higher cell densities compared to yeast extract alone and corresponded
to an increase in ODg,, of 0.40, indicating that growth was more favorable in the pres-
ence of a complex carbon substrate or a trace nutrient or metal in the yeast extract.
No acetylene loss or change in ODg,, was observed for uninoculated medium controls
(Fig. 2 and Fig. S4; [38]). The higher cell densities achieved are more like strains in the ge-
nus Bradyrhizobium which reach a maximum ODgg, of 1 when grown in a medium sup-
plemented with yeast extract and arabinose (40) and R. opacus strain TueAcy1, which
reaches an ODs,4 of 1 when growing acetylenotrophically (28). R. opacus strain TueAcy1
reached an ODs,4 of 1 when grown in the presence of 150 nM molybdate and 12 nM
tungstate (28). These molybdate and tungstate concentrations were similar to those
used in experiments with strain 171 (see supplemental material for detailed media rec-
ipes). Therefore, we do not believe that cofactor limitation was responsible for the low
cell densities. Two additional aerobic acetylenotrophic strains were isolated in parallel
with R. opacus strain TueAcy1: G. alkanivorans strain MoAcy2 and R. zopfii strain TueAcy3;
these isolates could only grow with acetylene in the presence of 0.1% yeast extract (28).
The observations suggest that although strain 171 is an acetylenotroph the strain grows
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FIG 3 Heatmap and dendrogram of the average nucleotide identity over orthologous regions (OrthoANI)
for genomes of Bradyrhizobium isolate 171 and related organisms.

best as a heterotroph and that acetylene is not an optimal sole carbon source for achiev-
ing high cell densities.

Phylogeny of Bradyrhizobium strain 171. Phylogenetic analysis revealed that strain
171 is a member of the genus Bradyrhizobium within the class Alphaproteobacteria. The 16S
rRNA gene sequence of strain 171 was compared to the GenBank database via a BLAST
search. The top 10 hits were all members of the genus Bradyrhizobium sharing 99.91%
sequence similarity (Table S1). Strains of Bradyrhizobium liaoningense and Bradyrhizobium
japonicum were among the top hits indicating that strain 171 could be affiliated with either
of these species. As the phylogeny of members of the Bradyrhizobium is poorly resolved
using 16S rRNA genes (41, 42), we confirmed strain 171’s placement using genome-inferred
phylogenetics. Phylogenetic inference based on 92 bacterial core genes showed that the
closest relatives of 171 were Bradyrhizobium sp. Y-H1 and B. liaoningense (Fig. S6). OrthoANI
values comparing |71 to other strains of Bradyrhizobium indicated that our isolate is unique
from other sequenced isolates in the genus (Fig. 3). Strain 171 is most closely related to
B. liaoningense CCNWSX0360 (95.2% identical via OrthoANI; Fig. 3); this value sits right on
the 95 to 96% cutoff accepted to delineate species (43).

The diverse, soil-dwelling genus Bradyrhizobium is well known for its ability to nod-
ulate with legumes (44) and fix nitrogen (45). This symbiotic relationship with legumes
is of significant agricultural importance and has resulted in multiple well-characterized
members of the genus (44), including strains of B. liaoningense and B. japonicum (Table
S1). However, the lifestyles of this genus are varied; while the strains mentioned above
live symbiotically with legumes, other strains are free-living in soil and may lack nitro-
gen-fixation and nodulation genes (46), and some members even have photosynthetic
capabilities (47).

The phylogenetic placement of strain 171 within the class Alphaproteobacteria makes it
the first observation of an acetylenotroph from within this class and further, the first known
acetylenotroph in the phylum Proteobacteria. The most closely related acetylenotrophs are
anaerobes from the Desulfobacterota phylum (S. acetylenica DSM 3246" [18] and S. acetyleni-
vorans SFB93T [48]), which were initially members of the class Deltaproteobacteria, but
recently reclassified into the phylum Desulfobacterota (17). These anaerobic acetylenotrophs
use a tungsten-dependent acetylene hydratase (AH) to catalyze the first step in acetyleno-
trophy, hydration of acetylene (18, 23). Prior to the isolation of Bradyrhizobium sp. strain 171,
aerobic acetylenotrophic isolates were only identified from the phyla Actinobacteria and
Firmicutes (16) but little characterization of their acetylenotrophic activity was documented.
Four of the aerobic acetylenotrophs from the Actinobacteria phylum were shown to have
an AH that preferred a molybdenum cofactor over tungsten and structurally differed from
the AH of S. acetylenica DSM 3246" (28). Strain 171 was isolated and routinely grown only in
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FIG 4 Acetylenotrophic and diazotrophic activity in washed and concentrated cells of Bradyrhizobium
strain 171. (A) Consumption of acetylene, which after depletion was readded to the gas phase at
intervals indicated by dashed lines. (B) Ethylene accumulation indicating nitrogenase activity. (C) Cell
density as measured by ODy,,. Symbols represent the mean of triplicate cultures and bars indicate *
1 standard deviation. All experiments were performed in 5 mL of liquid WBMMpAc medium in 30-mL
Balch tubes.

the presence of molybdenum. Therefore, we infer that the enzyme is more similar to the
AH of the Actinobacteria isolates than that of Syntrophotalea.

Nitrogen fixation by Bradyrhizobium sp. strain 171. Members of the genus
Bradyrhizobium are well-known diazotrophs; additionally, S. acetylenivorans SFB93™ was
shown to be capable of both acetylenotrophy and diazotrophy (23). Thus, the diazotro-
phic potential of strain 171 was evaluated. Acetylene was added to the headspace of
171 cells (washed cells in liquid medium) as a carbon and energy source and to be a
competitive inhibitor of nitrogenase if expressed (49, 50). Without a bioavailable nitro-
gen source, cells expressing nitrogenase will reduce nitrogen to ammonium and acety-
lene to ethylene. Washed and concentrated cells of strain 171 were incubated with and
without ammonium and consumed acetylene over time coupled to growth, again con-
firming their acetylenotrophic metabolism (Fig. 4). Both ammonium-free treatments
accumulated ethylene (Fig. 4B), indicating nitrogenase expression in the absence of a
bioavailable N source but only after several pulsed additions of acetylene. Higher acet-
ylene concentrations may have been required before observing ethylene accumulation
as nitrogen fixation requires a great deal of energy. Trace amounts of surplus bioavail-
able nitrogen in the cells after washing may also explain the delay in ethylene produc-
tion. The treatment with additional vitamins and trace elements had higher nitrogenase
activity as evidenced by greater ethylene accumulation (Fig. 4B). The rate of ethylene
production was higher in cultures with additional vitamins and trace elements (2,066
nmol ethylene hour~" bottle™") compared to the treatments without amendment (836.7
nmol ethylene hour~" bottle™"). Therefore, ethylene production was not observed in the
presence of a readily bioavailable nitrogen source, indicating that nitrogen fixation only
occurred in the absence of ammonium. Rates of ethylene production were higher for
strain 171 than those observed for Bradyrhizobium sp. strains TM122 and TM124 (0.647
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TABLE 1 Characteristics of Bradyrhizobium strain 171 and related genomes used in this study

Genome accession  Genome No. of GC content  Strain-specific

Organism no. size (Mb)  contigs (%) gene clusters
Bradyrhizobium sp. 171 PRINA549647 7.83 1 62.2 522
Bradyrhizobium sp. KBS0725 GCA_005937905.2 7.31 1 62.7 1162
Bradyrhizobium sp. LTSP885 GCA_000938305.1 7.85 43 63.4 1075
Bradyrhizobium sp. UFLAO3 84 GCF_002289535.1 8.63 21 64.1 1024
Bradyrhizobium sp. WSM1417 GCA_000515415.1 8.05 1 63.2 765
Bradyrhizobium sp. Yh1 GCA_004346395.1 8.05 41 64.1 655

B. icense LMTR 13 GCA_001693385.1 8.32 1 62.0 1642

B. ottawaense 0099 CP029425 8.61 1 63.8 475

B. zhanjiangense CCBAU 51778 GCA_004114935.1 9.34 1 62.9 1136
Bradyrhizobium sp. URHA0013 GCA_000518345.1 7.19 23 63.8 499

B. japonicum USDA 110 GCA_000011365.1 9.11 1 64.1 286

B. diazoefficiens USDA 122 GCA_001908315.1 9.14 1 64.0 335

B. japonicum USDA 6 GCA_000284375.1 9.21 1 63.7 890

B. elkanii USDA 76" GCA_000379145.1 9.48 2 63.7 1059

B. liaoningense CCNWSX0360 GCA_001595995.1 8.59 242 63.7 1092

and 7.81 nmol ethylene hour~" culture™’, respectively) under free-living, oxic conditions
(57). In contrast, the rate of ethylene production by strain 171 was lower compared to
Bradyrhizobium sp. strain DOA9, which was also grown under free-living, oxic conditions
(3,644 nmol ethylene hour™ culture~! [52]). Strains TM122, TM124, and DOA9 were ini-
tially isolated from plant roots and tested for nitrogen fixation in semisolid media
amended with complex carbon substrates to support growth (51, 52). Based on these
observations, strain 171 is unique among other free-living Bradyrhizobium strains as nitro-
gen fixation is more typically associated with nodule forming symbiotic Bradyrhizobium
(53). These results confirm that isolate 171 can transform acetylene via two biochemical
pathways, a putative AH and nitrogenase, which has only been demonstrated for the an-
aerobic acetylenotroph, S. acetylenivorans SFB93T (23).

Bradyrhizobium sp. strain 171 genome features. The Bradyrhizobium sp. 171 data
set assembled into a single, circular contig of 7,832,041 bp. We annotated 7,392 genes
and 7,337 coding sequences, including three rRNA’s, 48 tRNA'’s, and three ncRNA's.
Strain 171 contains 522 unique genes that were not identified in the genomes of 14
closely related Bradyrhizobium strains as ascertained using Anvi'o (Table 1). These
unique genes included a putative AH gene, as discussed below, and several phages
and horizontal gene transfer (HGT)-associated genes. HGT has been previously
reported in Bradyrhizobium in relation to its nitrogen-fixing and root nodulation capa-
bilities (54). Using GhostKOALA KEGG Mapper, we found that the largest class of genes
on the 171 genome were involved in genetic information processing (16.0%), followed
by environmental information processing (15.2%), signaling and cellular processes
(11.9%), carbohydrate metabolism (10.2%), unclassified metabolism (9.6%), amino acid
metabolism (8.3%), cellular processes (7.1%), energy metabolism (5%), metabolism of
cofactors and vitamins (4%), and other metabolic processes. Of these pathways, 9 com-
plete pathway modules were found for amino acid metabolism indicating that 171 has
the genetic potential to metabolize various amino acids, including branched-chain and
aromatic amino acids (Table S2). Strain 171 has complete pathway modules for 2 carbo-
hydrate metabolic modules, including glycolysis via the Embden-Meyerhof pathway
and carbon metabolism via the tricarboxylic acid (TCA) cycle. Four complete energy
metabolism pathway modules were identified, including carbon fixation via the Calvin
Cycle (module no. M00165) and phosphate acetyltransferase-acetate kinase pathway
(module no. M00579), nitrogen fixation (module no. M00175), denitrification (module
no. M00529), and sulfur oxidation (module no. M00595) (Table S2). The presence of
nitrogen fixation and carbohydrate metabolism genes is consistent with the metabo-
lism seen in cultures of 171. The nitrogen fixation module was comprised of the pro-
posed minimal gene set (55) for a functional FeMo-nitrogenase (nifHDKENB) which was
found along with several other nitrogenase-associated genes in the 171 genome (Table
S2 and S3). Essential genes for nitrogen fixation were identified in several of the other
Bradyrhizobium genomes (Table S3) as it is a common phenotype within the genus

November 2022 Volume 88 Issue 22

10.1128/aem.01219-22

Applied and Environmental Microbiology

8

Downloaded from https://journals.asm.org/journal/aem on 13 June 2024 by 2601:58a:8b82:7210:1d37:eb19:df95:9813.


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA549647
https://www.ncbi.nlm.nih.gov/assembly/GCA_005937905.2
https://www.ncbi.nlm.nih.gov/assembly/GCA_000938305.1
https://www.ncbi.nlm.nih.gov/assembly/GCF_002289535.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000515415.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_004346395.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001693385.1
https://www.ncbi.nlm.nih.gov/nuccore/CP029425
https://www.ncbi.nlm.nih.gov/assembly/GCA_004114935.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000518345.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000011365.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001908315.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000284375.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_000379145.1
https://www.ncbi.nlm.nih.gov/assembly/GCA_001595995.1
https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.01219-22

Acetylenotrophic Bradyrhizobium

(56). Genes used in the conversion of acetyl-CoA to acetate (module no. M00579) are
also used in the acetylenotrophic growth of Syntrophotalea to gain carbon for cell
growth (16).

Other complete pathway modules identified were for lipid metabolism, nucleotide me-
tabolism, signature modules (gene sets that characterize phenotypic features), glycan me-
tabolism, and the metabolism of cofactors and vitamins (Table S2). The genome of 171
contains a complete ModABC molybdate transport system with homologues to ModA,
ModB, and ModC detected at locus tags FJV43_07180, FJV43_07185, and FJV43_07190,
respectively. No complete tungstate transport system was found, although homologues
to TupA and TupB were detected in the genome. A molybdate transport system and the
absence of tungstate transporters is not surprising given that strain 171 was isolated only
in the presence of Mo as a cofactor. Given the lack of a complete tungstate pathway in
the genome is it unlikely that the strain could also use tungsten as a cofactor for AH.

Although 171 is closely related to known root nodule-forming Bradyrhizobium, only
the gene for nodulation efficiency protein D (NfeD) was identified in its genome. While it
is unclear what genes are obligatory for nodulation, genes required for nodule formation
by Bradyrhizobium are frequently found on a symbiosis island with genes for nitrogen
fixation (57). In contrast to the other analyzed Bradyrhizobium genomes, no symbiosis
islands, plasmid sequences, or other nodulation (nod) genes were found in 171.

Identification of a putative AH gene in Bradyrhizobium sp. 171. Genome annota-
tion and BLAST searches showed that the 171 genome did not contain any genes with
high sequence similarity to the AH from S. acetylenica DSM 32467, indicating the need for
alternative computation approaches to identify a putative AH. Using a hidden Markov
model (HMM), we identified a strong, putative AH candidate (locus tag FJV43_01770; inter-
val 384,426 to 386,711, Table S2). The HMM model developed by Gushgari-Doyle et al. (35)
showed that this putative AH gene had significant similarity to the known AH genes
(score = 506.0, cutoff score = 385.0; E value = 6.1 x 10~'%2, cutoff E value = 1.9 x 107'3),

We used I-TASSER protein prediction software (58, 59) to identify our putative AH
candidate's potential structural and functional analogs. The AH of S. acetylenica (2e7z;
accession no. AF518725.1) was the highest ranked Protein Data Bank (PDB) alignment
for all output categories (e.g., structural analog and predicted function) produced by
I-TASSER and the second highest ranked template for Gene Ontology (GO) homology
(Table S4). This putative AH gene FJV43_01770 was 43.4% identical to the AH reference
sequence from S. acetylenica (2e7z; accession no. AF518725.1) at the amino acid level
(Fig. S7). However, the putative AH FJV43_01770 did not significantly match any gene
products in Bradyrhizobium isolates with available genome sequences using BLASTn
and BLASTp algorithms (Table S2) (60). This might indicate that strain 171 has unique
acetylenotrophic capabilities or that other acetylenotrophic Bradyrhizobium strains
have not been sequenced or discovered to date.

The BLASTp search showed that the putative AH gene had high identities to molyb-
dopterin-dependent oxidoreductases within the molybdopterin-binding (MopB) superfam-
ily of proteins. The top BLASTp hits were a molybdopterin-dependent oxidoreductase
from Nevskia soli (accession no. WP_051749124; 63.5% sequence identity); dehydrogenase
from a Hyphomicrobiales freshwater metagenome (accession no. RTL80499; 88.6% iden-
tity), and a molybdopterin-dependent oxidoreductase from Rhodococcus opacus (accession
no. WP_120661552; 61.9% sequence identity). All three of top hits contain a molybdop-
terin-binding acetylene hydratase C-terminal (cd02781) region, which were computation-
ally predicted based on a separate HMM model (NCBI HMM accession no. NF012602.2).
To further elucidate whether the strong putative AH gene from strain 171 (locus tag
FJV43_01770) is indeed an AH, we built a protein phylogenetic tree of known and compu-
tationally predicted AH containing molybdopterin-binding acetylene hydratase (cd02759)
and/or molybdopterin-binding acetylene hydratase C-terminal (cd02781) regions.
Interestingly, when performing an “acetylene hydratase” keyword search on the NCBI
database, we found over 13,000 hits, which is five times higher than when an identical
search was performed in 2018 (16). This, along with the new acetylenotroph presented
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FIG 5 Map of the genomic region flanking the putative acetylene hydratase (AH) gene in Bradyrhizobium sp. 171. Double slashes
indicate regions of the genome that are omitted for clarity to show the presence of horizontal gene transfer (HGT) elements and
transcriptional regulators flanking the putative AH in I71.

here, supports earlier hypotheses that acetylenotrophy may be a ubiquitous metabolic
pathway. The known and predicted AH protein sequences clustered separately from
other molybdopterin oxidoreductases similar to previous observations (16, 35) (Fig.
S8). The strong putative AH gene from strain 171 clustered with sequences from R. opa-
cus, N. soli, and the metagenome of an acetylenotrophic dechlorinating enrichment
culture. These sequences were most closely related to the known AH of acetylenotro-
phic Syntrophotalea species, which was supported by bootstrap values of 100% (Fig.
S8). The putative AH sequences computationally predicted by two separate HMM mod-
els were similar, and no separate branching was observed based on the model used,
providing support for the accuracy of both computational methods. The observation
of the strong putative AH clustering with known AH from Syntrophotalea species pro-
vides support for this being the gene encoding AH. However, additional expression
studies are needed for confirmation.

Within 30 kbp of the strong putative AH candidate FJV43_01770 are several genes
associated with HGT (Fig. 5). These genes include conjugative transfer proteins, transpo-
sases, and viral-like proteins. Similar HGT-implicated genes also flank the AH regions of
the acetylenotrophic Syntrophotalea (23). It has been hypothesized that AH genes may
move via HGT and be associated with the wide phylogenetic diversity of acetylenotro-
phy across the tree of life (16). While 171 does not contain the same mobile elements
found in S. acetylenivorans SFB93T or S. acetylenica DSM 3246™ and DSM 3247, it is worth
noting the presence of HGT genes colocalized with the putative AH of 171 (Fig. 5).

Twelve molybdopterin oxidoreductases were annotated in the 171 genome using
PGAP, but I-TASSER analysis did not strongly predict that any of these sequences could
yield an AH. For one molybdopterin oxidoreductase sequence (locus tag FJV43_29500;
interval 6,199,194 to 6,201,323), the I-TASSER structure assembly simulation did not include
the AH of S. acetylenica within the top 10 possible structural analogs. Since the S. acetylen-
ica AH reference sequence was not among the top hits, we did not consider it as a
strong candidate. Interestingly, the genomes of Bradyrhizobium ottawaense 0099 and
Bradyrhizobium zhanjiangense CCBAU 51778 contained genes with homology to the
weakly supported putative AH of 171 (locus tag FJV43_29500; interval 6,199,194 to
6,201,323) based on a BLASTn search. Pairwise alignments between the weakly supported
putative AH (locus tag FJV43_29500; interval 6,199,194 to 6,201,323) and the reference
sequence from S. acetylenica showed just 24.6% identity at the amino acid level. These
two strains and 5 other strains of Bradyrhizobium were tested for their ability to consume
acetylene (Table S3). None of the other Bradyrhizobium isolates were shown to consume
acetylene with or without the presence of a heterotrophic carbon substrate.
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IMPLICATIONS

Members of the Bradyrhizobium genus are well known for their agricultural and eco-
nomic importance due to their ability to improve crop yields via nodule formation and
nitrogen fixation (56). Here, we show that this well-known genus also contains a strain
(isolate 171) capable of acetylenotrophy, previously undocumented in the Proteobacteria
phylum. The isolation of Bradyrhizobium sp. strain 171 expands the known distribution of
acetylenotrophs into the class Alphaproteobacteria, confirming our hypothesis that this
metabolic pathway is more widespread than previously thought (16). Strain 171 is capa-
ble of acetylenotrophy and diazotrophy. The coexistence of these pathways has only
been documented in S. acetylenivorans SFB93T (23, 48). Acetylenotrophic activity in a key
diazotrophic organism begs the question of why these two pathways would coexist and
what selective pressures exist in nature for the maintenance of acetylene metabolism.
This is further confounded by the presence of HGT elements flanking the putative AH in
strain 171 and the confirmed AH in Syntrophotalea strains (23). Acetylenotrophy may be
broadly selected based on unknown environmental sources of acetylene or acetylenic
compounds (16). As members of the Bradyrhizobium are often plant associated, acety-
lenic plant metabolites could provide a selective substrate for acetylenotrophy. In the
case of 171, selection could be primarily driven by soil TCE-contamination as mineral-TCE
reactions produce acetylene (29-32). Acetylenotrophy was shown to fuel reductive dech-
lorination for TCE biodegradation in pure culture consortia (34) and contaminated
groundwater (35). These studies showed that anaerobic acetylenotrophs can remove in-
hibition and generate needed electron donor (H,) and carbon sources (acetate) for deha-
logenating organisms. The presence of aerobic acetylenotrophs in TCE-contaminated
soils highlights the potential for Bradyrhizobium sp., or other acetylenotrophs, to aid in
bioremediation of chlorinated solvents. Based on genome, cultivation, and protein-
prediction analysis, acetylenotrophy is likely not widespread within Bradyrhizobium,
providing more support for TCE-contaminated soils as an environment selective for
acetylenotrophy.

MATERIALS AND METHODS

Isolation of an aerobic acetylenotroph. Surface soil was collected from the NASA Ames Research
Center on 12 July 2017 under a stand of poplar trees treated for TCE-phytoremediation with an endo-
phytic bacterium (36, 37). Soils were brought to the USGS Menlo Park microbiology lab, air dried, sieved
to 2 mm, and stored in a 3.7-L mason jar at room temperature until selective culturing for acetylenotro-
phic metabolism. Three months after collection, a 200-g subsample of soil was primed with acetylene
and then used to construct soil microcosms as described in the supplemental material. Acetylene uptake
was measured over time using gas chromatography (GC) with a flame ionization detector (FID) as
described in Miller et al. (33). As acetylene concentrations decreased to below detection (<2 wmol/L),
the headspace was flushed with sterile air and additional acetylene added to ensure aerobic conditions
and availability of acetylene as the primary carbon source. Acetylene was generated from calcium car-
bide as described in Gushgari-Doyle et al. (35).

The acetylene-consuming microcosms were selected for further enrichment cultivation and isolation
using a MOPS-buffered (pH 7.2) mineral medium known as WBMMpAc in the USGS RML. WBMMpAc me-
dium contained (per L): 1.0 g NaCl, 0.4 g MgCl,*6H,0, 0.1 g CaCl,*H,0, 0.5 g KCl, 0.3 g NH,Cl, 0.6 g KH,PO,,
5.0 g MOPS (3-morpholinopropane-1-sulfonic acid), T mL of trace element solution (TES) SL9 (61), and
1 mL vitamin solution M141 (Vit-M141) (62). The detailed media recipe is provided in the supplemental
material. The medium was filter-sterilized using a Corning bottle top filtration unit containing a 0.22 um
polyethersulfone (PES) membrane (Corning, Inc., Corning, New York). This medium was dispensed asepti-
cally into serum bottles and sealed with sterile butyl rubber stoppers (Bellco) and aluminum crimp seals.
All media preparation was performed in a class Il, type B2 Laminar Flow Biological Safety Cabinet (NuAire,
Inc.,, Plymouth, Minnesota). The medium was inoculated with 1 mL of microcosm soil slurry. Then, the air
headspace was amended with 1% acetylene by volume and sterile air was added to reach an overpressure
of ~30,000 Pa. Headspace pressure was measured using a GMH 3111 digital pressure meter with a GMSD
needle pressure transducer (Greisinger Electronic, Germany). The cultures were incubated at room temper-
ature in the dark without shaking. Acetylene consumption was monitored by GC using a thermal conduc-
tivity detector (TCD) or FID as described in the supplemental material.

A stable acetylenotrophic enrichment culture was obtained from a single microcosm replicate. The
culture was transferred twice to verify acetylenotrophic activity and used for isolation via a combination
of agar shakes, serial dilutions, and plate bottle methods. Agar shakes were a soft agar medium that was
inoculated prior to solidification to separate cells in the medium matrix. To construct the agar shakes,
we combined an autoclaved solution of 8% agar with filter-sterilized WBMMpAc medium to yield a 0.8%
final concentration of agar. The medium was inoculated at a temperature of ~50°C, swirled to mix, then
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solidified in an ice bath. Agar shake cultures were incubated at room temperature in the dark. A single
colony was picked from the agar shake using a sterile glass Pasteur pipet to inoculate a new round of
liquid WBMMpAc medium cultures. This step was used to verify that the organisms were using acetylene
as their primary carbon source and not carbon substrates from the agarose. Once the liquid culture grew
(growth determined by visual observations of turbidity) and acetylene consumption was observed, the lig-
uid culture was used for a second round of agar shakes (which resulted in 3 colonies), followed by liquid
medium cultivation. Picking isolated colonies from agar shakes proved challenging, therefore the 3 liquid
cultures were subsequently used for serial dilutions to isolate an acetylenotrophic organism. The liquid cul-
tures were serially diluted 107" to 107" in liquid WBMMpAc medium and incubated at room temperature
in the dark. Growth and acetylene consumption were measured over time and the highest positive dilu-
tions showing acetylenotrophic activity were used for isolation using a plate bottle technique.

Plate bottles were designed as an alternative to petri plates, as isolation of the acetylenotroph
required a controlled headspace where acetylene gas could be added as a substrate (and measured for
activity) while allowing separation of individual cells. To construct plate bottles, we combined an auto-
claved solution of 3% agar with filter-sterilized WBMMpAc medium to yield a 1.5% final concentration of
agar in a 250-mL Schott bottle. Bottles were capped then laid on an angle (see Fig. S1) while the media
solidified overnight to provide a greater surface area. After solidification, the bottles had condensation
and were subsequently dried uncapped on their side for 2 to 3 h in a biological safety cabinet. The solid
media surface was inoculated using a loop, then the bottles were capped with sterile GL45 butyl rubber
stoppers and aperture caps (Ochs GmbH, Germany). The headspace was overpressured with sterile air
and amended with C,H,. The bottles were incubated upside-down to avoid condensation on the aga-
rose surface. Acetylene was measured over time by GC-TCD, and colonies were transferred by streak
plating three times to ensure purity.

The resulting isolate, strain 171, was transferred and maintained in WBMMpACc liquid medium in the
USGS RML (Fig. S2). Biomass was collected and used for determining the phylogenetic identity of the
isolate 171 based on 16S rRNA gene sequencing as described in the supplemental methods. 171 was also
capable of heterotrophic growth in LMG135, which contained yeast extract and mannitol (63), and in
modified arabinose gluconate medium (MAG, ATCC medium 2233). A culture of 171 in MAG medium
was submitted to the German Collection of Microorganisms and Cell Cultures (DSMZ) and deposited
under accession number DSM 112639.

Acetylenotrophic and heterotrophic growth assays. To demonstrate growth coupled to acetyle-
notrophic and heterotrophic activity, we conducted assays with 2 cell lines of 171 (“RML_I71" or
“DSMZ_I71"). Experiments were performed with both cell lines to confirm that consistent results could
be obtained when starting with different cultures. “RML_I71" is the cell line maintained in acetylenotro-
phic media at the USGS RML. “DSMZ_I71" is the culture received from the DSMZ for the depositor check;
the culture was revived from the lyophilized culture in MAG media, transferred once in MAG, then used
as inoculum directly into WBMMpAc medium for growth assays.

For the growth studies, WBMMpAc liquid medium was prepared as described above then dispensed
aseptically into 100 mL serum bottles and sealed with sterile butyl rubber stoppers (Bellco) and alumi-
num crimp seals. Bottles were set up for the following treatments: (i) + acetylene (sole carbon source
provided); (ii) no carbon source; (iii) + acetylene and yeast extract; and (iv) + yeast extract. For treat-
ments i and ii, bottles received 50 mL of liquid media, while treatments iii and iv had 40 mL of liquid me-
dium due to limited volumes of media available at the start of the experiment. Acetylene (1 mL) was
added to bottles for treatments i and iii, while bottles for treatments iii and iv received 0.5 mL of 10%
yeast extract. The air headspace of all bottles was overpressured with sterile air. Triplicate bottles for
each treatment were inoculated with 0.25 mL inoculum from either the RML_I71 or DSMZ_I71 cell lines
or left uninoculated as a medium control. Bottles were incubated at 30°C in the dark without shaking.

Optical density (ODg,,) was measured on each bottle using a GENESYS 6 UV-Vis spectrophotometer
(Thermo Fisher Scientific) with thorough vortexing prior to each ODy,, measurement. Acetylene concen-
trations were measured in the headspace of treatments i and iii using GC-FID as described in the supple-
mental methods. Aqueous samples were collected for cell counts at the beginning of the experiment,
after a significant change in ODg,, and once most of the acetylene was consumed. Cell count samples
were preserved in 1% glutaraldehyde (final concentration) and frozen at —80°C until determination of
cell densities by acridine orange direct cell counts (64).

Nitrogen fixation assays. Strain 171 was grown in 500 mL of WBMMpAc liquid media to late log-
phase with acetylene as the sole carbon substrate (as described above). Late log-phase cells were har-
vested by centrifugation (5,000 x g for 30 min). Pelleted cells were washed 3 times by resuspending in
30 mL of WBMMpACc basal salts without trace elements, vitamins, or ammonium followed by centrifuga-
tion (5,000 x g for 30 min) and then brought back to 50 mL volume. Cell suspensions were dispensed
(5 mL) into Balch tubes and sealed with an air headspace. Triplicate cultures were set up with the following
treatment conditions: (i) no amendment (incubation in ammonium-free media), (i) ammonium-free media
with modified TES-SL10 and modified Wolin vitamin solution, or (iii) amended with NH,CI to a final con-
centration of 0.6 mM NH,Cl. TES-SL10 was used for nitrogen fixation assays to omit all dinitrogen sources;
recipes for modified TES-SL10 and Wolin vitamins are provided in the supplemental material. All cultures
were amended with 1 mL of C,H, as the sole carbon source (total of 5 pulses over time) and incubated in
the dark at 28°C. Headspace analyses of C,H, and C,H, were carried out GC-FID as described previously
(33). Henry's Law Ky, values employed were 4 x 102 for C,H, and 4.8 x 103 for C,H,, as calculated previ-
ously in Miller et al. (65). Growth was determined spectrophotometrically by ODg,.

Genome sequencing, assembly, and annotation. The isolate was grown to high density in mannitol
yeast extract medium (LMG 135; [63]) at room temperature while shaking at 100 rpm. Biomass was
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pelleted by centrifugation (5,000 x g for 15 min) then frozen at —20°C until DNA extraction. Genomic
DNA was extracted from cell pellets utilizing a phenol-chloroform extraction method modified from (66).
DNA concentrations and purity were measured with a Qubit 4 (Life Technologies, Carlsbad, CA, USA) and
NanoDrop 1000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA), respectively. Extracts
were visualized on a 0.8% agarose gel to verify recovery of high molecular weight gDNA.

Genome sequencing was carried out using Oxford Nanopore Technologies (ONT) and lllumina plat-
forms to generate long- and short-read data sets, respectively. One microgram of gDNA was prepared for
multiplex sequencing by attaching unique barcodes from the ONT native barcoding kit (EXP-NBD104).
Following barcoding, the sample was pooled in equimolar amounts and further prepared for sequencing
using the ONT ligation sequencing kit (SQK-LSK109). The multiplexed library was sequenced on an R9.4.1
flow cell using a GridION X5 platform. The sequence data were demultiplexed and trimmed of adapters
and barcode sequences using Porechop (https://github.com/rrwick/Porechop). Aliquots of gDNA were
sent to the Microbial Genome Sequencing Center (MIGS, Pittsburgh, PA, USA) for 150 bp paired-end
sequencing. The sample was prepared for sequencing using an lllumina Nextera kit (Illumina Inc. San
Diego, CA, USA) and sequenced on an lllumina NextSeq 550 platform. Hybrid genome assemblies were
generated using both ONT long reads and 150 bp reads using MaSuRCA v.3.3.4 (67). Following polishing
with Pilon (68), gene annotation was performed using the Prokaryotic Genome Annotation Pipeline
(PGAP) from NCBI (69). To identify functional pathways, the 171 genome was also annotated using
eggNOG-mapper (70, 71) to generate a list of Kyoto Encyclopedia of Genes and Genomes (KEGG) (72)
orthologs (KOs) which were then mapped to pathways using GhostKOALA (73).

Bradyrhizobium genome comparisons. The assembled and annotated sequences from 171 were com-
pared using average nucleotide identity (ANI) (74) to determine their similarity. To determine where the 171
isolate fell within the genus Bradyrhizobium, the program Up-to-Date Bacterial Core Genome (UBCG) (75)
was used to annotate, extract, and align 92 genes from Bradyrhizobium genomes and the genome of
Oligotropha carboxidovorans was used as an outgroup. The 92 alignments were concatenated in Geneious
Prime v.2019.2.3 (76), and the phylogeny was inferred using IQ-TREE (77, 78). IQ-TREE was run using the
standard model selection option, and branch supports were obtained based on 1,000 bootstrap replicates
with the ultrafast bootstrap (79) algorithm implemented in the IQ-TREE software (77, 78).

Genomes from 14 other Bradyrhizobium were identified and downloaded from the National Center of
Biotechnology Information (NCBI) (80) and the Joint Genome Institute (81) for comparison of gene content
within members of the genus Bradyrhizobium. Genomic comparisons for these genomes were made using
the Anvi'o 6.2 (82) workflow described by Delmont and Eren (83). Contig databases for the comparative anal-
ysis were created using the command anvi-gen-contigs-database and then further refined using hmm-scan
and anvi-run-ncbi-cog. The pangenome was then created using anvi-pan-genome with the parameters
“--minbit 0.5,” “--mcl-inflation 6,” and “--use-ncbi-blast.” Once Anvi'o created the pangenome output, all sin-
gleton genes were binned into a single collection within Anvi'o using a parameter search. A list of all gene
clusters was created using “generate static html summary” where the gene clusters were trimmed to include
only singleton genes from 171. A subset of the selected Bradyrhizobium genomes were analyzed using
OrthoANI (84) to determine pairwise identities. BLASTn (60) and BLASTp searches were used to investigate
the presence or absence of genes in the 171 genome with high sequence similarity to the ahy gene from
S. acetylenica DSM 3246 (formerly Pelobacter acetylenicus [17)).

Identification of putative acetylene hydratase (AH). Putative AH genes in the |71 genome were
identified using two approaches. First, all PGAP annotated molybdopterin oxidoreductases were extracted
from the genome using Geneious Prime v.2019.2.3. Then, sequences were entered into I-TASSER (58, 59, 85)
to determine the likelihood that the genes could code for AH. I-TASSER is a protein structure and function
prediction program that operates via a threading algorithm to predict a protein’s 3-D structural model from
amino acid sequences in comparison to templates from the Protein Data Bank (PDB). A putative AH was con-
sidered a strong candidate when the I-TASSER results had the AH from S. acetylenica DSM 3246 as the top
hit in all categories. The sequence was considered a weak candidate if the S. acetylenica AH was not the top
hit in all categories but still was considered a possible match by I-TASSER. The second approach employed
an HMM model, developed by Gushgari-Doyle et al. (35), to specifically identify putative AH genes from
sequence data. The HMM model was run on the amino acid sequences of all genes annotated by PGAP. As
described above, sequences identified with the HMM model were then tested using I-TASSER. Candidate pu-
tative AH sequences were compared to AH sequences from the genome of S. acetylenica DSM 3246" and
S. acetylenivorans SFB93" (86, 87), reference sequences from the NCBI database (88), and metagenome-
derived putative AH from acetylene-fueled dechlorinating enrichment cultures (35). Amino acid sequences
were aligned using Muscle 3.8.425 (89) prior to tree reconstruction using FastTree v.2.1.11 (90) in Geneious
Prime v.2022.1 (76). Default FastTree approximately maximum-likelihood parameters were used, and support
values were based on 1,000 resamples.

Acetylenotrophy assays with other Bradyrhizobium species. Seven additional Bradyrhizobium iso-
lates were tested for acetylenotrophic activity in parallel with Bradyrhizobium sp. 171 (Table S2). Cultures
of B. ottawaense 0099 and B. zhanjiangense CCBAU 51778 were obtained from the Belgian Coordinated
Collections of Microorganisms. Bradyrhizobium sp. URHA0013 was provided by Eoin Brodie, Lawrence
Berkeley National Laboratory. Cultures of B. japonicum USDA 110" and USDA 6 and Bradyrhizobium elka-
nii USDA 76" were provided by Patrick Elia, U.S. Department of Agriculture. Bradyrhizobium diazoeffeciens
USDA 122 was provided by Jeffry Fuhrmann, University of Delaware. Cultures were grown on modified
arabinose gluconate medium (MAG, ATCC medium 2233) then streaked onto MAG solid medium and
grown at 28°C to obtain distinct colonies. To test acetylenotrophic activity, colonies were transferred to
WBMMpAc media in sealed Balch tubes prepared as described above with an oxic, acetylene-containing
headspace. Bradyrhizobium sp. strain 171 was also grown on MAG plates then transferred to WBMMpAc
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as a positive control. Cultures were incubated at 28°C in the dark. Headspace analysis of C,H, and O,
were performed using gas chromatography, as described above, and growth was measured spectropho-
tometrically by ODy,,. After 3 to 4 weeks, no acetylenotrophic activity was observed, so the cultures
were amended with dilute yeast extract as an attempt to stimulate acetylene consumption with hetero-
trophic growth as required by some Actinobacteria acetylenotrophs (28).

Data availability. lllumina 16S iTag sequence data for the microcosms were deposited in GenBank
under BioProject number PRJINA701273. The 16S rRNA gene sequence from Sanger sequencing was de-
posited in GenBank under the accession number MW587253. The genome of isolate 171 was deposited
in GenBank under BioProject PRINA549647 (genome accession number CP059398; BioSample SAMN12094990).
Strain 171 was deposited in the German Collection of Microorganisms and Cell Cultures (DSMZ) under accession
number DSM 112639. Data for acetylenotrophic, heterotrophic, and diazotrophic experiments are available
from Baesman et al. (38).
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