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Abstract 

Thermophilic acetogenic bacteria have attracted attention as promising candidates for biotechnological applications such as syngas 
fermentation, micr obial electr osynthesis, and methanol conv ersion. Her e , w e aimed to isolate and c har acterize novel thermophilic 
acetogens from diverse environments. Enrichment of heterotrophic and autotrophic acetogens was monitored by 16S rRNA gene- 
based bacterial community analysis. Seven novel Moorella strains were isolated and characterized by genomic and physiological anal- 
yses. Tw o Moor ella humiferr ea isolates show ed consider a b le differ ences during autotr ophic gr owth. The M. humiferrea LNE isolate (DSM 

117358) fermented carbon monoxide (CO) to acetate, while the M. humiferrea OCP isolate (DSM 117359) transformed CO to hydrogen 

and carbon dioxide (H 2 + CO 2 ), employing the water–gas shift reaction. Another carboxydotrophic hydro geno genic Moor ella str ain was 
isolated from the covering soil of an active c har coal burning pile and proposed as the type strain (ACPs T ) of the novel species Moorella 
carbonis (DSM 116161 T and CCOS 2103 T ). The remaining four novel str ains w ere affiliated with Moorella thermoacetica and showed, 
together with the type strain DSM 2955 T , the production of small amounts of ethanol from H 2 + CO 2 in addition to acetate. The phys- 
iological analyses of the novel Moorella strains r ev ealed isolate-specific differences that considera b l y incr ease the knowledge base on 

thermophilic acetogens for future applications. 

Ke yw ords: acetogen; biotechnology; carboxydotrophic hydro geno gen; Moorella thermoacetica ; thermophage; thermophile 
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Introduction 

Due to their metabolic flexibility, acetogens hav e attr acted at- 
tention as potential micr obial pr oduction platforms for biotech- 
nological applications . T hese r ange fr om the fermentation of in- 
dustrial waste gases (syngas, which is a mixture of H 2 , CO 2 , and 

CO) (Bengelsdorf et al. 2018 ) to other abundant and c hea p sub- 
str ates suc h as methanol (Cotton et al. 2020 ) or lignocellulosic 
carbohydrates (Rahayu et al. 2017 , Nguyen and Rabemanolontsoa 
2022 ). Additionall y, some acetogens wer e shown to utilize hydr o- 
gen (H 2 ) that was produced at electrodes in a process called mi- 
cr obial electr osynthesis (Ne vin et al. 2011 ). These tec hnologies 
offer se v er al adv anta ges for the establishment of a sustainable 
and circular economy by using c hea p and abundant resources 
or e v en waste pr oducts. Sim ultaneousl y, most a pplications r ecy- 
cle the greenhouse gas carbon dioxide (CO 2 ) into industrially rel- 
e v ant biocommodities and thereby contribute to the global ef- 
forts of pr e v enting climate warming. Moorella thermoacetica (for- 
merly Clostridium thermoaceticum ) was the second acetogenic bac- 
terium isolated in 1942 by Fontaine et al. ( 1942 ) from horse ma- 
nure. Wood and Ljungdahl used this microbe to elucidate the reac- 
tions of the r eductiv e acetyl-CoA pathway, also called the Wood–
Ljungdahl pathway (WLP) (Ragsdale 1997 ). The pathway consists 
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f a methyl br anc h r educing CO 2 to a methyl group and a car-
on yl br anc h r educing CO 2 to a carbon yl gr oup. Both br anc hes
onv er ge in the formation of acetyl-CoA, which is subsequently
ransformed to the fermentation product acetate. Reducing equiv- 
lents ar e pr ovided for this r eaction by an electr on-bifurcating
ydrogenase , oxidizing H 2 . T he WLP is an ener gy-neutr al path-
ay and energy conservation is achieved by building a chemios-
otic ion gradient via a membrane-bound complex consuming 

he r educing equiv alents . T he ion gradient is subsequently uti-
ized by an ATP synthase for the conservation of energy in the
orm of adenosine triphosphate (ATP). The genus Moorella has 
een established in 1994 and hitherto described species comprise 
. thermoacetica (Fontaine et al. 1942 ), Moorella glycerini (Slobod-

in et al. 1997 ), Moorella mulderi (Balk et al. 2003 ), Moorella humi-
errea (Nepomn yashc haya et al. 2012 ), Moorella stamsii (Alves et al.
013 ), Moorella sulfitireducens (Slobodkina et al. 2022 ), and Moorella
aeni (Vecchini Santaella et al. 2023 ). Autotrophic growth on H 2 

 CO 2 has been described for M. thermoacetica (Kerby and Zeikus
983 ) and M. mulderi (Balk et al. 2003 ). Moorella sulfitireducens was
escribed to utilize H 2 only as an electron donor when sulfite
as provided as an electron acceptor (Slobodkina et al. 2022 ). Au-

otr ophic gr owth on CO has been described for M. thermoacetica
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Table 1. Enrichment and isolation strategies conducted for the novel Moorella isolates. 

Isolate Inoculum Medium Substr a te/temper a ture Subcultiv a tion Isolation 

KAM Hot spring sediment, 
Kamchatka Peninsula 

D-medium: omitting 
tryptone and glucose, 
r educing yeast extr act to 2 g/l 

H 2 + CO 2 (66%/33%)/65 ◦C Methanol 
(30 mM) 

M-medium plates 

BGP Pasteurized sludge from 

biogas plant, Rosdorf, 
Germany 

G-medium: reducing yeast 
extract to 0.05 g/l 

H 2 + CO 2 (66%/33%)/60 ◦C CO (50%) M-medium plates 

COM Pasteurized compost sludge 
from composting plant, 
Göttingen, Germany 

C-medium: reducing yeast 
extract to 0.5 g/l 

DMG (30 mM)/60 ◦C CO (50%) M-medium plates 

MBA Compost sludge from waste 
mana gement plant, Rostoc k, 
Germany 

T-medium: adding 0.05 g/l 
yeast extract and BES 
(10 mM) 

Methanol (100 mM)/60 ◦C CO (50%) M-medium plates 

LNE Pasteurized Leine river 
sediment, Göttingen, 
Germany 

M-medium H 2 + CO 2 (66%/33%)/60 ◦C CO (50%) CO dilution series 

OCP Pasteurized soil from 

beneath an old charcoal 
burning pile location, 
Hasselfelde, Germany 

M-medium Vanillate (5 mM)/60 ◦C CO (50%) M-medium plates 

ACPs Pasteurized soil covering an 
activ e c harcoal burning pile, 
Hasselfelde, Germany 

M-medium Vanillate (5 mM)/60 ◦C CO (50%) M-medium plates 
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Kerby and Zeikus 1983 ), M. glycerini (Alves et al. 2013 ), M. stamsii
Alves et al. 2013 ), M. sulfitireducens (Slobodkina et al. 2022 ), and
. caeni (Vecchini Santaella et al. 2023 ). Only M. humiferrea was
escribed to not gr ow autotr ophicall y (Nepomn yashc haya et al.
012 , Alves et al. 2013 ). The major fermentation product during
utotr ophic gr o wth of acetogenic Moorella species w as acetate;
o w e v er, the str ains Moorella sp. HUCC22-1 and M. thermoacetica
72 w ere sho wn to also produce small amounts of ethanol when
rown on H 2 + CO 2 (Sakai et al. 2004 , Kim ur a et al. 2016 ). Moorella
hermoacetica Y72 was additionally able to produce small amounts
f gl ycer ol. The species M. stamsii and M. caeni do not produce or-
anic acids as fermentation products during autotrophic growth
nd instead employ the water–gas shift r eaction, tr ansforming
O to H 2 and CO 2 . Char acteristicall y, bacteria fr om the genus
oorella show optimal growth at temper atur es ar ound 60 ◦C and

her efor e r epr esent one of fe w examples for thermophilic aceto-
ens. Other examples of thermophilic acetogens are Thermoanaer-
bacter kivui , Thermacetogenium phaeum , and the most r ecentl y iso-
ated Aceticella autotrophica (Leigh et al. 1981 , Hattori et al. 2000 ,
rolov et al. 2023 ). In contrast to mesophilic acetogens utiliz-
ng the Rnf complex for energy conservation, thermophilic ace-
ogens have been shown to conserve energy during autotrophic
ro wth b y emplo ying a membr ane-bound ener gy-conv erting hy-
r ogenase, the Ec h complex (Sc huc hmann and Müller 2014 , Kat-
yv and Müller 2022 , Frolov et al. 2023 ). Two variants of the Ech
omplex were found in thermophilic acetogens . T he Ech1 complex
hows similarities to the bacterial formate hydr ogenl yase com-
lex, while the Ech2 complex shows similarities to archaeal hy-
rogenase systems (Hess et al. 2014 ). The elevated growth tem-
er atur es of thermophilic acetogens could pr ovide se v er al adv an-
a ges in biotec hnological pr ocesses, due to lo w er ed costs for r e-
ctor cooling facilitated r etrie v al of volatile pr oducts, and lo w er
ontamination risks (Wiegel et al. 1985 , Taylor et al. 2009 , Bisaria
nd Kondo 2014 ). Furthermore, the genus Moorella , together with
he exclusiv el y acetogenic genus Sporomusa , is the only acetogenic
acterium described to possess both cytoc hr omes and quinones
Rosenbaum and Müller 2021 ). This is of particular importance
s cytoc hr omes and quinones ar e hypothesized to enable addi-
ional routes for energy conservation as potential alternatives to
he Ech complex (Rosenbaum and Müller 2023 ). Possible alterna-
iv e ener gy-conserving systems utilizing cytoc hr omes or quinones
re the hetereodisulfide reductase subunits together with both
ubunits of the methylene-THF reductase (metFVHdrABCMvhD
omplex) and the fixABCX complex (Rosenbaum and Müller 2021 ,
r emp et al. 2022 ). Alternativ e ener gy conserv ation systems in the
enus Moorella could provide a considerable advantage in terms
f energy efficiency over cytochrome-free and quinone-free ace-
ogens . Furthermore , most acetogenic Moorella species naturally
ossess the ability to grow under a 100% CO atmosphere, with-
ut the r equir ement for prior adaptation to CO as required for T.
ivui (Weghoff and Müller 2016 ). Potential biotechnological appli-
ations of Moorella strains include the fermentation of (lignocel-
ulosic) carbohydrates (Ehsanipour et al. 2016 , Rahayu et al. 2017 ,
guyen and Rabemanolontsoa 2022 ), the fermentation of synthe-

is gas (Sakai et al. 2005 , Jia et al. 2023 , Kato et al. 2024 ), and mi-
r obial electr osynthesis (Shin et al. 2003 , Yu et al. 2017 , Chen et
l. 2018a , Ha et al. 2022 ). Additionally, acetogenic bacteria sho w ed
he highest energetic efficiency for the conversion of methanol or
ormate . Hence , they are optimal candidates for biocatalysts em-
lo y ed in an economy based on these one-carbon substrates as
eedstocks (Claassens et al. 2019 , Müller 2019 , Cotton et al. 2020 ).
ere, we isolated novel Moorella strains from diverse environmen-

al samples and e v aluated their a pplicability for biotec hnological
pplications by physiological and genomic characterizations. 

ethods 

nrichment, isolation, and cultiv a tion of Moorella 

trains 

nric hment cultur es wer e pr epar ed with a v ariety of differ ent
edia compositions , substrates , and inocula under sterile and

naerobic conditions (Table 1 ). For enrichments performed at the
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University of Göttingen (isolates KAM, BGP, COM, LNE, OCP, and 

ACPs), the following cultivation scheme was conducted. Environ- 
mental samples wer e dissolv ed (50% w/v) in phosphate buffered 

saline (PBS) buffer (NaCl, 8 g/l; KCl, 0.2 g/l; Na 2 HPO 4 , 1.42 g/l; 
KH 2 PO 4 , 0.24 g/l) and selected inocula wer e additionall y pas- 
teurized at 80 ◦C for 10 min to select for spore-forming bacte- 
ria. Enric hment cultur es wer e inoculated with 20 μl of this solu- 
tion. Cultiv ations wer e conducted using the media r ecipes pr o- 
vided by the German Collection of Micr oor ganisms and Cell Cul- 
tur es (DSMZ, Br aunsc hweig, German y) DSM 60 (D-medium) and 

DSM 879 (C-medium), as well as the media described in Redl et 
al. ( 2020 ) (M-medium) and Groher and Weuster-Botz ( 2016 ) (G- 
medium). Carbon sources and complex substrates were omitted 

from the media, and yeast extract was reduced to concentrations 
r anging fr om 0.05 to 2 g/l to reduce the growth of amino acid- 
fermenting bacteria. Autotrophic enrichments were performed in 

500 ml Afnor flasks (Ochs , Bo venden, Germany) sealed with a 
butyl rubber septum and filled with 100 ml medium sparged for 
2 min with a H 2 + CO 2 (66%/33%) mixture adding a final over- 
pr essur e of 2 bar. Heter otr ophic enric hments wer e performed in 

Hungate tubes with 10 ml medium and vanillate (5 mM), syringate 
(5 mM), N ,N -dimethylglycine (DMG) (30 mM), or betaine (30 mM) 
as carbon sources. Vanillate and syringate were added to the me- 
dia prior to autoclaving, while DMG and betaine were added from 

sterile anaerobic stock solutions after autoclaving the media. All 
enric hments wer e performed at 60 ◦C–65 ◦C and autotrophic cul- 
tur es wer e incubated horizontall y to incr ease the interface be- 
tween medium and atmosphere . T he isolate MBA was enriched at 
the University of Rostock with the following cultivation approach.
The compost sample was resuspended (0.1%, w/v) in the modified 

DSM 171 medium, which was described in Basen et al. ( 2018 ) (T- 
medium) and supplemented with 2-bromoethanesulfonate (BES). 
The resuspension was transferred in a volume of 20 ml to 500 ml 
Afnor flasks filled with 180 ml T-medium and methanol (100 mM) 
as a substrate . T he culture was incubated at 60 ◦C at 150 rpm and 

tr ansferr ed four times e v ery 48 h as described for the transfer of 
the resuspension. All enriched Moorella strains were isolated by 
cultivation in M-medium on methanol or CO (50%, v/v), diluted in 

N 2 /CO 2 (80%/20%) as a substrate and subsequent plating on M- 
medium plates with GELRITE (10 g/l) (Roth, Karlsruhe, Germany) 
and fructose (30 mM). Colonies were singularized after 1 week 
of incubation in an anaerobic jar at 60 ◦C and purified by dilu- 
tion streaking twice. For isolates not growing on solid medium,
serial dilutions were performed twice with cultures grown on CO 

using the highest dilution showing growth to inoculate the sub- 
sequent dilution series. After isolation, cultures were routinely 
grown in M-medium containing yeast extract (0.5 g/l) and fructose 
(30 mM) as a substrate inoculated to an OD 600 of 0.01. The Moorella 
strains M. thermoacetica DSM 2955 T , DSM 521 T , and DSM 103132,
and M. humiferrea DSM 23265 T were cultivated from lyophilisate 
obtained from the DSMZ. For the physiological c har acterizations,
the temper atur e optima wer e inv estigated by incubation at tem- 
per atur es r anging fr om 30 ◦C to 75 ◦C in 5 ◦C intervals. NaCl and pH 

optima were investigated at the respective temperature optima of 
the strains. NaCl optima were determined by cultivation at NaCl 
concentr ations r anging fr om 0% to 1% in 0.2% interv als and fr om 

1% to 5% in 1% intervals. pH optima were obtained by setting the 
pH to 4–10 in 0.5 intervals, using HCl and NaOH. Gram staining 
was carried out following the Claus protocol (Claus 1992 ). Sub- 
strate utilization was evaluated by cultivation in Hungate tubes 
adding substr ates fr om sterile anaer obic stoc k solutions to a fi- 
nal concentration of 30 mM. The utilization of electron accep- 
tors was e v aluated with gl ycer ol (30 mM) and fructose (30 mM) as 
lectron donors and sodium thiosulfate (30 mM), sodium sulfite 
30 mM), sodium sulfate (30 mM), sodium nitrite (30 mM), sodium
itrate (30 mM), sodium perchlorate (30 mM), dimethyl sulfoxide 

DMSO) (30 mM), fumarate (10 mM), and 9,10-anthraquinone-2,6- 
isulfonate (AQDS) (10 mM) as electr on acceptors. Gr o wth w as
easur ed thr oughout the course of 72 h with cultures without

lectron acceptors as negative control. For the physiological char- 
cterizations and substrate tests, OD measurements were per- 
ormed in Hungate tubes at 600 nm and cultures in triplicates.
utotr ophic gr owth tests in pur e cultur e wer e performed in 500 ml
fnor flasks with 50 ml M-medium (yeast extract 0.5 g/l) modified,
ccording to the optimal NaCl concentration and pH assessed for
he r espectiv e str ain. Cultur es wer e incubated horizontall y at the
 espectiv e temper atur e optim um of the isolate and gro wth w as
easured at 600 nm in triplicates using the spectrophotometer 
PA S800 (Bioc hr om, Berlin, Germany). Moorella thermoacetica DSM

955 T was the best gr owing str ain on H 2 + CO 2 and methanol in
he study of Redl et al. ( 2020 ), and it was employed as a r efer ence
train for growth cultivated in M-medium at 60 ◦C. Cellular fatty
cid pr ofile anal ysis was performed with the identification service
rovided by DSMZ. Acetate and ethanol concentrations were de- 
ermined by gas c hr omatogr a phy (GC), as described in Baum et
l. ( 2024 ). Headspace concentrations of CO, CO 2 , and H 2 during
utotr ophic gr o wth w ere determined b y GC using an SRI 8610C
as c hr omatogr a ph (SRI Instruments, Earl St., Torrance , USA). T he
 hr omatogr a ph was equipped with a thermal conductivity detec-
or, a silica gel packed column (length 2 m, outer diameter 1/8
n.) (SRI Instruments), and a molecular sie v e 13X pac ked column
length 2 m, outer diameter 1/8 in.) (SRI Instruments). 

acterial community analysis of enrichment 
ultures 

utotr ophic enric hment cultur es wer e sampled in a volume of
 ml and heter otr ophic enric hment cultur es wer e sampled in a
olume of 2 ml. Cell pellets were obtained by centrifugation at
8 000 × g for 2 min and subsequently dissolved in 150 μl PBS
uffer. Initial cell lysis was performed by the addition of 5 μl of

ysozyme (100 mg/ml) and incubation at 37 ◦C for 30 min. Pro-
ein precipitation and nucleic acid purification were performed 

ith the MasterPure Complete DNA and RNA Purification Kit 
Epicentr e, Madison, USA) following the manufactur er’s instruc- 
ions for cell samples . T he bacterial community was assessed
y amplification and sequencing of the V3/V4 region of the
6S rRNA gene following the protocol as described in Berkel-
ann et al. ( 2020 ). Amplicon data analysis was performed with

he NGS-4-ECOPROD pipeline (v0.1, https:// github.com/ dschnei1/ 
gs4ecopr od ) (Sc hneider 2023 ). Briefly, quality filtering of raw
equencing data was performed with fastp (v0.23.2) (Chen et 
l. 2018b ). Forw ar d and r e v erse r eads wer e trimmed using Cu-
adapt (v3.3 with PYTHON 3.7.3) (Martin 2011 ) and merged with
SEARCH (v2.12.0) (Rognes et al. 2016 ). All samples were com-
ined into a single file using an inhouse bash script. VSEARCH

v2.12.0) (Rognes et al. 2016 ) and the pipeline UNOISE3 (Edgar
nd Fl yvbjer g 2010 ) wer e utilized to perform size sorting and fil-
ering of all sequences smaller than 300 bp, as well as denois-
ng and dereplication of amplicon sequences. Chimera removal 
as performed using UCHIME3 (Edgar 2016 ), first with the de novo
ethod (uchime3_denovo) and subsequently with the reference- 

ased method (uc hime_r ef) using the SILVA SSU database (v138.1).
mplicon sequence variants were combined with read counts 

o create an abundance table and taxonomic assignments 
ere obtained by using the Bayesian LCA-based taxonomical 

https://github.com/dschnei1/ngs4ecoprod
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lassification method (BLCA) with the SILVA SSU database (v138.1)
Gao et al. 2017 ). If the confidence score of an assigned taxon-
my le v el fell below the 80% threshold, the respective taxonomic
e v el was c hanged to unclassified. Relativ e abundances wer e vi-
ualized in RStudio using the pac ka ges ampvis2 (v2.7.31) (Ander-
en et al. 2018 ) and ggplot2 (v3.4.1) (Wickham 2016 ). Sequences
r om c hlor oplasts , eukaryote , mitoc hondria, and arc haea wer e fil-
ered out. Bacterial amplicon sequence variants (ASVs) with abun-
ances under 2% were summarized under the term low abun-
ance. 

enome sequencing, assembly, and annotation 

N A w as isolated as described for the bacterial comm unity anal y-
is. Illumina sequencing libr aries wer e pr epar ed using the Nexter a
T DNA Sample Pr epar ation Kit (Illumina, San Diego, CA, USA)
nd sequenced with a MiSeq system and v3 chemistry (600 cy-
les), following the instructions of the manufacturer (Illumina).
he Nanopore sequencing libraries were prepared with 1.5 μg
igh molecular weight DNA, using the Ligation Sequencing Kit 1D

SQK-LSK109) and the native barcode expansion kit (EXP-NBD114),
s recommended by the manufacturer (Oxford Nanopore Tech-
ologies, Oxford, UK). Nanopore sequencing was conducted for
2 h with the MinION device Mk1B, the SpotON flow cell R9.4.1,
nd the MinKNOW software (v22.10.7) following the instructions
f the manufacturer (Oxford Nanopore Technologies). Demulti-
lexing and base calling of Nanopore sequencing data were per-
ormed with the Gupp y softw are in high accuracy (HAC) mode
v6.4.2). Long-read de novo genome assemblies were performed fol-
owing the suggested Trycycler workflow for bacterial genome as-
emblies by Wick et al. ( 2023 ). Briefly, quality control and adapter
rimming of paired-end Illumina sequences were performed with
astp (v0.23.2) (Chen et al. 2018b ) and Trimmomatic (v0.39; LEAD-
NG: 3, TRAILING: 3, SLIDINGWINDOW: 4:15, and MINLEN:50) (Bol-
er et al. 2014 ). Por ec hop (v0.2.4) was used for adapter trimming
f Nanopor e r eads, whic h wer e subsequentl y filter ed with Filtlong
v0.2.1) to a minimal read length of 1 kb, discarding the worst 5%
f sequences in terms of quality. Long reads were subsampled 24
imes with Trycycler (v0.5.3) (Wick et al. 2021 ) and eight subsets
r om eac h wer e used as input for the long-read assemblers Flye
v2.9.1) (K olmogoro v et al. 2019 ), Canu (v2.2) (K oren et al. 2017 ),
nd Raven (v1.8.1) (Vaser and Šiki ́c 2021 ). Assemblies were com-
ined to a single consensus sequence with Trycycler and the con-
ensus sequence was polished with the full long-read data using
edaka (v1.5.0) and finally polished with the processed short-

ead sequences using Polypolish (v0.5.0) (Wick and Holt 2022 ).
enomes were reorientated to start with the dnaA gene using the
xstart function of Circlator (v1.5.5) (Hunt et al. 2015 ). Genome an-
otations were performed with Prokka (v1.14.6) (Seemann 2014 )
nd quality assessment of the final genome assemblies was con-
ucted with CheckM2 (v1.0.2) (Chklovski et al. 2023 ). Visualization
f gene clusters were performed with clinker (v.0.0.28) (Gilchrist
nd Chooi 2021 ). 

enome-based metabolic and phylogenomic 

nalysis 

he phylogenomic analysis was performed with Moorella genome
equences available at NCBI Genbank/JGI GOLD using p y ani
v0.2.12) (Pritchard et al. 2016 ) and the MUMmer alignment op-
ion (Marçais et al. 2018 ) assessing av er a ge nucleotide identities
ANIm). The assembly accession numbers of analyzed reference
enomes are listed in Table S1 . Unique orthologous groups (OGs)
 ere identified b y r eannotating e v ery Moorella genome sequence
ith Prokka (v1.14.6) and subsequent orthology analysis using
roteinortho (v6.0.31) (Lechner et al. 2011 ) with an identity thresh-
ld of 50% and an e-value of 1e −10 . Unique OGs were visualized in
 with the ggplot2 pac ka ge (v3.4.1) (Wickham 2016 ). 

r opha ge activity screening 

r opha ge activity screenings for spontaneously released
r opha ges wer e performed for all se v en nov el Moorella isolates.
urthermor e, the following r efer ence str ains wer e inv estigated:
. thermoacetica DSM 521 T , M. thermoacetica DSM 2955 T , M. ther-
oacetica DSM 103132, and M. humiferrea DSM 23265 T . Cultures
er e gr own to the late exponential phase and harvested in a
olume of 10 ml by centrifugation at 2600 × g for 5 min. The
upernatant was sterile filtered with a 0.45- μm filter (Sarstedt,
ümbr ec ht, German y) to r emov e r emaining bacterial cells.
ubsequentl y, 20 μl of l ysozyme (100 mg/ml in ddH 2 O) (Serv a,
eidelber g, German y), 20 μl of DNase I (1 U/ μl) (Epicentre), and
0 μl of RNase A (5 μg/ μl) (Epicentr e) wer e added to the solution
nd incubated at 37 ◦C o vernight. T he following day, the solution
as centrifuged at 36 000 × g for 2 h at room temperature in
 DU PONT OTD 50B ultracentrifuge (Thermo Fisher Scientific,
altham, USA). The supernatant was discarded and the resulting

hage pellet was resuspended in 100 μl of TKM buffer [10 mM
ris–HCl (pH 7.5), 10 mM KCl, and 1 mM MgCl 2 ] and stored at 4 ◦C.
or the DNA isolation from the dissolved phage pellets, the DNase
 was first inactivated by incubation at 75 ◦C for 10 min. Protein
recipitation and nucleic acid purification from the solution were
ontinued as described for the MasterPure Complete DNA and
NA Purification Kit (Epicentre) by the manufacturer’s instruc-
ions for cell samples. DN A w as subjected to Illumina MiSeq
equencing and adapter removal was performed as described
or genome sequencing. The obtained data were mapped to the
 espectiv e r efer ence genomes with Bowtie2 (v2.4.4) (Langmead
nd Salzberg 2012 ) and visualized with the BRIG software (v0.95)
Alikhan et al. 2011 ). SAM files of the Bowtie2 mapping were
onverted to cov er a ge gr a phs with the r espectiv e BRIG module,
sing window size 1 and setting the maximal cov er a ge gr a ph
 alue to 700. Pr opha ge and genomic island predictions were
dded from PHASTEST (Wishart et al. 2023 ) and Island Viewer 4
Bertelli et al. 2017 ). The nucleotide sequence of regions showing
ctivity in the pr opha ge scr eening was extr acted and annotated
ith Pharokka (v1.3.2) (Bouras et al. 2023 ). Phage sequences were

eorientated to begin with the large subunit terminase gene and
lotted using the corresponding Pharokka functions. 

esults and discussion 

acterial community analysis of enrichment 
ultures 

 he en vironmental samples sho w ed a v ery div erse and inoculum-
pecific bacterial community composition (left bar in Fig. 1 A–G).
6S rRNA gene sequences corresponding to members of the genus
oorella were not detected in six of the seven environmental sam-
les, with the exception of the resuspended compost sludge from
ostock (MBA_Ref; 7.12% Moorella ). Nevertheless, Moorella was suc-
essfull y enric hed fr om e v ery envir onmental sample . T his implies
hat Moorella bacteria were present in low abundances under the
etection threshold of the performed 16S rRNA amplicon survey-

ng effort and potentially also present in the form of endospores.
or the autotrophic enrichment cultures grown on H 2 + CO 2 , bac-
eria from the genus Moorella were detected after 3.5–7 days of
ncubation (Fig. 1 A–C). Heter otr ophic enric hments with v anillate

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
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Figure 1. Bacterial community composition of seven thermophilic enrichment cultures by 16S rRNA gene-based amplicon analysis . T he first samples 
for each enrichment panel (A–G) depict the assessed bacterial community of the inocula of the enrichment cultures (-Ref). The following sample code 
was utilized for the enrichment cultures: inoculum-medium temperature-substrate day. Media utilized comprise D-medium (D), M-medium (M), 
G-medium (G), C-medium (C), and T-medium (T). Incubation temper atur es of 60 ◦C and 65 ◦C were utilized. The enrichments were performed with the 
substrates H 2 + CO 2 (H), methanol (M), vanillate (V), syringate (S), DMG (D), and betaine (B). The figure visualizes the enrichments from hot spring 
sediment from Kamchatka (Russia) (KAM, A), Leine river sediment from Göttingen (Germany) (LNE, B), sludge from the biogas plant in Rosdorf 
(Germany) (BGP, C), soil beneath an old c harcoal pile location in Hasselfelde (German y) (OCP, D), soil cov ering an activ e c harcoal burning pile in 
Hasselfelde (Germany) (ACPs, E), compost sludge from the composting plant in Göttingen (Germany) (COM, F), and compost sludge from the waste 
management plant in Rostock (Germany) (MBA, G). The colour legend to the right of barcharts shows the assigned bacterial taxonomy on the phylum, 
family, and genus levels by BLCA. For phylogenetic le v els with BLCA confidence scores lo w er than 80%, the bacterial phylum (p), family (f), or genus (g) 
was changed to unclassified. Bars from the genus Moorella are highlighted in green. 
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ead to Moorella growth after 4 days for the OCP enrichment and
fter 11 days for the ACPs enrichment (Fig. 1 D and E). The high-
st r elativ e Moorella abundance was detected after 11 days in both
nrichments with 17.64% for ACPs and 24.64% for OCPs. Enrich-
ents with syringate as a substr ate onl y sho w ed Moorella gro wth

n the OCP enrichment after 11 days of incubation with a r elativ e
bundance of 4.04%. No growth of Moorella was detected in en-
ichments on betaine. DMG leads to a growth of 7.29% Moorella in
he COM enrichment after 4 days (Fig. 1 F). The enrichment culture
n methanol sho w ed a r elativ e abundance of 32.80% for Moorella
lready in the first sample taken after 48 h (Fig. 1 G). Besides the
r owth of Moorella , se v er al nonacetogenic gener a, whic h sho w ed
ubstr ate-unspecific gr owth on the different media used for en-
ic hments, wer e detected. Se v er al gener a fr om the famil y Bacil-
aceae were present, particularly in samples taken during the first
ays of enrichment. These bacteria utilize trace amounts of ni-
rite or nitr ate deriv ed fr om the oxidation of or ganic matter intr o-
uced by the inocula or the added yeast extract as terminal elec-
ron acceptors during anaerobic growth. (Nakano and Zuber 1998 ).
ther abundant bacteria in the enrichments were members of

he genera Thermoanaerobacter , Thermoanaerobacterium , Tepidimicro-
ium , Clostridium sensu stricto 7, Desulfotomaculum , Desulfohalotomac-
lum , Fonticella , Caldanaerobius , Thermosediminibacter , and Pseudo-
lostridium , and the families Sporomusaceae , Calor amator aceae , and
ymbiobacteraceae . These bacteria gr e w heter otr ophicall y with the
 east extract emplo ying the Stic kland r eaction (Slobodkin et al.
006 , Lee et al. 2008 , Fraj et al. 2013 ). Furthermore, enrichments
ontained putative acetate-oxidizing syntrophs from the genera
yntrophaceticus and Tepidanaerobacter (Müller et al. 2013 ). Het-
r otr ophic enric hment cultur es also contained substr ate-specific
r owth of likel y nonacetogenic bacteria. For example, enrich-
ents with syringate lead to high r elativ e abundances of an un-

ultur ed bacterium fr om the genus Desulfitibacter . The most simi-
ar hit by BLASTn from NCBI was the uncultured bacterium MW-
37 that was isolated from water-flooded petroleum reservoirs
rom the Huabei Oilfield in China with 97.18% and the Zhaonella
ormicivorans type strain DSM 107278 T isolated from the Shengli
ilfield in China with 96.96% (Tang et al. 2012 , Lv et al. 2020 ).
he genus Zhaonella forms a monophyletic group with the genera
alderihabitans , Desulfitibacter , and Moorella . Zhaonella formicivorans
as described to grow with betaine , formate , and methanol. In-
eed, the uncultured bacterium enriched with syringate was also
etected in enrichments with betaine and DMG. Ho w ever, gro wth
ith syringate was not tested for Z. formicivorans . Although the
raft genome contained a full set of genes for acetogenesis, Z.

ormicivorans was described as nonacetogenic as no growth oc-
urred with H 2 + CO 2 as a substrate (Lv et al. 2020 ). Growth on
ethoxylated compounds has been mostly described for aceto-

ens, while other bacteria usually require the presence of organic
r inor ganic electr on acceptors suc h as fumar ate, nitr ate, or sul-
ate (Khomyak ov a and Slobodkin 2023 ). For heter otr ophic culti-
ation of Moorella , methanol and vanillate were the most suc-
essful substrates in our enrichments. As syringate does contain
ne methoxyl group more than vanillate, it theoretically provides
wice the energy for growth by O -demethylation. Pure cultures
rown with syringate were shown to ac hie v e higher optical den-
ities than pur e cultur es gr own with v anillate (Daniel et al. 1988 ).
o w e v er, in our enric hment cultur es, the employment of v anil-

ate resulted in faster Moorella gr owth compar ed to syringate as
ubstrate . T his is likely caused by the facilitated accessibility of
ethyltr ansfer ases to the methoxyl group in vanillate than in sy-

ingate. 
enomic char acteriza tion 

hylogenomic analysis 
enome features for the novel Moorella strains are summarized

n Table S2 . Genome assemblies of the novel Moorella isolates
ielded single replicons with sizes ranging from 2.4 to 2.8 Mb. The
C content varied from 53% to 56%. CheckM2 assessed genome
ompleteness of 99.75%–99.99% and contamination scores from
% to 0.21%. All isolates encoded two complete rRNA gene clus-
ers and at least one CRISPR repeat. To obtain a phylogenetic
lassification of the novel Moorella isolates, we performed a phy-
ogenomic analysis with ANIm (Fig. 2 ). Genome sequences were
ompared between our Moorella isolates and Moorella genome se-
uences, including metagenomic assembled genomes (MAGs). As
 threshold for species assignment, a percentage identity of 95%
as applied (Goris et al. 2007 ). The majority of genome sequences

ormed a phylogenomic cluster corresponding to the species M.
hermoacetica , including the novel Moorella isolates KAM, BGP, COM,
nd MBA. The M. thermoacetica strains DSM 521 T , DSM 2955 T , ATCC
5608 T , DSM 6867, and ATCC 39079 were with more than 99.96%
dentity to each other more identical than other M. thermoacetica
solates. Other M. thermoacetica isolates sho w ed highest identities
 anging fr om 98.49% to 99.18%. Our isolates KAM, BGP, COM, and
B A w ere most identical to M. thermoacetica DSM 7417 with ANIm

alues of 99.04%, 98.97%, 99.06%, and 99.05%, r espectiv el y. To-
ether with the Bu11 MA G , the isolates OCP and LNE formed a
hylogenomic cluster corresponding to the species M. humiferrea .
oorella humiferrea LNE sho w ed an identity of 98.26% and M. humi-

errea OCP sho w ed an identity of 98.07% to the type strain M. humi-
errea DSM 23265 T . The genome of the isolate ACPs was most iden-
ical to the genomes of E306M (93.24%) and E308F (93.26%), which
orrespond to a novel, hitherto, unpublished Moorella species. Con-
erning described Moorella isolates, the strain ACPs were most
dentical to M. mulderi DSM 14980 T (90.64%) and M. stamsii DSM
6217 T (89.91%). All determined identities fall below the species
hreshold of 95%, and thereby imply that ACPs represents a novel
pecies in the Moorella genus. We are proposing the species name
. carbonis for the ACPs isolate. 

enome-based metabolic analysis 
fter obtaining a phylogenomic classification of the novel Moorella

solates, we performed a genome-based functional prediction to
ssess the differences between the novel isolates and other avail-
ble Moorella str ains. Pr otein sequences fr om all Moorella genomes
er e cluster ed to OGs with Pr oteinortho. The genus Moorella

ormed a pan genome of 9993 OGs, of which 1286 OGs represented
he core genome. OGs not present in other Moorella genomes were
efined as unique OGs and grouped to a re presentati ve species
ased on the pr e vious phylogenomic analysis (Fig. 3 ). Moorella glyc-
rini DSM 11254 T (628), M. sp. Hama-1 (457), M. sulfitireducens DSM
10068 T (427), and M. mulderi DSM 14980 T (366) contained the
ighest number of unique OGs, follo w ed b y the species Moorella
p. E308F/E306M (232/216), M. caeni DSM 21394 T (187), and M. car-
onis (186). Moorella humiferrea DSM 23265 T (103) and M. stamsii
SM 26217 T (12) contained the least number of unique OGs com-
ared to the type strain genomes of other Moorella species . T he
enome of M. carbonis contained unique OGs, encoding propane-
iol/ethanolamine utilization proteins ( pdu cluster). The structure
f the pdu cluster in M. carbonis was similar to the pdu clusters de-
cribed for Salmonella typhimurium and Acetobacterium woodii ( Fig.
1 ). In addition to propanediol utilization proteins, this gene clus-
er has been shown to encode proteins allowing the self-assembly

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
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Figure 2. Phylogenomic analysis of novel and available Moorella genome sequences. The plot visualizes the ANIm percentage identity from 0% to 70% 

in grey, 70% to 95% in blue, and 95% to 100% in red. Genome sequences derived from metagenomic assembled genomes are marked by (MAG) and 
genome sequences of novel Moorella isolates from this study are highlighted in green. Assembly accession numbers of all genomes analyzed are listed 
in Table S1 . 
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of bacterial microcompartments to protect the cell from the toxic 
propionaldehyde intermediate during 1,2-propanediol degrada- 
tion (Bobik et al. 1999 , Sc huc hmann et al. 2015 ). The pr esence of 
a pdu gene cluster in acetogens varies from species to species and 

does not follow phylogenetic patterns. Other examples for ace- 
togens with a pdu gene cluster are Acetonema longum (Kane and 

Breznak 1991 ), Clostridium carboxidivorans , Clostridium scatologenes ,
and Eubacterium limosum (Sc huc hmann et al. 2015 ). Degradation 

of rhamnose and fucose derived from plant cell material is the 
major source of 1,2-propanediol in anaerobic environments (Dank 
et al. 2021 ). Other unique OGs of M. carbonis encoded a perme- 
ase for sialic acid, xylulose kinase, carbon monoxide dehydroge- 
nase, phosphopantetheine aden yl yltr ansfer ase, 1,4-dihydr oxy-2- 
na phthoyl-CoA hydr olase , NADH oxidase , 4-hydroxybutyryl-CoA 

dehydratase, and subunits HndA/HndD of an NADP-reducing hy- 
drogenase . T he M. humiferrea isolates OCP and LNE possessed 

71 and 125 unique OGs . T he latter isolate LNE encoded two 
unique genes annotated as 1,3-propanediol dehydrogenase and 

a gene encoding an aldeh yde–alcohol deh ydrogenase . T he M. ther- 
oacetica type strains and the other highly similar strains iden-
ified in the ANIm analysis contained 4–28 unique OGs, while 6–
6 unique OGs were identified in the remaining M. thermoacetica
enomes . T he only execption was M. thermoacetica DSM 103132,
ontaining 320 unique OGs . T he isolate KAM contained 32 unique
Gs, including genes encoding a xanthine permease, putative 

hiosulfate sulfurtr ansfer ase, and gl ycer ol kinase . T he isolates
GP, COM, and MBA contained 83, 6, and 52 unique OGs, respec-
iv el y, of whic h most were assigned hypothetical functions or
id not confer unique metabolic traits. After the identification of
nique genomic traits, the genomes of the novel Moorella isolates
er e anal yzed with r egar d to genes inv olved in acetogenesis. Ev-
ry genome of the Moorella isolates encoded a trimeric electron-
ifur cating hydrogenase ( h yd ABC) (Wang et al. 2013 ) and a dimeric
lectr on-bifurcating tr anshydr ogenase ( nfn AB), linking the r edox
ool of NADH and reduced ferredoxin to the cellular redox pool
f NADPH (Huang et al. 2012 ). Recently, a hexameric hydroge-
ase (HydABCDEF) was purified from M. thermoacetica DSM 521 T ,
atal yzing H 2 -dependent r eduction of NADP (Rosenbaum and

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
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Figure 3. Detected unique OGs in novel and published Moorella genomes clustered by species . No vel Moorella isolates from this study are highlighted in 
green and the species colour code is shown on the right. 
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üller 2024 ). The r espectiv e gene structur e was identified in all
enomes of novel M. thermoacetica isolates, but was absent in the
CPs, OCP, LNE, and the M. humiferrea type strain DSM 23265 T 

enomes . Furthermore , each genome contained one mtaABC gene
luster encoding a methanol methyltr ansfer ase and an mtv-
BC gene set, encoding a methyltr ansfer ase tr ansferring methyl
r oups fr om methoxylated monoar omates . T his observation dif-
ers from the reported presence of duplicated mtaABC and mtvABC
ene sets in the genome of strain M. thermoacetica ATCC 39073,
articipating in the transfer of methyl groups from methoxylated
romatic compounds (Naidu and Ragsdale 2001 , Das et al. 2007 ,
ierce et al. 2008 ). All isolates encoded a complete Ech2 com-
lex, but differed in the presence and synteny of the Ech1 com-
lex (Fig. 4 ). The Ech1 complex was missing in M. humiferrea DSM
3265 T and M. humiferrea LNE. Ho w e v er, the genome of M. humi-
errea OCP contained all genes of the Ech1 complex follo w ed b y
ydr ogenase matur ation factors. Upstr eam of the ec h1 gene clus-
er, a tr anscriptional r egulator, a carbon monoxide dehydrogenase

aturation factor, and a monofunctional carbon monoxide de-
ydr ogenase wer e encoded. This gene structure was also identi-
ed in the M. carbonis ACPs, M. stamsii DSM 26271 T , and M. caeni
SM 21394 T genomes . T he latter was , howe v er, missing the cooC
ene upstream of the carbon monoxide dehydrogenase gene cooS .
oth M. stamsii DSM 26217 T (Alves et al. 2013 ) and M. caeni DSM
1394 T (Vecchini Santaella et al. 2023 ) were described to grow
n CO by employing the water–gas shift reaction producing H 2 

nd CO 2 . Encoding genes for a monofunctional carbon monox-
de dehydrogenase upstream of the ech1 gene cluster appears to
e a c har acteristic of hydr ogenogenic carboxydotr ophic Moorella
trains . T his indicated that the isolates M. humiferrea OCP and
. carbonis ACPs also gro w on CO b y performing the w ater–gas

hift reaction. A monofunctional carbon monoxide dehydroge-
ase was present adjacent to the ech1 gene cluster in A. autotroph-

ca DSM 108286 T and was shown to be essential for growth on
O in T. kivui DSM 2030 T (Jain et al. 2022 ). Ho w e v er, in T. kivui

he monofunctional carbon monoxide dehydrogenase is located
n proximity of the gene cluster for the Ech2 complex, which was
hown to be the essential ferredo xin-o xidizing hydrogenase for
rowth and conversion of CO in this strain (Baum et al. 2024 ).
he isolates KAM, MBA, BGP, and COM contained the full set of
enes for the Ech1 complex and the adjacent hydrogenase mat-
ration factors described for M. thermoacetica type strains. Sim-

lar to the genome of T. phaeum DSM 12270 T , a formate dehy-
rogenase is encoded upstream of the ech1 gene cluster. How-
 v er, in genomes of M. thermoacetica strains, an additional formate
ransporter (FocA) is encoded prior to the formate dehydroge-
ase . T he selenocysteine-containing formate dehydrogenase up-
tream of the ech1 gene cluster is missing entir el y in the iso-
ates ACPs, LNE, OCP, and M. stamsii DSM 26217 T . Ho w e v er, all
solates encoded another formate dehydrogenase . T he isolates
AM, BGP, COM, and MBA encode a selenocysteine-containing

ormate dehydrogenase consisting of an alpha and beta subunit
s found in the M. thermoacetica type strains and the M. caeni
ype strain. The isolates ACPs, LNE, OCP, and the type strains



Böer et al. | 9 

Figure 4. Structures of the different gene cluster encoding the energy-converting hydrogenase complex (Ech1) in Moorella strains . T he ech1 gene cluster 
from the type strains of published Moorella species was compared to the ech1 gene cluster of novel Moorella isolates . T he Ech1 complex was encoded by 
the genes: hyfA , Hydrogenase-4 component A; hyfB , hydrogenase-4-component B; hycD , formate hydr ogenl yase subunit 4; hyfE , 
hydrogenase-4-component E; ndhB , NAD(P)H-quinone oxidoreductase subunit 2; mrpA , Na + /H 

+ antiporter subunit A; hycE , hydrogenase-3-component 
E; ndhI , NAD(P)H-quinone oxidoreductase subunit 1; hycG , hydrogenase-3-component G; and hycI , hydrogenase 3 maturation protease . T he ech1 gene 
cluster was followed by hydrogenase maturation factors encoded by the genes: hybF , hydrogenase maturation factor HybF; hypB , hydrogenase 
maturation factor HypB; h ypF , carbamo yltransferase HypF; hypD , hydrogenase maturation factor HypD; and h ypE , carbamo yl dehydratase HypE. 
Upstream of the ech1 gene cluster, the strains M. carbonis ACPs, M. humiferrea OCP, M. stamsii DSM 26217 T , and M. caeni DSM 21394 T were found to 
encode: norR , anaerobic nitric oxide reductase transcription regulator; cooC , carbon monoxide dehydrogenase accessory protein; and cooS , carbon 
monoxide dehydrogenase. In contrast, M. thermoacetica strains encoded upstream of the ech1 gene cluster: focA , formate transporter and fdhF , formate 
dehydrogenase H. 
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of the species M. glycerini , M. sulfitireducens , M. humiferrea , and 

M. mulderi only encode the alpha subunit of the formate dehy- 
drogenase. Prior to the alpha subunit of the formate dehydroge- 
nase, genes were identified encoding proteins with similarity to 
the h ydC and h ydB gene of the trimeric electron-bifurcating Hyd- 
ABC hydrogenase and the hexameric NADP-reducing HydABCDEF 
complex of the M. thermoacetica strains. In all isolate genomes 
the genes for the methyl and carbon yl br anc h of the WLP were 
encoded in an ∼20 kb gene cluster, also containing hdrA , hdrB ,
hdrC , and mvhD upstream of metV and metF . Furthermore, all con- 
tained pduL genes with phosphotransacetylase function and an 

acetate kinase . T he putativ el y electr on-bifurcating FixABC com- 
plex was identified in all isolate genomes (Garcia Costas et al.
2017 ). With the exception of the ACPs isolate, all genomes en- 
coded a ferredo xin-lik e protein (FixX) and the cytochrome b (Bfr) 
downstream of the fixABC gene clusters . T he ACPs isolate genome 
encoded two fixABC gene clusters; howe v er, fixX and bfr were en- 
coded by another genomic region and not adjacently. One cluster 
of the fixABC genes was found in synteny with a thiolase (Thl),
a 3-h ydroxybutyryl-CoA deh ydrogenase (Hbd), an acyl-CoA de- 
ydrogenase (Bcd) upstream of the fixABC genes, follo w ed b y a
hosphopantetheine aden yl yltr ansfer ase (CoaD) and a cr otonase

Crt). Other Moorella species genomes, which contained a com- 
lete gene set for hypothetical butyrate production, were M. stam-
ii DSM 26217 T , M. perchloratireducens ATCC BAA-1531 T , M. glyc-
rini NMP, and M. sulfitireducens DSM 111068 T . Ho w e v er, onl y the
CPs isolate sho w ed all of these genes organized in one clus-

er ( Fig. S2 ). A similar gene cluster was found in the M. sulfitire-
ucens DSM 111068 T genome , but lacking the hbd and crt in syn-
eny. Both genes were encoded in two other genomic regions in M.
ulfitireducens each containing one copy of hbd and crt . The phos-
hotr ansacetylase r eaction in Moorella is catal yzed by the phos-
hate pr opanoyltr ansfer ase (PduL) and was encoded in the ACPs

solate by four gene copies (Br eitk opf et al. 2016 ). Together with
wo genes annotated as acetate kinase ( ack ) and one gene anno-
ated as butyrate kinase ( buk ), the ACPs isolate genome harbored
 full set of genes coding for proteins required for the theoretical
r oduction of butyr ate fr om acetyl-CoA. CO-dependent butyr ate
roduction has been described for the acetogen Eubacterium callan- 
eri KIST612 and ethanol/acetate-dependent butyrate production 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
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Figure 5. Pr opha ge activity screening of the strains M. thermoacetica DSM 103132 and M. carbonis ACPs. Visualization of the host genome in comparison 
to closely related genomes of Moorell a strains (A and C) with BLASTn. The order of the inner rings is: host r efer ence genome (black), GC content of host 
genome (blac k), positiv e (pur ple), and negativ e (gr een) GC ske w, pr opha ge pr ediction by PHASTEST (r ed, incomplete; y ello w, questionable; and green, 
intact), cov er a ge gr a ph of sequenced DNA fr om isolated pha ge particles (blac k), genomic islands pr ediction by IslandVie wer4 (gr ey), and r emaining 
rings show the BLASTn comparison with other M. thermoacetica strains (A) or other Moorella species (C) (colour code in the legend at the top right). 
Inferr ed thermopha ge genome sequences fr om activ e pr opha ge r egions detected in M. thermoacetica DSM 103132 (B) and M. carbonis ACPs (D). The 
colour code for the function of annotated genes is shown at the top left. 
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or Clostridium kluyveri both employing a complex of Bcd with an
lectron-bifur cating flav oprotein (Etf/Bcd complex) (Li et al. 2008 ,
eong et al. 2015 ). The etfA/B genes of these butyr ate-pr oducing
tr ains wer e similar to the fixA/B genes in M. sulfitireducens and
. carbonis str ains, whic h additionall y encoded the genes fixC and

oaD adjacently. 

rophage activity screening 

ecause se v er e gr o wth inhibition can be caused b y active
r opha ges, we performed a pr opha ge activity scr eening for all
f our isolates and the strains M. thermoacetica DSM 521 T , DSM
955 T DSM 103132, and M. humiferrea DSM 23265 T . Of all 11 an-
l yzed Moorella str ains, onl y tw o w ere identified to contain ac-
iv e pr opha ges (Fig. 5 ). Moorella thermoacetica DSM 103132 was
redicted to contain two large genomic islands with the size
f ∼200 kb obtained by horizontal gene transfer. This also ex-
lains the unusual amount of unique gene clusters of the DSM
03132 genome detected during the genomic c har acterization in
ontrast to other M. thermoacetica strains . T he pr opha ge activ-
ty screening sho w ed an activ e r egion with the size of 176 kb
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Table 2. Physiological c har acterization of nov el Moorella isolates. 

M. thermoacetica 
KAM 

M. thermoacetica 
BGP 

M. thermoacetica 
COM 

M. thermoacetica 
MBA M. carbonis ACPs T 

Gram staining Positi v e Positi v e Positi v e Positi v e Positi v e 

Temper atur e—optim um 60 ◦C 65 ◦C 60 ◦C 60 ◦C 60 ◦C 

Temper atur e—r ange 50 ◦C–70 ◦C 45 ◦C–70 ◦C 45 ◦C–65 ◦C 55 ◦C–65 ◦C 55 ◦C–70 ◦C 

NaCl—optimum 0% 0.2% 0.2% 0% 0.2% 

NaCl—range 0%–0.8% 0%–1% 0%–1% 0%–1% 0%–1% 

pH—optimum 7 8 8 7.5 7.5 
pH—range 5–9.5 4.5–9.5 5–9.5 5–9 4.5–9 
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flanked by tRNA genes on both sides . T he activ e r egion aligned 

with one of the large genomic islands predicted by Island Viewer 
4 and three prophage regions (intact, questionable, and incom- 
plete) predicted by PHASTEST (Fig. 5 A). Pharokka annotated mul- 
tiple pha ge-r elated genes, suc h as terminase , exonuclease , en- 
dolysin, primase, helicase, integr ase, pr otease, and peptidase. Se v- 
er al pha ge structur e pr oteins wer e annotated including genes for 
tail sheath, baseplate wedge, and tail fiber protein attachment cat- 
alyst (Fig. 5 B). Genes encoding proteins for a tail with a baseplate 
indicate an affiliation of the detected bacteriophage to the Myoviri- 
dae family. The M. carbonis DSM 116161 T genome sho w ed an active 
pr opha ge r egion with the size of 20 kb, whic h matc hed to a pr e- 
dicted genomic island, but not to the predicted intact pr opha ge 
region by PHASTEST (Fig. 5 C). Pharokka annotated genes encod- 
ing two integr ases, two tr anscriptional r egulators, a r eplication 

initiation protein, a Hoc-like head decoration protein, and a cen- 
tral tail fiber J protein (Fig. 5 D). The latter gene indicates a tailed 

bacteriopha ge, and ther eb y an association to the or der Caudovi- 
rales . Bacteriophages of thermophilic bacteria are of particular 
interest due to their thermostable proteins and enzymes. Active 
pr opha ges of bacteria from the genus Moorella have not yet been 

described to the best of our knowledge . T he vast majority of de- 
scribed thermophages is associated to the bacterial family of Bacil- 
laceae (Łubkowska et al. 2021 ). 

Physiological char acteriza tion 

The M. humiferrea isolates LNE and OCP were not characterized 

in detail as they exhibited insufficient heter otr ophic gr owth in M- 
medium in comparison to the other isolates . T he M. humiferrea iso- 
lates gr e w to an OD 600 of 0.01 (LNE) and 0.03 (OCP) after 3 days of 
incubation at 60 ◦C in M-medium with both fructose (30 mM) and 

dl -lactate (30 mM) as substr ates. Gr owth optima for all c har acter- 
ized isolates are summarized in Table 2 . The analyzed Moorella iso- 
lates gr e w at temper atur es between 45 ◦C and 70 ◦C. Most isolates 
sho w ed a temper atur e optim um at 60 ◦C, onl y the BGP isolate gr e w
best at 65 ◦C. The Moorella isolates were not able to grow at NaCl 
concentrations higher than 1%. The isolates KAM and MB A w ere 
most susceptible to increasing NaCl concentrations and gr e w op- 
timally in medium in which NaCl addition was omitted. All other 
strains sho w ed a NaCl optimum at 0.2%. Gro wth w as detected at 
pH values between 4.5 and 9.5. Strain KAM grew optimally at pH 7 
and the isolates MBA and ACPs sho w ed optimal gro wth at pH 7.5.
The BGP and COM isolate had the highest optimum at pH 8. All 
isolates stained Gram positive. 

The results from the substrate growth tests are summarized in 

Table S3 . All novel M. thermoacetica isolates sho w ed the best growth 

on fructose and were able to utilize glucose, myo -inositol, sucrose,
raffinose , formate , lactate , vanillate , syringate , and methanol. T he 
KAM isolate was the only isolate growing on glucuronic acid and 

gl ycer ol, utilization of the latter substrate does match to the 
nique gl ycer ol kinase-encoding gene identified during genomic 
omparison. Fermentation of gl ycer ol has been described for M.
lycerini (Slobodkin et al. 1997 ), M. sulifitreducens (Slobodkina et
l. 2022 ), and M. humiferrea (Nepomn yashc haya et al. 2012 ) (with
QDS as electron acceptor), but to our knowledge not for an M.

hermoacetica str ain. Str ain BGP was the onl y M. thermoacetica iso-
ate analyzed showing growth with xylose and n -butanol; how-
 v er, utilization of both substrates is described as a physiolog-
cal feature of M. thermoacetica (Drake and Daniel 2004 ). Strain
OM was the only isolate showing growth on sorbitol and manni-

ol. Both sugar alcohols are abundantly available in biomass, and
hus matched to the compost environment it was isolated from
Pleyerová et al. 2022 ). Best growth on methanol was ac hie v ed by
he isolates COM and MB A, which w ere both isolated from com-
ost samples. In the compost environment, methoxylated com- 
ounds are abundantly available from the degradation of lignin 

Weng et al. 2021 ), which ma y ha v e impr ov ed one-carbon sub-
trate utilization of the isolates COM and MBA. The ACPs iso-
ate was the only strain able to grow with ribose , rhamnose , and
,2-propanediol. The latter two substrates can be found in plant-
egr ading envir onments, as rhamnose is abundantly found in
lant cell walls and the product of anaerobic rhamnose degra-
ation is 1,2-propanediol (Dank et al. 2021 ). The utilization of 1,2-
ropanediol was in line with the identification of the for Moorella
trains, hitherto unique pdu gene cluster identified in M. carbo-
is . Nitrate and DMSO were utilized as electron acceptors when
. carbonis was supplied with fructose and gl ycer ol as electr on
onors . T hiosulfate , sulfite , sulfate , perc hlor ate, fumar ate, AQDS,
nd nitrite were not utilized as electron acceptors. Nitrate re-
uction was also described for the species M. stamsii (Alves et
l. 2013 ), M. thermoacetica (Drake and Daniel 2004 ), and M. humi-
errea (Nepomn yashc haya et al. 2012 ). DMSO reduction was de-
cribed for M. thermoacetica and not investigated in other Moorella 
pecies (Rosenbaum et al. 2022 ). The cellular fatty acid analysis
f M. carbonis ACPs is shown in Table S4 and the results were
ompared to the cellular fatty acid pr ofiles r eported for M. stamsii
SM 26217 T , M. glycerini DSM 11254 T , M. humiferrea DSM 23265 T 

Alves et al. 2013 ), and M. caeni DSM 21394 T (Vecchini Santaella
t al. 2023 ). The major fatty acids detected were Iso-C 15:0 (40.1%),
so-C 15:0 DMA (23.1%), and Iso-C 17:0 DMA (8.9%). In comparison to
he cellular fatty acid profiles of M. stamsii , M. glycerini , and M. hu-
iferrea , strain ACPs contained higher proportions of Iso-C 15:0 . In

ontr ast, the pr ofile of M. caeni sho w ed higher proportions of Iso-
 15:0 . The isolate ACPs contained higher proportions of C 14:0 and

so-C 15:0 DMA than detected in e v ery other pr ofile. Furthermor e,
train ACPs possessed considerably lo w er proportions of C 16:0 , Iso-
 17:0 , and C 18:0 . The fatty acid Iso-C 17:0 DMA was only detected in
. carbonis. In conclusion, the cellular fatty acid analysis further

upported the classification of strain ACPs as a novel species from
he genus Moorella . 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
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Table 3. Autotr ophic gr owth of anal yzed Moorella str ains in M-medium (0.5 g/l yeast extr act) on gaseous substr ates and corr esponding 
fermentation products. 

Substr a te 
M. thermoacetica 

KAM 

M. thermoacetica 
BGP 

M. thermoacetica 
COM 

M. thermoacetica 
MBA 

M. carbonis 
ACPs 

M. humiferrea 
DSM 23265 T 

M. humiferrea 
LNE 

M. humiferrea 
OCP 

H 2 + CO 2 + 

acetate ethanol 
+ 

acetate ethanol 
+ 

acetate ethanol 
+ 

acetate ethanol 
− − + 

acetate 
−

CO + 

n.d. 
+ 

n.d. 
+ 

n.d. 
+ 

n.d. 
+ 

H 2 + CO 2 

− + 

acetate 
+ 

H 2 + CO 2 

+ , positive; −, negative; and n.d., not determined. 
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utotr ophic gr owth 

ubstr ates for autotr ophic gr owth of the nov el Moorella isolates
nd the M. humiferrea type strain are summarized in Table 3 . The
. humiferrea isolate LNE gr e w with H 2 + CO 2 and CO, produc-

ng acetate as the sole fermentation product. The M. humiferrea
SM 23265 T type strain utilized neither H 2 + CO 2 nor CO, in line
ith the type strain description and the growth experiments per-

ormed by Alves and colleagues (Nepomny ashchay a et al. 2012 ,
lves et al. 2013 ). As shown in our genome-based metabolic anal-
sis, the M. humiferrea LNE strain lacks the Ech1 complex and
her efor e r elies onl y on the Ec h2 complex to build a c hemios-

otic gradient during autotrophic growth. The strains M. carbonis
CPs and M. humiferrea OCP both isolated from charcoal burning
ile environments did not utilize H 2 + CO 2 but transformed CO
o H 2 + CO 2 . This carboxydotr ophic hydr ogenogenic metabolism
as also described for M. stamsii DSM 26217 T (Alves et al. 2013 )
nd M. caeni DSM 21394 T (Vecchini Santaella et al. 2023 ). The
enomes of all four of these strains encoded a monofunctional
arbon monoxide dehydrogenase in synteny with genes encod-
ng the Ech1 complex, thereby confirming this gene structure to
e a c har acteristic of carboxydotr ophic hydr ogenogenic Moorella
tr ains. As both carboxydotr ophic hydr ogenogens in this study
ere isolated from the charcoal burning pile en vironments , this
etabolism hypothetically serves as an adaptation of acetogenic

acteria to cope with high concentrations of the toxic substrate
O. This putativ el y leads to a focus on the conv ersion of CO for
 a pid r emov al fr om the cell and to a loss of the ability to uti-
ize the H 2 + CO 2 produced by the water–gas shift reaction. We
id not detect butyr ate pr oduction by M. carbonis ACPs grown on
ructose or CO. The M. thermoacetica isolates KAM, BGP, COM, and
BA, and the type strain DSM 2955 T utilized both H 2 + CO 2 and
O, which is in line with the physiological description of M. ther-
oacetica strains (Daniel et al. 1990 ). We performed detailed anal-

sis for the growth of these five strains on H 2 + CO 2 also assessing
he produced fermentation products (Fig. 6 A–C). The fastest grow-
ng str ains wer e MBA and COM, whic h also ac hie v ed the high-
st end ODs . T he DSM 2955 T strain sho w ed a longer lag phase
han the other isolates, but finally achieved a similar end OD as
he best growing strains MBA and COM. The KAM and BGP iso-
ates gr e w slo w er and ac hie v ed a lo w er end OD than the other
solates. COM produced the highest amount of acetate from H 2 

 CO 2 , also in comparison to str ains ac hie ving a similar end OD.
e detected low concentrations of ethanol in the culture super-

atants of all five M. thermoacetica strains after 96 h of incuba-
ion. The highest amounts of ethanol were detected in cultures
f DSM 2955 T , MBA, and KAM. The production of small amounts
f ethanol from H 2 + CO 2 has been described for the strains
UCC22-1 and Y72, but our results indicate that the production of
thanol could be a gener al tr ait of M. thermoacetica strains (Sakai
t al. 2005 , Kim ur a et al. 2016 ). T he enzymes in volved in ethanol
ormation from acetyl-CoA in strain HUC22-1 were an alde-
 yde deh ydrogenase Aldh and the alcohol dehydrogenase AdhA
Inokuma et al. 2007 ). Indeed, in the genomes of all five M. ther-
oacetica strains, orthologues of Aldh (MTKAM_04420/18780, MT-
GP_20370, MTCOM_17670, MTMBA_20270, and MOTHA_18730)
nd AdhA (MTKAM_20210, MTBGP_5400/21960, MTCOM_19130,
TMB A_21660, and MOTHA_20270) w ere detected. Other alco-
ol dehydrogenases detected were AdhB (MTKAM_10310, MT-
GP_12010, MTCOM_9650, MTMBA_12080, and MOTHA_10720),
dhC (MTKAM_23920, MTMBA_25190, and MOTHA_24090), and a
utative zinc-type alcohol dehydrogenase-like protein YdjJ (MT-
OM_21580). Ne v ertheless, all fiv e M. thermoacetica str ains also
ncoded at least three copies of an aldehyde ferredoxin oxidore-
uctase (AOR). This enzyme has originally been described from
. thermoacetica (White et al. 1989 ). In conjunction with an Adh,
OR has been demonstrated to be involved in ethanol formation

rom sugars by direct ferredo xin-de pendent reduction of acetate
n the hyperthermophilic archaeon Pyrococcus furiosus (Basen et
l. 2014 ), and from synthesis gas in the acetogen Clostridium au-
oethanogenum (Liew et al. 2017 ). For M. thermoacetica , ethanol pro-
uction from acetyl-CoA could be increased by deletion of pduL
enes and occurred during growth on H 2 + CO 2 and CO in genet-
call y modified str ains of M. thermoacetica ATCC 39073 (Takem ur a
t al. 2021 ). 

escription of M. carbonis sp . no v.
oorella carbonis (car.bo’nis. L. gen. masc. n. carbonis , of coal, of
 harcoal). Cells ar e Gr am-positiv e r ods and pr oduce terminal en-
ospor es. Gr owth occurs only under strict anaerobic conditions
nd is dependent on the addition of yeast extr act. Gr owth r anges
rom 55 ◦C to 70 ◦C (optimum 60 ◦C), at pH 4.5–9 (optimum 7.5) and
aCl concentrations of 0%–1% (optimum 0.2%). Best growth oc-
urs with xylose and fructose . Furthermore , the substrates ribose,
alactose , glucose , mannose , rhamnose , m yo -inositol, sucr ose, r af-
nose , melezitose , formate , pyruvate , lactate , vanillate , syringate ,
MG, betaine, methanol, and 1,2-pr opanediol ar e utilized. CO is
onverted to H 2 and CO 2 as the major product. Growth does not
ccur on H 2 + CO 2 , arabinose, glucuronic acid, glycerol, sorbitol,
annitol, cellobiose , trehalose , lactose , maltose , melibiose , dex-

r an, dextrin, starc h, oxalate , malate , citrate , ethanol, n -propanol,
nd n -butanol. Nitrate and DMSO are used as alternative termi-
al electron acceptors during growth on fructose and gl ycer ol.
he predominant cellular fatty acids are iso-C 15:0 (40.1%), iso-C 15:0 

MA (23.1%), and iso-C 17:0 DMA (8.9%). The type strain genome is
.8 Mbp in size, has a GC content of 55%, and encodes a com-
lete gene cluster for the utilization of 1,2-pr opanediol-degr ading
icrocompartments . T he type strain ACPs was isolated from the

overing soil of an active charcoal burning pile , Hasselfelde , Ger-
any. The GenBank/EMBL/DDBJ accession number of the 16S

RNA gene is OR576718. The type strain of M. carbonis is ACPs T 

nd was deposited under the identifiers DSM 116161 T and CCOS
103 T . 
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F igure 6. Gro wth profiles of M. thermoacetica strains with H 2 + CO 2 and detected fermentation pr oducts. Gr owth on H 2 + CO 2 of the novel M. 
thermoacetica isolates KAM, BGP, COM, and MBA with DSM 2955 T as r efer ence str ain plotted as mean OD 600 of triplicate cultur es on a logarithmic scale 
over the course of 240 h (A), with the corresponding GC measurements of mean acetate production (B) and mean ethanol production (C) in mM. 
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Conclusions 

We isolated se v en nov el Moorella str ains fr om differ ent envir on- 
ments by conducting autotrophic and heter otr ophic enric hments.
The most successful substrates for cultivation of Moorella strains 
were H 2 + CO 2 , vanillate, and methanol. High-quality genomes 
were obtained for all isolates and a genome-based comparison to 
available Moorella genomes yielded, besides a phylogenomic clas- 
sification also, the identification of potential unique metabolic 
traits . T he two novel isolates OCP and ACPs from charcoal burn- 
ing pile soil samples were shown to be carboxydotrophic hy- 
drogenogens and shared a characteristic gene structure encoding 
a monofunctional CO dehydrogenase in synteny to the ech1 gene 
cluster. This structure was also identified in the carboxydotrophic 
hydrogenogens M. stamsii and M. caeni . The isolate ACPs was pro- 
posed as the type strain of a novel Moorella species with the name 
M. carbonis . With the OCP isolate and the LNE isolate enriched from 

river sediment, we obtained two M. humiferrea strains growing au- 
totr ophicall y with gaseous substr ates, in contr ast to the M. humi- 
ferrea type strain. While the OCP isolate was a carboxydotrophic 
hydr ogenogenic str ain, the LNE isolate w as sho wn to ferment H 2 

+ CO 2 and CO to acetate . T he other four isolates KAM, BGP, COM,
and MB A w er e identified as nov el str ains of M. thermoacetica . Both 

of the latter isolates gr e w consider abl y better on methanol than 

other Moorella strains. All four novel M. thermoacetica strains were 
shown to produce small amounts of ethanol from H 2 + CO 2 . As 
this was also demonstrated for the M. thermoacetica DSM 2955 T 

type strain, it is hypothesized that ethanol production from H 2 + 

CO 2 is a common trait of most M. thermoacetica strains, hitherto 
ften described as homoacetogens . T his does imply that aceto-
enesis from syngas mixtures may be switched to ethanologene- 
is, by disabling the phosphotr ansfer ase PduL without requiring
he introduction of external genes for ethanol production in M.
hermoacetica str ains. Furthermor e, we detected pr opha ge activ-
ty in M. thermoacetica DSM 103132 and M. carbonis DSM 116161 T ,
hic h pr ovided first insights into thermopha ges associated with

he genus Moorella . 

c kno wledgements 

e thank Melanie Heinemann and Mechthild Bömeke for tech- 
ical assistance. We thank Dr Joanna S. Potekhina for providing
he Kamchatka sample. We thank the Open Access Publication 

unds of the University of Göttingen for supporting open-access 
ublication. The funders had no role in the study design, data
ollection and analysis, decision to publish, or pr epar ation of the
anuscript. 

uthor contributions 

im Böer (Conceptualization, Data curation, Formal analysis, In- 
estigation, Methodology, Validation, Visualization, Writing – orig- 
nal draft, Writing – review & editing), Lisa Engelhardt (Data cura-
ion), Alina Lüschen (Data curation), Lena Eysell (Data curation),
iroki Yoshida (Data curation), Dominik Schneider (Writing – re- 
iew & editing), Largus T. Angenent (Writing – review & editing),
irko Basen (Writing – review & editing), Rolf Daniel (Writing –



14 | FEMS Microbiology Ecology , 2024, Vol. 100, No. 9 

r  

–

S
S

C

F
T  

n  

A  

m  

B

D
T  

a  

q  

r  

J  

S

R
A  

 

A  

 

 

A  

 

 

B  

 

 

B  

 

B  

 

B  

 

 

 

B  

 

B  

 

B  

 

B  

 

B  

 

 

 

B  

B  

B  

 

C  

 

C  

C  

 

C  

C  

C  

 

D  

 

 

D  

 

D  

 

D  

 

D  

E  

 

E  

 

E  

 

F  

 

F  

 

F  

 

 e vie w & editing), and Anja Poehlein (Conceptualization, Writing
r e vie w & editing) 

upplementary data 

upplementary data is available at FEMSEC Journal online. 

onflict of interest : None declared. 

unding 

his w ork w as supported b y the BMBF (ThermoSynCon, grant
umbers 031B0857A, 031B0857C, and 031B0857D) and the Open
ccess Publication Funds of the University of Göttingen. Further-
or e, we ac knowledge the support of Tim Böer by the ‘Deutsche

undesstiftung Umwelt’ (DBU, 20020/640). 

a ta av ailability 

he GenBank/EMBL/DDBJ/SRA accession numbers of genome
nd phage sequencing data are listed in Table S2 . Raw se-
uencing data of the bacterial community analysis of en-
ic hment cultur es ar e av ailable under the BioProject PR-
NA1019916, BioSample SAMN37505147–SAMN37505208 and SRA
RR26145583–SRR26145525. 

eferences 

likhan N-F , Petty NK, Ben Zakour NL et al. BLAST Ring Image Gen-
erator (BRIG): simple prokaryote genome comparisons. BMC Ge-
nomics 2011; 12 :402.

lv es JI , v an Gelder AH, Alv es MM et al. Moorella stamsii sp. nov.,
a ne w anaer obic thermophilic hydr ogenogenic carboxydotr oph
isolated from digester sludge. Int J Syst Evol Microbiol 2013; 63 :
4072–6.

ndersen KS , Kirkegaard RH, Karst SM et al. ampvis2: an R pack-
age to analyse and visualise 16S rRNA amplicon data. bioRxiv
https:// doi.org/ 10.1101/ 299537 , 11 April 2018, preprint: not peer
r e vie wed.

alk M , Weijma J, Friedrich MW et al. Methanol utilization by
a novel thermophilic homoacetogenic bacterium, Moorella mul-
deri sp. nov., isolated from a bioreactor. Arch Microbiol 2003; 179 :
315–20.

asen M , Geiger I, Henke L et al. A genetic system for the thermophilic
acetogenic bacterium Thermoanaerobacter kivui . Appl Environ Micro-
biol 2018; 84 :e02210–17. https:// doi.org/ 10.1128/ AEM.02210-17 .

asen M , Schut GJ, Nguyen DM et al. Single gene insertion drives
bioalcohol production by a thermophilic archaeon. Proc Natl Acad
Sci USA 2014; 111 :17618–23.

aum C , Zeldes B, Poehlein A et al. The ener gy-conv erting hydr oge-
nase Ech2 is important for the growth of the thermophilic aceto-
gen Thermoanaerobacter kivui on ferredo xin-de pendent substrates.
Microbiol Spectr 2024; 12 :e0338023. https:// doi.org/ 10.1128/ spectr
um.03380-23 .

engelsdorf FR , Beck MH, Erz C et al. Bacterial anaerobic synthe-
sis gas (syngas) and CO 2 + H 2 fermentation. Adv Appl Microbiol
2018; 103 :143–221.

erkelmann D , Schneider D, Hennings N et al. Soil bacterial com-
m unity structur es in r elation to differ ent oil palm management
practices. Sci Data 2020; 7 :421.

ertelli C , Laird MR, Williams KP et al. IslandViewer 4: expanded pre-
diction of genomic islands for larger-scale datasets. Nucleic Acids
Res 2017; 45 :W30–5.
isaria VS , Kondo A. Ethanol from bacteria. In: Bioprocessing of Re-
newable Resources to Commodity Bioproducts . New York: John Wiley
& Sons, 2014, 169–83.

obik TA , Havemann GD, Busch RJ et al. The propanediol utilization
(pdu) operon of Salmonella enterica serovar Typhimurium LT2 in-
cludes genes necessary for formation of pol yhedr al or ganelles in-
volved in coenzyme B12-dependent 1,2-propanediol degradation.
J Bacteriol 1999; 181 :5967–75.

olger AM , Lohse M, Usadel B. Trimmomatic: a flexible trimmer for
Illumina sequence data. Bioinformatics 2014; 30 :2114–20.

ouras G , Nepal R, Houtak G et al. Pharokka: a fast scalable bacterio-
phage annotation tool. Bioinformatics 2023; 39 :1–4.

r eitk opf R , Uhlig R, Dr enc khan T et al. Two propanediol utilization-
like proteins of Moorella thermoacetica with phosphotransacetylase
activity. Extremophiles 2016; 20 :653–61.

hen S , Fang Y, Jing X et al. Enhanced electrosynthesis performance
of Moorella thermoautotrophica by improving cell permeability. Bio-
electrochemistry 2018a; 121 :151–9.

hen S , Zhou Y, Chen Y et al. fastp: an ultra-fast all-in-one FASTQ
pr epr ocessor. Bioinformatics 2018b; 34 :i884–90.

hklovski A , Parks DH, Woodcroft BJ et al. CheckM2: a rapid, scalable
and accurate tool for assessing microbial genome quality using
machine learning. Nat Methods 2023; 20 :1203–12.

laassens NJ , Cotton C AR, K opljar D et al. Making quantitative sense
of electr omicr obial pr oduction. Nat Catal 2019; 2 :437–47.

laus D . A standardized Gram staining procedure. World J Microbiol
Biotechnol 1992; 8 :451–2.

otton CA , Claassens NJ, Benito-Vaquerizo S et al. Renewable
methanol and formate as microbial feedstocks. Curr Opin Biotech-
nol 2020; 62 :168–80.

aniel SL , Hsu T, Dean SI et al. Characterization of the H 2 -
and CO-dependent c hemolithotr ophic potentials of the aceto-
gens Clostridium thermoaceticum and Acetogenium kivui . J Bacteriol
1990; 172 :4464–71.

aniel SL , Wu Z, Drake HL. Growth of thermophilic acetogenic
bacteria on methoxylated aromatic acids. FEMS Microbiol Lett
1988; 52 :25–8.

ank A , Zeng Z, Boeren S et al. Bacterial microcompartment-
dependent 1,2-propanediol utilization of Propionibacterium
freudenreichii . Front Microbiol 2021; 12 :1–10.

as A , Fu Z, Tempel W et al. Char acterization of a corrinoid pr o-
tein involved in the C1 metabolism of strict anaerobic bacterium
Moorella thermoacetica . Proteins 2007; 67 :167–76.

rake HL , Daniel SL. Physiology of the thermophilic acetogen
Moorella thermoacetica . Res Microbiol 2004; 155 :869–83.

dgar RC , Fl yvbjer g H. Err or filtering, pair assembl y and err or
corr ection for next-gener ation sequencing r eads. Bioinformatics
2015; 31 :3476–82.

dgar RC . UCHIME2: impr ov ed c himer a pr ediction for amplicon
sequencing. bioRxiv https:// doi.org/ 10.1101/ 07425 , 12 September
2016, preprint: not peer reviewed.

hsanipour M , Suko AV, Bura R. Fermentation of lignocellulosic sug-
ars to acetic acid by Moorella thermoacetica . J Ind Microbiol Biotechnol
2016; 43 :807–16.

ontaine FE , Peterson WH, McCoy E et al. A new type of glucose
fermentation by Clostridium thermoaceticum . J Bacteriol 1942; 43 :
701–15.

raj B , Ben Hania W, Postec A et al. Fonticella tunisiensis gen. nov.,
sp. nov., isolated from a hot spring. Int J Syst Evol Microbiol
2013; 63 :1947–50.

r olov EN , Elc heninov AG, Gololobov a AV et al. Obligate autotrophy at
the thermodynamic limit of life in a new acetogenic bacterium.

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae109#supplementary-data
https://doi.org/10.1101/299537
https://doi.org/10.1128/AEM.02210-17
https://doi.org/10.1128/spectrum.03380-23
https://doi.org/10.1101/07425


Böer et al. | 15 

 

K  

K  

K  

 

K  

L  

L  

L  

 

 

 

L  

L  

 

L  

Ł  

 

L  

 

 

M  

M

M  

M

N

N  

N  

 

N  

 

N  
Front Microbiol 2023; 14 :1185739. https:// doi.org/ 10.3389/ fmicb.20 
23.1185739 .

Gao X , Lin H, Re v anna K et al. A Bayesian taxonomic classification 

method for 16S rRNA gene sequences with impr ov ed species- 
le v el accur acy. BMC Bioinf 2017; 18 :247.

Garcia Costas AM , Poudel S, Miller A-F et al. Defining electron bifur- 
cation in the electr on-tr ansferring flavopr otein famil y. J Bacteriol 
2017; 199 :e00440–17. https:// doi.org/ 10.1128/ JB.00440-17 .

Gilchrist CLM , Chooi Y-H. clinker & clustermap.js: automatic 
generation of gene cluster comparison figures. Bioinformatics 
2021; 37 :2473–5.

Goris J , Konstantinidis KT, Kla ppenbac h JA et al. DN A–DN A hybridiza- 
tion values and their relationship to whole-genome sequence 
similarities. Int J Syst Evol Microbiol 2007; 57 :81–91.

Groher A , Weuster-Botz D. General medium for the autotrophic 
cultivation of acetogens. Bioprocess Biosyst Eng 2016; 39 : 
1645–50.

Ha BN , Pham DM, Masuda D et al. Humin-promoted microbial elec- 
trosynthesis of acetate from CO 2 by Moorella thermoacetica . Biotech 
Bioeng 2022; 119 :3487–96.

Hattori S , Kamagata Y, Hanada S et al. Thermoacetogenium phaeum 

gen. nov., sp. nov., a strictl y anaer obic, thermophilic, syntrophic 
acetate-oxidizing bacterium. Int J Syst Evol Microbiol 2000; 50 : 
1601–9.

Hess V , Poehlein A, Weghoff MC et al. A genome-guided anal- 
ysis of ener gy conserv ation in the thermophilic, cytoc hr ome- 
free acetogenic bacterium Thermoanaerobacter kivui . BMC Genomics 
2014; 15 :1139.

Huang H , Wang S, Moll J et al. Electron bifur cation inv olved in 

the energy metabolism of the acetogenic bacterium Moorella 
thermoacetica growing on glucose or H 2 plus CO 2 . J Bacteriol 
2012; 194 :3689–99.

Hunt M , De SN, Otto TD et al. Circlator: automated circularization 

of genome assemblies using long sequencing reads. Genome Biol 
2015; 16 :294.

Inokuma K , Nakashimada Y, Akahoshi T et al. Characterization of en- 
zymes involved in the ethanol production of Moorella sp. HUC22-1.
Arch Microbiol 2007; 188 :37–45.

Jain S , Katsyv A, Basen M et al. The monofunctional CO dehydroge- 
nase CooS is essential for growth of Thermoanaerobacter kivui on 

carbon monoxide. Extremophiles 2022; 26 :4.
Jeong J , Bertsch J, Hess V et al. Energy conservation model 

based on genomic and experimental analyses of a carbon 

monoxide-utilizing, butyrate-forming acetogen, Eubacterium limo- 
sum KIST612. Appl Environ Microbiol 2015; 81 :4782–90.

Jia D , Deng W, Hu P et al. Thermophilic Moorella thermoacetica as a 
platform micr oor ganism for C1 gas utilization: physiology, engi- 
neering, and applications. Bioresour Bioprocess 2023; 10 :61.

Kane MD , Breznak JA. Acetonema longum gen. nov. sp. nov., an H 2 /CO 2 

acetogenic bacterium from the termite, Pterotermes occidentis . Arch 
Microbiol 1991; 156 :91–8.

Kato J , Matsuo T, Takem ur a K et al. Isopr opanol pr oduction via 
the thermophilic bioconversion of sugars and syngas using 
metabolicall y engineer ed Moorella thermoacetica . Biotec hnol Biofuels 
2024; 17 :13.

Katsyv A , Müller V. A purified ener gy-conv erting hydr ogenase fr om 

Thermoanaerobacter kivui demonstrates coupled H 

+ -translocation 

and reduction in vitro . J Biol Chem 2022; 298 :102216.
Kerby R , Zeikus JG. Growth of Clostridium thermoaceticum on H 2 /CO 2 

or CO as energy source. Curr Microbiol 1983; 8 :27–30.
Khomyak ov a MA , Slobodkin AI. Transformation of methoxylated 

aromatic compounds by anaerobic microorganisms. Microbiology 
2023; 92 :97–118.
im ur a Z , Kita A, Iwasaki Y et al. Gl ycer ol acts as alternative elec-
tron sink during syngas fermentation by thermophilic anaerobe 
Moorella thermoacetica . J Biosci Bioeng 2016; 121 :268–73.

 olmogoro v M , Yuan J, Lin Y et al. Assembly of long, error-prone reads
using repeat graphs. Nat Biotechnol 2019; 37 :540–6.

oren S , Walenz BP, Berlin K et al. Canu: scalable and accurate long-
r ead assembl y via ada ptiv e k -mer weighting and repeat separa-
tion. Genome Res 2017; 27 :722–36.

remp F , Roth J, Müller V. A thir d w ay of ener gy conserv ation in ace-
togenic bacteria. Microbiol Spectr 2022; 10 :e0138522.

angmead B , Salzberg SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods 2012; 9 :357–9.

echner M , Findeiß S, Steiner L et al. Proteinortho: detection of
(co-)orthologs in large-scale analysis. BMC Bioinf 2011; 12 :124.

ee Y-J , Mackie RI, Cann IKO et al. Description of Caldanaerobius fi-
jiensis gen. no v., sp. no v., an inulin-degrading, ethanol-producing,
thermophilic bacterium from a Fijian hot spring sediment,
and reclassification of Thermoanaerobacterium pol ysacc harol yticum 

and Thermoanaerobacterium zeae . Int J Syst Evol Microbiol 2008; 58 :
666–70.

eigh JA , Mayer F, Wolfe RS. Acetogenium kivui , a new ther-
mophilic hydrogen-oxidizing acetogenic bacterium. Arch Microbiol 
1981; 129 :275–80.

i F , Hinderberger J, Seedorf H et al. Coupled ferredoxin and crotonyl
coenzyme a (CoA) reduction with N ADH catalyzed b y the butyryl-
CoA dehydrogenase/Etf complex from Clostridium kluyveri . J Bac- 
teriol 2008; 190 :843–50.

ie w F , Henstr a AM, Köpke M et al. Metabolic engineering of Clostrid-
ium autoethanogenum for selective alcohol production. Metab Eng 
2017; 40 :104–14.

ubk owska B , Je że wska-Fr ̨ac k owiak J, Sobole wski I et al. Bacterio-
phages of thermophilic ‘ Bacillus group’ bacteria—a r e vie w. Mi-
croorganisms 2021; 9 :1522.

v X , Yang M, Dai L et al. Zhaonella formicivorans gen. no v., sp. no v.,
an anaerobic formate-utilizing bacterium isolated from Shengli 
oilfield, and proposal of four novel families and Moorellales ord.
nov. in the phylum Firmicutes . Int J Syst Evol Microbiol 2020; 70 :
3361–73.

arçais G , Delcher AL, Phillippy AM et al. MUMmer4: a fast
and versatile genome alignment system. PLoS Comput Biol 
2018; 14 :e1005944.

artin M . Cutadapt removes adapter sequences from high- 
throughput sequencing reads. EMBnet.j 2011; 17 :10–2.

üller B , Sun L, Sc hnür er A. First insights into the syntrophic
acetate-oxidizing bacteria—a genetic study. Microbiologyopen 
2013; 2 :35–53.

üller V . New horizons in acetogenic conversion of one-carbon 

substrates and biological hydrogen storage. Trends Biotechnol 
2019; 37 :1–11.

aidu D , Ragsdale SW. Characterization of a three-component 
vanillate O-demethylase from Moorella thermoacetica . J Bacteriol 
2001; 183 :3276–81.

akano MM , Zuber P. Anaer obic gr owth of a “strict aerobe” ( Bacillus
subtilis ). Annu Rev Microbiol 1998; 52 :165–90.

epomn yashc haya YN , Slobodkina GB, Baslerov RV et al. Moorella hu-
miferrea sp. nov., a thermophilic, anaerobic bacterium capable of 
gr owth via electr on shuttling between humic acid and Fe(III). Int
J Syst Evol Microbiol 2012; 62 :613–7.

evin KP , Hensley SA, Franks AE et al. Electrosynthesis of organic
compounds from carbon dioxide is catalyzed by a diversity of ace-
togenic micr oor ganisms. A ppl Environ Microbiol 2011; 77 :2882–6.

guyen DV , Rabemanolontsoa H. Nipa sap can be both carbon
and nutrient source for acetic acid production by Moorella ther- 

https://doi.org/10.3389/fmicb.2023.1185739
https://doi.org/10.1128/JB.00440-17


16 | FEMS Microbiology Ecology , 2024, Vol. 100, No. 9 

moacetica (f. Clostridium thermoaceticum ) and reduced minimal me- 

P  

 

P  

 

P  

 

R  

 

R  

 

R  

 

 

R  

R  

 

R  

 

R  

R  

 

S  

 

S  

 

S

S  

 

S  

 

S  

S  

 

 

Slobodkin A , Reysenbach A-L, Mayer F et al. Isolation and c har acter- 
 

S  

 

 

S  

 

T  

 

T  

 

T  

 

V  

V  

 

 

W  

 

W  

W  

 

W  

 

W  

W  

W  

 

W  

W  

 

W  

Y  

 

 

R
©
A

w

dia supplements. Fermentation 2022; 8 :663.
ierce E , Xie G, Barabote RD et al. The complete genome sequence of

Moorella thermoacetica (f. Clostridium thermoaceticum ). Environ Micro-
biol 2008; 10 :2550–73.

leyerová I , Hamet J, Konrádová H et al. Versatile roles of sorbitol in
higher plants: luxury r esource, effectiv e defender or something
else?. Planta 2022; 256 :13.

ritc hard L , Glov er RH, Humphris S et al. Genomics and taxonomy
in diagnostics for food security: soft-r otting enter obacterial plant
pathogens. Anal Methods 2016; 8 :12–24.

agsdale SW . The Eastern and Western branches of the
Wood/Ljungdahl pathw ay: ho w the East and West w ere w on.
BioFactors 1997; 6 :3–11.

aha yu F , Ka w ai Y, Iw asaki Y et al. Thermophilic ethanol fermen-
tation from lignocellulose hydrolysate by genetically engineered
Moorella thermoacetica . Bioresour Technol 2017; 245 :1393–9.

edl S , Poehlein A, Esser C et al. Genome-based comparison of
all species of the genus Moorella , and status of the species
Moorella thermoacetica and Moorella thermoautotrophica . Front Micro-
biol 2020; 10 :1–15.

ognes T , Flouri T, Nichols B et al. VSEARCH: a versatile open source
tool for meta genomics. P eerJ 2016; 4 :e2584.

osenbaum FP , Müller V. Ener gy conserv ation under extr eme ener gy
limitation: the role of cytochromes and quinones in acetogenic
bacteria. Extremophiles 2021; 25 :413–24.

osenbaum FP , Müller V. Moorella thermoacetica : a promising
cytoc hr ome- and quinone-containing acetogenic bacterium as
platform for a CO 2 -based bioeconomy. Green Carbon 2023; 1 :2–13.

osenbaum FP , Müller V. A novel hexameric NADP + -reducing [F eF e]
hydr ogenase fr om Moorella thermoacetica . FEBS J 2024; 291 :596–608.

osenbaum FP , Poehlein A, Daniel R et al. Energy-conserving
dimethyl sulfoxide reduction in the acetogenic bacterium
Moorella thermoacetica . Environ Microbiol 2022; 24 :2000–12.

akai S , Nakashimada Y, Inokuma K et al. Acetate and ethanol pro-
duction from H 2 and CO 2 by Moorella sp. using a repeated batch
culture. J Biosci Bioeng 2005; 99 :252–8.

akai S , Nakashimada Y, Yoshimoto H et al. Ethanol pr oduction fr om
H 2 and CO 2 by a ne wl y isolated thermophilic bacterium, Moorella
sp. HUC22-1. Biotechnol Lett 2004; 26 :1607–12.

chneider D . NGS-4_ECOPROD. 2023. https://github.com/dschnei1/ 
ngs4ecoprod (11 March 2024, date last accessed).

c huc hmann K , Müller V. Autotrophy at the thermodynamic limit of
life: a model for ener gy conserv ation in acetogenic bacteria. Nat
Rev Microbiol 2014; 12 :809–21.

c huc hmann K , Sc hmidt S, Martinez Lopez A et al. Nonacetogenic
growth of the acetogen Acetobacterium woodii on 1,2-propanediol.
J Bacteriol 2015; 197 :382–91.

eemann T . Pr okka: r a pid pr okaryotic genome annotation. Bioinfor-
matics 2014; 30 :2068–9.

hin W , Lee SH, Shin JW et al. Highly selective electrocatalytic con-
version of CO 2 to CO at −0.57 V (NHE) by carbon monoxide de-
hydr ogenase fr om Moorella thermoacetica . J Am Chem Soc 2003; 125 :
14688–9.
ecei v ed 25 Mar c h 2024; revised 5 June 2024; accepted 7 August 2024 
The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This is an O

ttribution License ( http://creativecommons.org/licenses/by/4.0/ ), which permits unrestri

ork is pr operl y cited.
ization of the homoacetogenic thermophilic bacterium Moorella
glycerini sp. nov. Int J Syst Bacteriol 1997; 47 :969–74.

lobodkin AI , Tour ov a TP, Kostrikina NA et al. T epidimicrobium fer -
riphilum gen. nov., sp. nov., a novel moderately thermophilic,
Fe(III)-reducing bacterium of the order Clostridiales . Int J Syst Evol
Microbiol 2006; 56 :369–72.

lobodkina GB , Merkel AY, Kuchierskaya AA et al. Moorella sulfitire-
ducens sp. nov., a thermophilic anaerobic bacterium isolated from
a terrestrial thermal spring. Extremophiles 2022; 26 :33.

akem ur a K , Kato J, Kato S et al. Autotrophic growth and ethanol pro-
duction enabled by diverting acetate flux in the metabolically en-
gineered Moorella thermoacetica . J Biosci Bioeng 2021; 132 :569–74.

 ang Y -Q , Li Y, Zhao J-Y et al. Micr obial comm unities in long-term,
water-flooded petr oleum r eservoirs with different in situ temper-
atures in the Huabei Oilfield, China. PLoS One 2012; 7 :e33535.

aylor MP , Eley KL, Martin S et al. Thermophilic ethanologenesis:
futur e pr ospects for second-gener ation bioethanol pr oduction.
Trends Biotechnol 2009; 27 :398–405.

aser R , Šiki ́c M. Time- and memory-efficient genome assembly with
Raven. Nat Comput Sci 2021; 1 :332–6.

ecchini Santaella N , Sousa DZ, Stams AJM. Moorella caeni sp. nov.,
isolated from thermophilic anaerobic sludge from a methanol-
fed reactor. Int J Syst Evol Microbiol 2023; 73 :37234030. https://doi.
org/ 10.1099/ ijsem.0.005905 .

ang S , Huang H, Kahnt J et al. A r e v ersible electr on-bifurcating
ferredo xin- and NAD-de pendent [F eF e]-hydrogenase (HydABC) in
Moorella thermoacetica . J Bacteriol 2013; 195 :1267–75.

eghoff MC , Müller V. CO metabolism in the thermophilic acetogen
Thermoanaerobacter kivui . Appl Environ Microbiol 2016; 82 :2312–9.

eng C , Peng X, Han Y. Depolymerization and conversion of lignin to
v alue-added biopr oducts by micr obial and enzymatic catal ysis.
Biotechnol Biofuels 2021; 14 :84.

hite H , Strobl G, Feicht R et al. Carboxylic acid reductase: a new
tungsten enzyme catalyses the reduction of non-activated car-
boxylic acids to aldehydes. Eur J Biochem 1989; 184 :89–96.

ick RR , Holt KE. Polypolish: short-read polishing of long-read bac-
terial genome assemblies. PLoS Comput Biol 2022; 18 :e1009802.

ick RR , Judd LM, Cerdeira LT et al. Trycycler: consensus long-read
assemblies for bacterial genomes. Genome Biol 2021; 22 :266.

ick RR , Judd LM, Holt KE. Assembling the perfect bacterial genome
using Oxford Nanopore and Illumina sequencing. PLoS Comput
Biol 2023; 19 :e1010905.

ickham H . ggplot2: Elegant Graphics for Data Analysis . New York:
Springer International Publishing, 2016.

iegel J , Ljungdahl LG, Demain AL. The importance of ther-
mophilic bacteria in biotechnology. Crit Rev Biotechnol 1985; 3 :
39–108.

ishart DS , Han S, Saha S et al. PHASTEST: faster than PHASTER,
better than PHAST. Nucleic Acids Res 2023; 51 :W443–50.

 u L , Y uan Y, Tang J et al. Thermophilic Moorella thermoautotrophica -
immobilized cathode enhanced microbial electrosynthesis of
acetate and formate from CO 2 . Bioelectrochemistry 2017; 117 :
23–8.
pen Access article distributed under the terms of the Cr eati v e Commons 
cted reuse, distribution, and reproduction in any medium, provided the original 

https://github.com/dschnei1/ngs4ecoprod
https://doi.org/10.1099/ijsem.0.005905
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Methods
	Results and discussion
	Conclusions
	Acknowledgements
	Author contributions
	Supplementary data
	Funding
	Data availability
	References

