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ABSTRACT

Acetylene (IUPAC name: ethyne) is a colorless, gaseous hydrocarbon, composed of two triple bonded carbon atoms attached
to hydrogens (C2H2). When microbiologists and biogeochemists think of acetylene, they immediately think of its use as an
inhibitory compound of certain microbial processes and a tracer for nitrogen fixation. However, what is less widely known
is that anaerobic and aerobic microorganisms can degrade acetylene, using it as a sole carbon and energy source and
providing the basis of a microbial food web. Here, we review what is known about acetylene degrading organisms and
introduce the term ’acetylenotrophs’ to refer to the microorganisms that carry out this metabolic pathway. In addition, we
review the known environmental sources of acetylene and postulate the presence of an hidden acetylene cycle. The
abundance of bacteria capable of using acetylene and other alkynes as an energy and carbon source suggests that there are
energy cycles present in the environment that are driven by acetylene and alkyne production and consumption that are
isolated from atmospheric exchange. Acetylenotrophs may have developed to leverage the relatively high concentrations of
acetylene in the pre-Cambrian atmosphere, evolving later to survive in specialized niches where acetylene and other
alkynes were produced.
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INTRODUCTION

Acetylene (C2H2, IUPAC name: ethyne, CAS 74-86-2) is the sim-
plest alkyne, composed of two triple bonded carbon atoms
attached to hydrogen. It is best known in the microbiology com-
munity as an inhibitor of microbial processes and for its use
in nitrogen fixation and denitrification bioassays, where nitro-
genase converts acetylene to ethylene or blocks the reduction
of N2O to N2, respectively (Stewart, Fitzgerald and Burris 1967;
Knowles 1982). However, this colorless, quite soluble (KH = 4.15
× 10−2 moles L−1 atm−1 at 298 K; e.g., comparable to CO2 (Sander
2015)), gaseous hydrocarbon with its characteristic garlic-like
odor can be degraded by anaerobic and aerobic microorganisms
that use acetylene as a sole carbon and energy source. Acetylene
degrading microorganisms were first observed in 1932 (Birch-
Hirschfeld 1932) and since then, numerous environmental sam-
ples have demonstrated acetylene consumption (Table 1) and
yielded strains that use acetylene for growth (Table 2). Here, we
introduce the term ’acetylenotrophs’ to refer to the organisms
that carry out this metabolic growth pathway. In addition, we
review what is known about the genetics, ecology and biogeo-
chemistry of acetylenotrophs and discuss how these organisms
could be supporting a microbial food web, subsisting on hidden
sources of acetylene in the environment.

ACETYLENE ON EARTH AND
EXTRATERRESTRIAL BODIES

Acetylene’s ability to support microbial growth and a micro-
bial food web has not been a major interest in environmental
microbiology due to its apparently inconsequential trace envi-
ronmental concentrations (e.g., ∼ 20–40 parts per trillion in the
Earth’s atmosphere, Cronn and Robinson 1979; Goldman et al.
1981; Rudolph, Ehhalt and Khedim 1984). The spatial distri-
bution, sources, chemical sinks and variability of acetylene in
the Earth’s atmosphere have been extensively studied usually
in association with a broader survey of atmospheric volatiles
(Whitby and Altwicker 1978; Cronn and Robinson 1979; Bonsang,
Kanakidou and Lambert 1987; Plass, Koppmann and Rudolph
1992; Jobson et al. 1994; Blake et al. 1997; Gupta et al. 1998; Heard
et al. 2006; Hudson and Ariya 2007; XiaoJacob and Turquety 2007;
Baker et al. 2008). The lower tropospheric mixing ratio of acety-
lene ranges from its typical higher abundance over urban areas
(e.g., 1–2 parts per billion by volume (ppbv)) presumably from
anthropogenic sources to 10-fold lower abundances (e.g. tens
of pptv) over remote areas of the ocean. Acetylene decreases
markedly (∼10-fold) with the upward vertical transition from the
lower troposphere to the tropopause (Blake et al. 1997; Gupta
et al. 1998; Xiao, Jacob and Turquety 2007; Baker et al. 2008). In
the atmosphere, acetylene is a short-lived tracer of combustion
and air mass photochemical age, with oxidation by the OH radi-
cal being the major loss pathway, leading to a tropospheric res-
idence time for acetylene of approximately 12 days (Atkinson
et al. 1997; Talbot et al. 1997; Shim et al. 2007). This is very short
indeed when compared with the 8–12 year residence time for the
less reactive but far more abundant (∼ 1.8 parts per million by
volume (ppmv)) and climatically relevant methane for which OH
radical oxidation is also its major sink (e.g., Cicerone and Orem-
land 1988). The dominant source of acetylene to the atmosphere
is anthropogenic combustion of fossil fuel (1.7 Tg yr−1) and bio-
fuel (3.3 Tg yr−1), accompanied by a biomass burning (1.6 Tg yr−1)
component (Xiao, Jacob and Turquety 2007).

Several early studies suggested that the global ocean repre-
sents a minor source of acetylene (Kanakidou et al. 1988; Plass,
Koppmann and Rudolph 1992; Plass-Dülmer et al. 1995). How-
ever, subsequent studies have shown that enhancements in
acetylene mixing ratios observed over remote oceanic locations
are most likely attributable to long range atmospheric transport
rather than any significant in situ marine production (Blake et al.
1997; Talbot et al. 1997; Gupta et al. 1998; Lewis, Carpenter and
Pilling 2001; Hopkins et al. 2002; Hudson and Ariya 2007; Shim
et al. 2007). Global atmospheric chemistry modeling shows that
any emissions from an oceanic source to the atmosphere would
have to be less than 0.5 Tg yr−1 ( < 7.5% of the global budget), in
order to reconcile observed global distributions (Xiao, Jacob and
Turquety 2007). However, a natural biogenic source of acetylene
cannot be definitively ruled out as microorganisms have been
shown to generate acetylene (Fukuda, Fujii and Ogawa 1984;
Belay and Daniels 1987). Belay and Daniels (1987) showed that
pure cultures of methanogenic bacteria can generate acetylene
from 1,2-dibromoethene (Belay and Daniels 1987). While this
was demonstrated only in the laboratory, the fact that the pre-
cursor, 1,2-dibromoethene, is produced by marine algae (Grib-
ble 1996) suggests the possibility of a natural marine source of
acetylene. Furthermore, work by Fukuda, Fujii and Ogawa (1984)
screened C2-hydrocarbon production by 166 microbial strains
and found that 2% of the organisms tested produced acety-
lene. The acetylene producing strains included Fungi (Phycomyces
nitens IFO 9421) and Bacteria (Proteus mirabilis IFO 3849 and Strep-
tomyces fradiae IFO 3360) and they had maximal rates of acety-
lene production of 0.2 nl ml−1 hr−1.

Little to date is known about naturally occurring terrestrial
(i.e., soil and subsurface aquifer) sources of acetylene. However,
numerous reports have shown that acetylene can be formed
by abiotic reactions of minerals with chlorinated solvents (as
reviewed in He et al. 2015). Laboratory studies showed that zero-
valent (Fe0) and metallic iron can react with dichloroethylene,
trichloroethylene (TCE) and tetrachloroethylene to form acety-
lene as an end-product (Roberts et al. 1996; Campbell et al. 1997;
Arnold and Roberts 2000). Further studies revealed that a diverse
array of reduced iron minerals can degrade chlorinated com-
pounds, including magnetite (Fe3O4), mackinawite (FeS), pyrite
(FeS2) and green rusts (mixed Fe(II)/(III) minerals) (as reviewed
in He et al. 2015). These reactive minerals catalyze chlorinated
solvent degradation via reductive elimination, hydrogenolysis,
dehydrohalogenation and hydrolysis reactions. These reactions
were shown to occur in field studies at chlorinated solvent con-
taminated sites (Puls, Blowes and Gillham 1999; Han et al. 2012;
Schaefer et al. 2015) and accumulation of acetylene can thus
be used as a proxy for the success of remediation strategies
employing zero valent iron or reduced iron minerals (He et al.
2015).

With respect to early Earth and planet(oid)s of the outer Solar
System, acetylene is hypothesized to play an important role in
the evolution of life. Acetylene may have reached an abundance
of 5 ppm (Zahnle 1986; Trainer et al. 2004) in the anoxic atmo-
sphere of early Earth (Kasting 1993; Kasting 2004) due to atmo-
spheric photochemical reactions that originate with methane
(Zahnle 1986; Trainer et al. 2004). Such reactive atmospheric
chemistry derived from simple constituents formed the basis of
the complex pre-biotic chemistry thought to lead to the origin
of life (Miller 1953; Miller and Urey 1959; Scheidler et al. 2016).
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Table 1. Summary of environments where acetylene degradation has been observed.

Sample location Habitat Type

Character/
Salinity (g

L−1)
Incubation
condition

C2H2

uptake
AH PCR
result Reference

Los Baños, Philippines Rice paddy soil Fresh Anaerobic + N/Aa Watanabe and De Guzman
(1980)

San Francisco Bay,
California USA

Intertidal mud flat sediment Estuarine Anaerobic + N/Aa Culbertson, Zehnder and
Oremland (1981)

San Francisquito Creek,
California USA

Freshwater sediment Fresh Anaerobic − N/Aa Culbertson, Zehnder and
Oremland (1981)

Unknown Fox sandy loam soil Fresh Anaerobic + N/Aa Yeomans and Beauchamp
(1982)

Brookston silty clay Fresh Anaerobic + N/Aa Yeomans and Beauchamp
(1982)

Floradale, Ontario, Canada Stream sediment and water Aerobic + N/Aa Tam, Mayfield and Inniss
(1983)

Fresh Anaerobic − N/Aa Tam, Mayfield and Inniss
(1983)

Ithaca, New York USA Collamer silty clay loam soil Aerobic + N/Aa Terry and Duxbury (1986)
Fresh Anaerobic + N/Aa Terry and Duxbury (1986)

Spanish Fork, Utah USA Timpanogos clay loam soil Aerobic + N/Aa Terry and Duxbury (1986)
Fresh Anaerobic + N/Aa Terry and Duxbury (1986)

Belle Glade, Florida USA Pahokee muck soil Fresh Aerobic + N/Aa Terry and Duxbury (1986)
Dijon, France Agricultural soil Aerobic + N/Aa Topp and Germon (1986)

Fresh Anaerobic − N/Aa Topp and Germon (1986)
Unknown Estuarine sediment Estuarine Anaerobic + N/Aa Culbertson, Strohmaier and

Oremland (1988)
Hajdów Research Station
(Lublin, Poland)

Peat muck soil Fresh Aerobic + N/Aa Brzeziska et al. (2011)

Cambisol soil Fresh Aerobic + N/Aa Brzeziska et al. 2011)
San Francisco Bay,
California USA

Intertidal sediment 25 Anaerobic + + Miller et al. (2013)

Saltmarsh sediment 25 Anaerobic + − Miller et al. (2013)
Searsville Lake, California
USA

Freshwater sediment <1 Anaerobic + − Miller et al. (2013)

Mono Lake, California USA Littoral sediment 80 Anaerobic − − Miller et al. (2013)
Hot spring biofilm 25 Anaerobic − − Miller et al. (2013)

Gulf of Mexico Cold hydrocarbon seep brine 60 Anaerobic − − Miller et al. (2013)
Long Valley, California USA Hot spring biofilm 4 Anaerobic − − Miller et al. (2013)
Western Pennsylvania USA Peat bog sediment <1 Anaerobic − − Miller et al. (2013)
Piedmont, Virginia USA Constructed wetland

sediment
<1 Anaerobic + − Miller et al. (2013)

Pillar Point, California USA Saltmarsh sediment 20 Anaerobic + − Miller et al. (2013)
Great Bay, New Hampshire
USA

Estuarine sediment
(Portsmouth)

28 Anaerobic + + Miller et al. (2013)

Estuarine sediment
(Squamscott)

28 Anaerobic − + Miller et al. (2013)

Trenton, New Jersey USA
(Naval Air Warfare Centerb)

TCE-contaminated
groundwater (well 36BR-A,
2009c)

<1 Anaerobic + + Miller et al. (2013)

TCE-contaminated
groundwater (well 36BR-A,
2015)

<1 Anaerobic + Not
measured

This study

TCE-contaminated
groundwater (well 73BR-D2,
2015)

<1 Anaerobic + Not
measured

This study

TCE-contaminated
groundwater (well 36BR-A,
2017)

<1 Anaerobic + + This study

Mountain View, California
(NASA Ames Research
Center)

Soil above
TCE-contaminated
groundwater (2017)

<1 Aerobic + − This study

Soil above
TCE-contaminated
groundwater (2017)

<1 Anaerobic + + This study

Trace TCE-contaminated
groundwater (well 14D26A1)

<1 Anaerobic − Not
measured

This study

Trace TCE-contaminated
groundwater (well 11N22A1)

<1 Anaerobic − Not
measured

This study

Trace TCE-contaminated
groundwater (well 11MO3A)

<1 Anaerobic − Not
measured

This study

aN/A=not applicable because the reference pre-dated the development of Pelobacter acetylenicus-specific acetylene hydratase (AH) PCR primers.
bFor additional information about the NAWC site see (Révész et al. 2014).
cIndicates year groundwater samples were collected for acetylene uptake experiments.
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Table 2. Summary of known acetylenotrophic bacterial strains.

Type
Phylogenetic
group Organism

Habitat/Isolation
source

Requirements for
acetylenotrophy

Products of
acetylenotrophy Reference

Aerobe Actinobacteria Mycobacterium
lacticolaa,b

Soil (Germany) C2H2 alone Acetaldehyde Birch-Hirschfeld
(1932)

Rhodococcus
rhodochrous strain
A1a,c

Dutch soil (The
Netherlands)

C2H2 alone Acetaldehyde de Bont and Peck
(1980) and de Bont
et al. (1980)

Rhodococcus
rhodochrous (ATCC
33258) (isolated
and deposited as:
Nocardia
rhodochrousa)

Agricultural field
soil and lake
sediment (New
Jersey, USA)

C2H2 alone Acetaldehyde (Kanner and Bartha
(1979) and Kanner
and Bartha (1982)

Rhodococcus
rhodochrous strain
E5d

Agricultural soil C2H2 alone# Acetaldehyde,
ethanol and

acetate

Topp and Germon
(1986) and Germon
and Knowles (1988)

Rhodococcus opacus
strain MoAcy1
(DSM 44186)

Dry garden soil
sample near a
parking lot
(Tübingen,
Germany)

C2H2 alone Not measured Rosner et al. (1997)

Rhodococcus opacus
strain TueAcy1
(DSM 44188)

Dry soil sample
(Tübingen,
Germany)

C2H2 alone Not measured Rosner et al. (1997)

Rhodococcus zopfii
strain TueAcy3
(DSM 44189)

Dry soil sample
(Tübingen,
Germany)

C2H2 and yeast
extract

Not measured Rosner et al. (1997)

Gordonia
alkanivorans strain
MoAcy2 (DSM
44187)

Dry garden soil
sample near a
parking lot
(Tübingen,
Germany)

C2H2 and yeast
extract

Not measured Rosner et al. (1997)

Rhodococcus
rhodochrous strain
PNKb1e

Freshwater C2H2 alone Trace
acetaldehyde

detected

Woods (1988)

Firmicutes Bacillus spp.a Stream sediment
and water
(Ontario, Canada)

C2H2 alone Not measured Tam, Mayfield and
Inniss (1983)

Anaerobe Deltaproteobacteria Pelobacter
acetylenicus strain
WoAcy1 (DSM
3246T)

Freshwater creek
sediment
(Germany)

C2H2 alone Ethanol, acetate
and acetaldehyde

Schink (1985)

Pelobacter
acetylenicus strain
KoAcy23

Sewage sludge
(Germany)

C2H2 alone Ethanol, acetate
and acetaldehyde

Schink (1985)

Pelobacter
acetylenicus strain
GhAcy1
(DSM3247)

Marine sediment
(Venice, Italy)

C2H2 alone Ethanol, acetate
and acetaldehyde

Schink (1985)

Pelobacter
acetylenicus strain
GhAcy3

Marine sediment
(Venice, Italy)

C2H2 alone Ethanol, acetate
and acetaldehyde

Schink (1985)

Pelobacter sp.
strain SFB93

Estuarine
sediment (San
Francisco Bay,
California, USA)

C2H2 alone Acetaldehyde,
ethanol, acetate
and hydrogen

Culbertson,
Strohmaier and
Oremland (1988)
and Miller et al.
(2013)

aStrains were identified using phenotypic characteristics and the listed name corresponds to that used in the original publication. It is important to note that the
correct name of the organism may have changed since the original date of publication.
bKanner and Bartha (1979) suggested based on phenotypic characteristics that this organism was mostly likely a Rhodococcus rhodochrous.
cde Bont et al. (1980) identified strain A1 as Rhodococcus rhodochrous using DNA–DNA hybridization.
dAlthough originally isolated and cultivated under aerobic conditions Germon and Knowles (1988) showed that strain E5 can degrade acetylene under anaerobic
conditions.
eIsolation of and metabolism of propane by this organism was reported in Woods and Murrell (1989).
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Analogous processes of complex organic formation occur in
the methane-rich planet(oid)s of the outer Solar System, includ-
ing Saturn’s moon Titan (Abbas and Schulze-Makuch 2002; She-
mansky et al. 2005; Clark et al. 2010). It has been proposed that life
on Titan could be sustained energetically by hydrogen’s reduc-
tive splitting of acetylene to form methane at ∼ 90 K (McKay and
Smith 2005). Indeed, this possibility was supported by Titan’s
atmospheric profile of diminishing vertical H2 and C2H2 abun-
dances with depth as measured by the descent of the Huygens
probe facet of the Cassini–Huygens Mission (Strobel 2010) and
the absence of detectable acetylene just above its surface (Clark
et al. 2010). These observations suggested the exciting possibility
of a biological mechanism for removal of these gases from the
atmosphere that existed on Titan’s frigid surface, perhaps some-
thing akin to what had been postulated by McKay and Smith
(2005). Molecular hydrogen and C1–C5 light hydrocarbons, pos-
sibly including acetylene, have been detected emanating from
the ’Tiger Stripe’ fissures prominent on the south pole of Ence-
ladus (Waite et al. 2006; Kopparla et al. 2016; Waite et al. 2017). It
is hypothesized that a global anoxic ocean lies beneath Ence-
ladus’ ice sheet and represents a potential habitable environ-
ment for microbial life that could be sustained on light hydro-
carbons or the accompanying H2 also evident in the plumes
(McKay et al. 2008; Waite et al. 2017). Thus, sampling its plume
for live microbes and/or their biomarker molecules is an excit-
ing prospect (McKay et al. 2014; Porco, Dones and Mitchell 2017).

ACETYLENE TRANSFORMATIONS

Acetylene is only known to be biologically transformed via
nitrogenase (N2ase) in a non-metabolic reaction and acety-
lene hydratase (AH) that catalyzes the first step in acetylene
metabolism (Fig. 1). Nitrogenase (N2ase) is well characterized
compared to AH: a simple SCOPUS search yields 8,592 and 43
citations, respectively (www.scopus.com, accessed 13 February
2018). Nitrogenase catalyzes the reduction of di-nitrogen (N2)
to ammonia (2 NH3) and is found in an array of diazotrophic
(nitrogen-fixing) bacteria. N2ase will also use acetylene as sub-
strate, resulting in the production of ethylene (C2H4) and it is also
known to bind and reductively react with other triple-bonded
molecules such as cyanide. Since acetylene is inhibitory to sev-
eral cellular pathways (e.g., nitrogen fixation, methanogene-
sis, methane oxidation, denitrification, reductive dechlorina-
tion, nitrification, certain hydrogenases and anaerobic ammo-
nium oxidation, known as ’anammox’ (Stewart, Fitzgerald and
Burris 1967; Oremland and Taylor 1975; Balderston, Sherr and
Payne 1976; Dalton and Whittenbury 1976; Yoshinari, Hynes and
Knowles 1977; Payne and Grant 1982; Payne 1984; Oremland and
Capone 1988; Pon, Hyman and Semprini 2003; Jensen, Tham-
drup and Dalsgaard 2007)), it is possible that other enzymes
are also degrading acetylene as a side-reaction rather than part
of a metabolic pathway; particularly those that already use
triple bonded substrates. A third enzyme, 4-hydroxy-3-methyl-
butenyl diphosphate reductase (IspH), responsible for reductive
dehydration to form isopentenyl diphosphate and dimethylal-
lyl diphosphate on the methylerythritol phosphate pathway,
has been shown experimentally to hydrate terminal acetylene
groups on larger hydrocarbons (Span et al. 2012). It is unclear
whether this enzyme has the ability to hydrate C2H2 (Span et al.
2012), but it does serve as another example of an enzyme inter-
acting in a non-metabolic fashion with acetylene groups.

Growth-linked metabolism of acetylene by a bacterial strain
was first reported in 1932 for a mycobacterium (Birch-Hirschfeld
1932) and was followed 50 years later by several reports

documenting the consumption of acetylene over the course
of incubations of soils and sediments employing acetylene-
based assays for denitrification or nitrogen-fixation (Watan-
abe and De Guzman 1980; Culbertson, Zehnder and Orem-
land 1981; Yeomans and Beauchamp 1982; Tam, Mayfield and
Inniss 1983) (Table 1). Building on these investigations, Pelobacter
acetylenicus was the first isolated and most extensively studied
acetylenotrophic anaerobe that coupled growth to the fermen-
tation of acetylene (Schink 1985; Boll et al. 2016; Kroneck 2016).
From work with P. acetylenicus, the enzyme responsible for the
first step in acetylene fermentation, acetylene hydratase (AH;
EC 4.2.1.112), was identified and extensively characterized. AH
catalyzes the hydration of acetylene in an exergonic, non-redox
reaction to form acetaldehyde (Fig. 1, Schink 1985; ten Brink
2014):

C2H2+H2O → CH3CHO

�G0
′ = −119.9 kJ mol−1 (1)

AH, a member of the dimethyl sulfoxide reductase pro-
tein family, contains a tungsten pyranopterin cofactor (Seiffert
et al. 2007; ten Brink, Schink and Kroneck 2010) and its activ-
ity is dependent on the presence of a strong reducing agent,
such as titanium(III) citrate or dithionite (Rosner and Schink
1995; ten Brink 2014). The AH enzyme, encoded by the ahy
gene, is a monomer of 730 amino acids with four domains.
Domain I contains a 4Fe-4S cluster coordinated by four cysteine
residues. Domains I, II and IV coordinate the bis-molybdopterin-
gunanine-dinucletide cofactors that coordinates a W ion (Seif-
fert et al. 2007). AH is specific for acetylene and does not react
with other triple bonded molecular analogues; for a detailed
description of the AH enzyme from P. acetylenicus see the review
by ten Brink (2014).

Acetylene fermentation continues via disproportionation of
acetaldehyde to acetate and ethanol via aldehyde dehydroge-
nase (ALDH) and alcohol dehydrogenase (ADH), respectively
(Fig. 1, Schink 1985; ten Brink 2014). Together, these enzymes
catalyze this reaction:

2CH3CHO+H2O → CH3CH2OH + CH3COO−+H+

�G0
′ = −17.3 kJ mol−1 acetaldehyde (2)

The acetate can be used directly by acetylenotrophs as a car-
bon source to support cell growth, whereas the ethanol is used
by cells via a reverse reaction of alcohol dehydrogenase con-
verting ethanol back to acetaldehyde where it can then be con-
verted to acetate (Fig. 1). The resulting acetaldehyde, acetate,
ethanol and H2 from acetylene metabolism are secreted into the
external milieu by pure cultures, and in mixed associations can
then serve as carbon and energy substrates for other opportunist
microorganisms present (Table 1 and Fig. 2).

Studies to date have shown that the AH of P. acetylenicus
and Pelobacter sp. strain SFB93 favors 12C-acetylene over 13C-
acetylene (Miller, Baesman and Oremland 2015). This results in
kinetic isotope effects (KIEs) ranging from ∼ 2.0 to 9.0� enrich-
ments of 12C, thereby leaving the residual, as yet un-metabolized
acetylene enriched in 13C. These KIE were also seen when
acetylenotrophy was carried out by the anaerobic enrichment
culture SV7 and sediments from San Francisco Bay, California
(Miller, Baesman and Oremland 2015). The ecological and astro-
biological implication of this work was that the ’δ13C’ composi-
tion of acetylene and its metabolic products (e.g., acetaldehyde,
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Figure 1. Pathways of acetylene transformation via acetylene fermentation (left
process, red) and N2ase (right process, blue). Genes in the acetylene fermenta-

tion pathway include acetylene hydratase (AH), ALDH, ADH, phosphate acetyl-
transferase (PTA) and acetate kinase (AK). Modified from (Caspi et al. 2010; Akob
et al. 2017).

acetate) could be used to evaluate environmental acetylenotro-
phy or be employed as possible biomarkers in the search for
extant microbial life in the icy worlds of the outer Solar System.

Interestingly, we recently reported that AH and N2ase are
present in the annotated genomes of three Pelobacter strains
(Akob et al. 2017) including the two deposited type reference
strains of P. acetylenicus (DSM3246 and DSM3247) and Pelobac-
ter sp. strain SFB93, isolated from San Francisco Bay (Culbert-
son, Strohmaier and Oremland 1988; Miller et al. 2013; Sutton
et al. 2017a,b). Pelobacter sp. SFB93 contained two copies of the
ahy gene, which were flanked by horizontal gene transfer (HGT)
elements (Fig. 3). In addition, we experimentally showed that
Pelobacter sp. strain SFB93 was capable of diazotrophic growth,
during which time both enzymes were active (Akob et al. 2017).

Aerobic, acetylene-degrading bacterial strains have been
obtained that use acetylene either as their sole source of car-
bon and energy, or consume it in conjunction with low concen-
trations of supplemental yeast extract (Birch-Hirschfeld 1932;
de Bont and Peck 1980; Kanner and Bartha 1982; Germon and
Knowles 1988; Rosner et al. 1997) (Table 1). The acetylene-
metabolizing enzymes from aerobic acetylenotrophs have not
been fully characterized. However, experiments by Rosner et al.
(1997) showed that aerobic AHs from strains Rhodococcus opacus
strain MoAcy1 and TueAcy1, Rhodococcus zopfii strain TueAcy3,
and Gordonia alkanivorans strain MoAcy2 differ from those of P.

acetylenicus. The AH of these strains had a lack of cross-reactivity
with antibodies raised to the AH of P. acetylenicus (Rosner et al.
1997). In addition, expression of AH in these aerobes was depen-
dent on molybdenum, unlike the AH of P. acetylenicus which is
tungsten-dependent. Together, these observations indicate that
the AH of aerobic acetylenotrophs are unique and that this is a
heterogeneous group of enzymes.

ECOLOGY OF ACETYLENOTROPHS

As stated above, the first report of acetylene-fueled growth dates
to 1932 for an aerobic mycobacterium isolated from soils in Ger-
many (Birch-Hirschfeld 1932). Since that finding, 9 papers have
documented the consumption of acetylene from soil, sediment,
and groundwater samples (Table 1) and resulted in the isolation
of 15 pure cultures of acetylenotrophs (Table 2). Many of the early
incubations of environmental samples where acetylene uptake
was observed were originally designed for acetylene-based den-
itrification or nitrogen-fixation assays, with acetylene consump-
tion being a spurious observation.

The observations of acetylenotrophy in environmental sam-
ples, summarized in Table 1, show that this metabolism is dis-
tributed widely amongst geochemical conditions, from fresh-
water to hypersaline, surface to subsurface, soils to aquifers,
and anoxic to oxic ecosystems. The first observations of anaero-
bic acetylenotrophy was in incubations of rice paddy soils from
the Philippines (Watanabe and De Guzman 1980) and further
studies expanded on this work demonstrating anaerobic acety-
lene uptake in soils, sediments and groundwaters from around
the globe (Culbertson, Zehnder and Oremland 1981; Yeomans
and Beauchamp 1982; Terry and Duxbury 1986; Topp and Ger-
mon 1986; Culbertson, Strohmaier and Oremland 1988; Miller
et al. 2013). In addition, further studies investigated the poten-
tial for aerobic or anaerobic acetylene uptake in soils with vary-
ing results. Terry and Duxbury (1986) found that soils could
consume acetylene under both anaerobic and aerobic condi-
tions. Brzezinska et al. (2011) showed that soils from Poland
consumed acetylene under aerobic conditions. Tam, Mayfield
and Inniss (1983) and Topp and Germon (1986) compared the
ability of stream sediments and soils to consume acetylene
and found that only aerobic incubations could do so, whereas
under anaerobic conditions no uptake was observed. Interest-
ingly, Tam, Mayfield and Inniss (1983) reported that 33% of their
sediment incubations were positive for acetylene consumption.
This observation has held in other surveys of the ubiquity of
acetylene consumption.

Over 3 decades after the first report of anaerobic
acetylenotrophy, a survey was undertaken to determine if
this metabolism was a common or rare phenomenon amongst a
diverse array of anoxic sediment samples and one groundwater
sample (Miller et al. 2013). Acetylenotrophy, e.g., consumption,
was clearly evident in 9 of 42 (21.4%) of incubated samples
tested (Table 1, Miller et al. 2013). Primers were also developed
in the Miller et al. (2013) study that were specific for the ahy
gene in P. acetylenicus. Application of this primer set to DNA
extracts from numerous field samples revealed that ahy was
even less common, with only 63 of 645 samples testing (9.8%)
positive for the gene (Table 1, Miller et al. 2013). Samples that
were positive for anaerobic acetylenotrophy in the Miller et al.
(2013) study included TCE-contaminated groundwaters taken
from the Naval Air Warfare Center (NAWC) in Trenton, NJ
an in situ bioremediation study site, and the amplicons were
confirmed to be AH genes. A likely source of acetylene at
the NAWC site could be attributed to abiotic dehalogenation
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Figure 2. Acetylenotrophy-driven microbial food web. Sources of acetylene include known and hypothetical (green circles) sources.

Figure 3. Syntenic map of acetylene hydratase (ahy) and flanking genes in Pelobacter sp. strain SFB93 and P. acetylenicus DSM3246 and DSM3247. Strain SFB93 contains
two ahy genes in two regions, separated by ∼18,000 bp. Reprinted from (Akob et al. 2017).
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reactions with TCE and reduced iron minerals. Consumption of
acetylene by NAWC groundwater microorganisms was observed
in samples collected in 2015 and 2017 (Table 1). Newer work
by our group, has shown that soils and groundwater from a
TCE-impacted site, namely the NASA Ames Research Center
(ARC) can consume acetylene (Table 1).

To date, 15 acetylenotrophic bacterial strains have been
obtained that either use acetylene as either their sole carbon and
energy source or with low concentrations of supplemental yeast
extract during anaerobic or aerobic metabolism (Table 2). How-
ever, this is at odds with the frequency of acetylene degrada-
tion observed in environmental samples. Acetylenotrophs span
the Actinobacteria, Proteobacteria, and Firmicutes phyla (Table 2).
However, many of the early strains were identified by pheno-
typic characteristics and not available in culture collections,
therefore, their phylogeny cannot be confirmed use DNA molec-
ular markers. Of particular interest, is the isolation of an
acetylenotrophic strain from the Firmicutes phyla (Tam, Mayfield
and Inniss 1983). This strain is not available in culture collec-
tions, so little is known about its ability to transform acetylene or
its metabolic versatility. Acetylenotrophic members of the Acti-
nobacteria have been repeatedly isolated under aerobic condi-
tions, although not always reported in the literature, for exam-
ple, Rhodococcus rhodochrous strain PNKb1 was isolated by Woods
in 1988 but no peer-reviewed paper documented the finding. We
hypothesize that more acetylenotrophs may be out there but the
lack of testing for this metabolism has hindered their discovery.

The acetylenotrophy study by Miller et al. (2013) resulted in
the re-isolation of Pelobacter sp. strain SFB93 from San Francisco
Bay, which allowed for further characterization of this organism
via genome sequencing (Akob et al. 2017; Sutton et al. 2017a,b). In
addition, Miller et al. (2013) obtained a stable anaerobic enrich-
ment culture (SV7) from freshwater Searsville Lake which to
date has defied purification into a single acetylene-fermenting
species but contained members of the Actinobacteria (Oremland,
Baesman, and Akob, personal observation). Presence of mem-
bers of the Actinobacteria was initially surprising as these taxa
are typically characterized as aerobic and includes the majority
of known aerobic acetylenotrophs (Table 2). However, the aero-
bic acetylenotroph Rhodococcus rhodochrous strain E5 was origi-
nally isolated and cultivated under aerobic conditions but was
later shown to degrade acetylene under anaerobic conditions
(Topp and Germon 1986). Together this suggests that members of
the Actinobacteria may be more versatile in their oxygen require-
ments and that acetylenotrophy may confer metabolic versa-
tility on these organisms if oxygen becomes limiting. In addi-
tion, although SV7 grew at the expense of acetylene, its DNA did
not amplify with Pelobacter-specific ahy primers, and the culture
formed different intermediates and end products (acetate, for-
mate, carbon dioxide, methane) than P. acetylenicus or Pelobac-
ter sp. strain SFB93 (Miller et al. 2013). The lack of amplification
with Pelobacter-specific ahy primers is not surprising based on
the findings of Rosner et al. (1997) that aerobic AHs are different.
Further, we recently sequenced the genomes of Rosner’s strains
and found that Pelobacter-specific ahy primers do not bind in sil-
ico to the genomes (Sutton and Fierst, unpublished data). Lastly,
SV7 manifests higher KIEs than other Pelobacter strains or San
Francisco Bay sediments (Miller, Baesman and Oremland 2015).

The presence of so many acetylene-consuming environmen-
tal samples and strains suggests that this metabolism might
be more wide spread than previously known (discussed more
below). However, to date we lack quantitative information on
the abundance of acetylenotrophic organisms as estimates for
population size using most-probable-number (MPN) assays or

quantitative PCR for AH genes have not been performed. To
fully understand the contribution of acetylenotrophs estimates
of population size are needed. In addition, from these observa-
tions we hypothesize that acetylenotrophs could play an impor-
tant ecological and biogeochemical role by fueling a microbial
food web on modern Earth (Fig. 2). Acetylenotrophic strains pro-
duce ethanol, acetate, acetaldehyde, and H2 (Table 1B) as byprod-
ucts of their metabolism. These substrates can, in mixed sys-
tems (e.g., co-cultures or sediments), further serve to fuel sec-
ondary microbial consumers and thereby support a microbial
food web (Fig. 2). Indeed, acetylenotrophs were shown to sup-
port an anaerobic food-chain including sulfate-reducers (Cul-
bertson, Zehnder and Oremland 1981), methanogens (Seitz et al.
1990; Miller et al. 2013), and organo-halide reducers (Mao et al.
2017). The presence of other organisms might be required for
acetylenotrophy to be favorable through a syntrophic relation-
ship.

EVOLUTION AND GENETICS OF
ACETYLENOTROPHS

The fact that both anaerobic and aerobic acetylenotrophs have
been found around the world in diverse environments and that
their capacity to grow on acetylene is dependent on different
AHs implies that this trait has been around for quite some time.
It is tempting to pose a scenario of primordial anoxic food chains
developing around acetylene, growing more complex over time,
and with the advent of oxygenic photosynthesis (∼ 2.4 Gya),
came the AH found in aerobic acetylenotrophs and the draw-
down of atmospheric acetylene to present day ’background’ lev-
els. Admittedly, until very recently these ideas seem a bit ten-
uous considering that there are so few acetylenotrophic strains
(Table 2), and that much of the work on this group of organisms
ceased well before the genomics revolution came into its own.
Yet it is from our genetic studies of P. acetylenicus and Pelobacter
sp. strain SFB93 (Akob et al. 2017) that certain key facets sup-
porting these notions can be discerned: 1) their ahy genes are
flanked by group II intron reverse transcriptases/maturases and
integrases (Fig. 3) suggesting a fluid influx or efflux via HGT of
AH amongst microbes and 2) that AH shares with other molyb-
dopterin oxido-reductases an ancestral evolution from dehydro-
genases (Fig. 4). It is further supported by the diverse phylogeny
of acetylenotrophs based on SSU rRNA genes and phenotypic
characterization (Table 2).

Many complete bacterial genomes and environmental
metagenomes now reside in genetic databases where no such
information existed until quite recently, providing a wealth
of data that can be interrogated for the presence of new
acetylenotrophs. Indeed, merely entering the keywords ’acety-
lene hydratase’ into the National Center for Biotechnology Infor-
mation (NCBI) database keyword search results in over 2,400
word-annotations for putative AH proteins whereas there were
less than five as recently as two years ago (NCBI Resource Coor-
dinators 2016). These annotations span the Bacteria and Archaea
kingdoms, including uncultured organisms from metagenomes
(Fig. 4). Interestingly, these annotated sequences share fairly
low nucleotide and amino acid identities with the sequences of
Pelobacter ahy. For example, the ahy of P. acetylenicus and Pelobacter
sp. strain SFB93 are 86%–99% identical but the next best align-
ment in the NCBI protein database is from a Burkholderia species
and shares just 46% amino acid similarity. These putative AH
genes were identified through computational predictions and it
is not clear if these sequences actually encode a functional AH
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Figure 4. Neighbor-joining tree showing the relationship between amino acid sequences for known and select putative AH and dehydrogenase proteins. All proteins
shown contain both a molybdopterin-binding domain (conserved protein domain family cd00368) and a molybdopterin-binding C-terminal (cd02775). Putative AH
containing a molybdopterin-binding acetylene hydratase (cd02759) and a molybdopterin-binding acetylene hydratase C-terminal (cd02781) are indicated with green

squares and known AH are indicated by red triangles. The phylogenetic affiliation of the organisms is indicated by color. The tree was constructed by downloading
amino acid (aa) sequences that matched a key-word search of ’acetylene hydratase’ in the NCBI GenBank database. Additional dehydrogenase sequences were included
for reference. Sequences were aligned in Geneious v. 9.1.8 (Kearse et al. 2012) using the ClustalW aligner then trimmed to a final length of 980 aa to compare overlapping
regions of sequence. The tree was constructed using the Geneious Tree Builder with neighbor-joining methods and Jukes-Cantor distance model.

or if this diverse array of microorganisms can be sustained by an
acetylenotrophic metabolism. Nonetheless, the fact that there
are now so many plausible ’hits’ highlights the need for closer
investigation as to the gene sequence and structural nature
of these ahy genes and AH proteins. If they were found to be
reasonable candidates for viable ahy genes and functional pro-
teins, further experimental effort demonstrating a capacity for
acetylenotrophy in some of the annotated species having anno-
tated ahy genes would be warranted. Preliminary efforts have
begun to investigate whether this growing list of annotated ahy
genes in the NCBI database are viable or a just a mis-annotation
by the computational pipelines in place to annotate bacterial
and archaeal genomes (e.g. RAST and PGAP). The challenge here
lies in the low nucleotide identities. If related, these genes may
be highly diverged from one another, making their computa-
tional identification more difficult than a simple BLAST inquiry
(Madden 2002; Johnson et al. 2008).

A CRYPTIC ACETYLENE CYCLE?

An intriguing question is why acetylenotrophy has been main-
tained in multiple microorganisms when acetylene is found

at very low concentrations in the environment. It is particu-
larly interesting that Pelobacter strains are maintaining genes
for acetylene metabolism that are flanked by HGT elements.
We hypothesize that in addition to the known anthropogenic
and combustion sources that contribute to low concentrations
of acetylene on modern Earth (as described above), there may be
additional unidentified sources. This transient acetylene could
be so rapidly degraded by proximately located acetylenotrophs
in nature that it forms a ’hidden’ acetylene cycle. Such a hidden
acetylene cycle would then favor the maintenance of heteroge-
neous enzymes for acetylene metabolisms that are found in the
phylogenetically diverse aerobic and anaerobic acetylenotrophs.
In addition, this would also provide an explanation for the fact
that Pelobacter sp. strain SFB93 has active copies of both AH and
N2ase (Akob et al. 2017). The presence of both AH and N2ase
could provide a competitive advantage for these organisms with
each providing the organism carbon and energy and nitrogen
source, respectively. In addition, the presence of a hidden acety-
lene cycle could provide the base of a food web for other organ-
isms, such as methanogens, that utilize end products or inter-
mediates from acetylenotrophy (Fig. 2).



10 FEMS Microbiology Ecology, 2018, Vol. 94, No. 8

Figure 5. Acrylic acid and DMS are decomposition products of DMSP. Acrylic acid
is hypothesized to be microbially oxidized to acetylene thereby potentially fuel-

ing a hidden acetylene cycle. The reaction from acrylic acid to acetylene yields
a free energy of �Greaction = −623.2 + 209.9 - (−291.5) = −121.8 kJ mol−1.

Potential natural sources of acetylene

Absent a strong environmental source of free acetylene to
the environment, there are several possible routes for acety-
lene to be created from intermediate precursor materials that
after being metabolized is readily consumed by acetylenotrophs,
hereby precluding its release into the open environment. Marine
algae produce trace amounts 1,2-dibromoethene (Gribble 1996;
Gribble 2003), which can be degraded to acetylene by pure cul-
tures of methanogenic bacteria (Belay and Daniels 1987). While
acetylene formation from 1,2-dibromoethene has only been
shown in the laboratory and has not been observed in the ocean,
we cannot rule out the possibility that this transformation is
occurring naturally in marine systems (Singh and Fabian 1999;
Simpson et al. 2015). An additional potential oceanic source
of acetylene-precursors is dimethylsulfoniopropionate (DMSP;
Fig. 5). In the ocean, DMSP is released as a product of phytoplank-
ton cell lysis, which is then broken down into more volatile com-
pounds by other bacteria into dimethyl sulfide (DMS), acetate,
acetaldehyde, acrylate and ethene (Plettner, Steinke and Malin

2005; Reisch, Moran and Whitman 2011). One possible cryptic
source of acetylene is conversion of acrylate to acetylene and
CO2 (decomposition) (Fig. 5).

Another possible source of acetylene could be decomposition
of naturally occurring higher alkynes. Alkynes are naturally pro-
duced by plants, fungi and microbes throughout diverse ecosys-
tems (Shi Shun and Tykwinski 2006; Yosef Friedjung et al. 2013;
Peñuelas et al. 2014). There are over 600 naturally occurring com-
plex alkynes known (Bohlmann, Burkhardt and Zdero 1973). The
ubiquity, low volatility and allelopathic utility of these higher
alkynes as a source of acetylene would explain the broad occur-
rence and persistence of acetylenotrophs in nature’s ecosys-
tems. Indeed, it is known that certain species of bacteria can
even produce short-chain acetylenic compounds such as propy-
noic acid (Bohlmann, Burkhardt and Zdero 1973), and numer-
ous enzymes have been identified that form terminal alkyne
bonds during alkyne biosynthesis (Edwards et al. 2004; Zhu et al.
2014; Zhu, Su and Manickam 2015). Support for this hypoth-
esis is seen by the work of de Bont and Peck (1980) where
their aerobic acetylenotroph, Rhodococcus sp. A1, was capable
of growing on propyne (e.g., methylacetylene, CH3C≡CH). In
addition, Pseudomonas spp. strains were isolated that degraded
but-2-ynedioic acid (e.g., acetylene dicarboxylic acid, HO2C-
C≡C-CO2H) (Yamada and Jakoby 1958) and prop-2-ynoic acid
(e.g., acetylene monocarboxylic (propynoic) acid, HC≡C-CO2H)
(Yamada and Jakoby 1959), in what is thought to be a hydra-
tion reaction. Bacteria and Fungi were also isolated that could
degrade prop-2-ynoic acid (de Bont, Scholten A, van and Tweel
1985) and propynol (CH3C≡C-OH) (de Bont, Scholten and van den
Tweel 1985; Van Den Tweel and de Bont 1985). It was postulated
from these studies that there are at least three hydratases capa-
ble of breaking the CC triple bond that are unique from the AHs
described above and specific for acetylene (Hartmans, de Bont
and Harder 1989). These findings further support our hypoth-
esis that acetylenotrophy is a ubiquitous microbial process on
modern Earth that is a cryptic part of the microbial food web.

Anthropogenic sources of acetylene

Conditions of the Anthropocene could be further selecting for
acetylene metabolism whereby the ancient AH enzyme was
kept at minimal levels but is now responding to anthropogenic
inputs of acetylene, e.g., from pollutant degradation (Roberts
et al. 1996; Arnold and Roberts 2000; Han et al. 2012; Schaefer
et al. 2015), industrial uses as a synthesis feedstock, in oxy-
acetylene torches or from the exhaust of motor vehicles (Sein-
feld and Pandis 1998). AH genes were detected in metagenomes
of fluidized bed reactors bioremediating a tropical diesel oil spill
(Rodrı́guez-Martı́nez et al. 2006) and as discussed above in a
TCE-contaminated aquifer (Miller et al. 2013). Although acety-
lene is not known to be present in diesel fuel, it is formed by
abiotic dehalogenation reactions of TCE with reduced iron min-
erals (Roberts et al. 1996; Arnold and Roberts 2000; Han et al. 2012;
Schaefer et al. 2015), and as such would provide a substrate for
acetylenotrophic organisms. Moreover, the overall goal of TCE-
bioremediation efforts is to stimulate complete dechlorination
of this and other halogenated alkenes, resulting in the accumu-
lation of ethylene (C2H4) as the desired innocuous end product
(Révész et al. 2014; Mao et al. 2015). Recent laboratory studies
have shown that acetylene-fermenting organisms can be used
to overcome acetylene-linked inhibition of TCE bioremediation
(Mao et al. 2017).
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CONCLUSIONS

Here, we reviewed what is known about acetylenotrophic
microorganisms and proposed the presence of a hidden acety-
lene cycle that could be supported by unknown sources of acety-
lene and fueling a microbial food web. Acetylenotrophy has been
observed in a variety of habitats sampled from all over the world
and there are likely unknown natural sources of acetylene in the
environment. With the paradigm in environmental microbiology
that ‘we only know what we’ve looked for’, this review highlights
the need to look in more depth at acetylene metabolism and to
search for yet unknown sources of naturally-derived acetylene.
Research may reveal that acetylenotrophs represent an impor-
tant control of global biogeochemical cycles by rapidly remov-
ing inhibitory acetylene and allowing for critical microbial func-
tions, e.g., methane oxidation and nitrogen cycling, to proceed
at the rates observed currently.

We further hypothesize that acetylenotrophy represents an
ancient mode of energy metabolism that has persisted in the
broad microbial genome through geologic time up to the present
day. Indeed, acetylenotrophy may have been sustained by evo-
lution from an anaerobic to aerobic metabolism in response
to oxidation of Earth and could help explain the variability in
the structure of anaerobic and aerobic AHs. With the genomics
revolution, we have an abundance of data that can be inter-
rogated to learn more about existing AHs and the diversity of
acetylenotrophs. These data can then be used to drive labora-
tory studies targeting acetylenotrophs and field studies to fully
explore the ubiquity and distribution of these organisms. Field
research is likely to reveal the importance of acetylene cycling
and acetylenotrophs in bioremediation, perhaps improving our
ability to cleanse the environment of toxic chlorinated solvents
(e.g., TCE) and other halogenated alkenes. Moreover, the possible
detection of acetylene in extraterrestrial bodies, e.g., the moons
of Saturn (Titan and Enceladus; (Matson et al. 2007), suggests the
possibility of a suitable exobiological habitat for extraterrestrial
microbial acetylenotrophs.
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