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Abstract

Denitrifying Betaproteobacteria play a key role in the
anaerobic degradation of monoaromatic hydrocar-
bons. We performed a multi-omics study to better
understand the metabolism of the representative
organism Georgfuchsia toluolica strain G5G6 known
as a strict anaerobe coupling toluene oxidation with
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dissimilatory nitrate and Fe(lll) reduction. Despite the
genomic potential for degradation of different carbon
sources, we did not find sugar or organic acid trans-
porters, in line with the inability of strain G5G6 to use
these substrates. Using a proteomics analysis, we
detected proteins of fumarate-dependent toluene
activation, membrane-bound nitrate reductase, and
key components of the metal-reducing (Mtr) pathway
under both nitrate- and Fe(lll)-reducing conditions.
High abundance of the multiheme cytochrome MtrC
implied that a porin—cytochrome complex was used
for respiratory Fe(lll) reduction. Remarkably, strain
G5G6 contains a full set of genes for aerobic toluene
degradation, and we detected enzymes of aerobic tol-
uene degradation under both nitrate- and Fe(lll)-
reducing conditions. We further detected an ATP-
dependent benzoyl-CoA reductase, reactive oxygen
species detoxification proteins, and cytochrome c
oxidase indicating a facultative anaerobic lifestyle of
strain G5G6. Correspondingly, we found diffusion
through the septa a substantial source of oxygen in
the cultures enabling concurrent aerobic and anaero-
bic toluene degradation by strain G5G6.

Introduction

Mono- and multi-aromatic compounds form a severe
threat to environmental and human health. /n situ micro-
bial conversion is a sustainable and feasible option to
remove these compounds from contaminated sites
(Lueders, 2017); however, understanding of the metabo-
lism of the responsible microorganisms is needed to
implement and optimize removal.  Denitrifying
Betaproteobacteria are among the key players in anaero-
bic degradation of monoaromatic hydrocarbons
(Lueders, 2017). Georgfuchsia toluolica strain G5G6"
was isolated from the Banisveld aquifer (the Netherlands)
polluted with low concentrations of benzene, toluene, eth-
ylbenzene and xylene isomers (BTEX) (Weelink
et al., 2009). Analysis of functional genes of anaerobic
BTEX degradation and 16S rRNA genes has revealed

© 2021 The Authors. Environmental Microbiology Reports published by Society for Applied Microbiology and John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

W) Check for updates


https://orcid.org/0000-0002-2793-2321
https://orcid.org/0000-0002-1327-4161
https://orcid.org/0000-0003-2935-4454
mailto:siavash.atashgahi@wur.nl
http://creativecommons.org/licenses/by-nc/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1758-2229.12996&domain=pdf&date_stamp=2021-08-09

842 S. Atashgabhi et al.

widespread environmental occurrence of Georgfuchsia.
For instance, 89% of the sequences encoding the key
enzyme benzylsuccinate synthase (bssA) retrieved from
the Banisveld aquifer were closely affiliated with
G. toluolica indicating its important role in the anaerobic
degradation of toluene and xylene (Staats et al., 2011).
Moreover, Georgfuchsia 16S rRNA sequences have
been detected in a German coal tar contaminated aquifer
(Sperfeld et al., 2018), a Chinese drinking water treat-
ment plant (Dong et al., 2019), a pilot-scale bioreactor
mediating sulfide-driven denitrification in Brazil (Saia
et al., 2019), and from toluene-degrading and Fe(lll)-
reducing microcosms prepared from contaminated sites
in Germany (Pilloni et al., 2011) and United States (Sun
etal., 2014).

Strain G5G6 uses nitrate, Fe(lll), and Mn(IV) as elec-
tron acceptors and monoaromatic compounds such as
toluene, ethylbenzene, phenol, cresol, benzaldehyde and
hydroxybenzoate as electron donors. Strain G5G6 is the
only isolate of the genus Georgfuchsia and has a number
of unique physiological features making it distinct among
microbial isolates capable of anaerobic degradation of
aromatic hydrocarbons: (i) it is the only known
betaproteobacterial isolate capable of coupling toluene
oxidation to reduction of nitrate, Fe(lll), or Mn(lV),
whereas known alpha- and betaproteobacterial anaerobic
toluene degraders within the genera Azoarcus, Thauera,
Aromatoleum, and Magnetospirillum cannot couple tolu-
ene oxidation to Fe(lll) reduction (Evans et al., 1991;
Biegert et al., 1996; Shinoda et al., 2004; Rabus
et al., 2005; Shinoda et al., 2005; Blazquez et al., 2018;
Meyer-Cifuentes et al., 2020), (i) strain G5G6 is a
toluene-oxidizing, Fe(lll)-reducing bacterium that does
not belong to the Geobacteraceae, (iii) strain G5G6 is
dedicated to the degradation of monoaromatic com-
pounds and does not use more general environmentally
available carbon sources such as acetate, lactate and
glucose, (iv) strain G5G6 does not seem to grow aerobi-
cally, but its draft genome sequence showed presence of
genes involved in aerobic monoaromatic degradation
(Oosterkamp, 2013), and (v) compared to other toluene-
degrading isolates and consortia, strain G5G6 displays
significantly different values in dual isotope (carbon and
hydrogen) analyses during toluene degradation coupled
to nitrate, Fe(lll), or Mn(IV) reduction suggesting varia-
tions in the enzymatic transition state depending on the
available terminal electron acceptor (Dorer et al., 2016).
These traits make strain G5G6 an appealing model bac-
terium to study toluene degradation using different elec-
tron acceptors. Here, we investigated the metabolism of
toluene under nitrate- and Fe(lll)-reducing conditions
using a multi-omics approach and found an unexpected
redundancy in peripheral metabolic pathways for toluene

degradation. Most surprisingly, strain G5G6 expresses a
full set of genes for aerobic toluene degradation indicat-
ing a facultative lifestyle.

Results and discussion

To obtain insight into the metabolism of G. toluolica strain
G5G6"T (JCM 14632, DSM 19032), we sequenced its
genome and performed comparative proteomics of cells
grown on toluene with either nitrate or Fe(lll) as electron
acceptor. Strain G5G6 was grown in anoxic medium
using toluene (0.4 mM) and nitrate (5 mM) as described
(Weelink et al., 2009). Resazurin (0.005g/) and L-
cysteine (1 mM) were added as redox indicator and
reducing reagent, respectively. Genomic DNA was
extracted using MasterPure™ Gram Positive DNA Purifi-
cation Kit (Epicentre, WI, USA). The genome of strain
G5G6 was sequenced using Single Molecule, Real-Time
(SMRT) sequencing technology with the PacBio RSII
platform (Novogene, Hong Kong), assembled using
PacBio’s dedicated SMRT analysis software suite (SMRT
Link, v5.9), and annotated using MicroScope (Microbial
Genome Annotation & Analysis Platform) (Vallenet
et al., 2020). The resulting genome of strain G5G6 con-
sisted of two contigs: a long contig of 3 465 762 bp and a
short contig of 36233 bp (accession number
ERZ1938153). Proteomic analysis was done from ftripli-
cate cultures grown on toluene (0.4 mM) and nitrate
(5 mM) or toluene (0.4 mM) and Fe(lll) citrate (20 mM)
using procedures  described previously (Peng
et al., 2020). All cultures had been adapted to the respec-
tive growth condition by at least three previous transfers
(5% v/v) to fresh media, and three spikes of toluene
(0.4 mM at each spike) during each transfer.

Growth restriction to monoaromatic compounds

Strain G5G6 was reported to use a restricted range of car-
bon sources including toluene, ethylbenzene, phenol,
p-cresol, m-cresol, benzaldehyde and p-hydroxybenzoate
(Weelink et al., 2009). Strain G5G6 was not able to grow
on carboxylic acids (e.g. pyruvate, acetate), amino acids
(cysteine, glutamate, aspartate and alanine), sugars (glu-
cose, fructose, xylose and mannitol), alcohols (ethanol
and methanol), cholesterol, hydrogen and yeast extract
(Weelink et al., 2009). Our analysis of the genome of
strain G5G6 revealed that most of the genes for glycoly-
sis/gluconeogenesis and the tricarboxylic acid (TCA)
cycle are present. We also found proteins of these path-
ways in our proteomic analysis. However, no sugar trans-
porters were encoded in the genome of strain G5G6
indicating that these enzymes are most likely used for bio-
synthetic purposes. The lack of sugar transporters is also
in line with the inability of strain G5G6 to grow on external
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sugars. While transporter annotations are often ambigu-
ous, most microorganisms contain a set of various impre-
cisely annotated major facilitator superfamily (MFS) sugar
transporters or ABC-type transport systems. The genome
of strain G5G6 encodes only few substrate transporters,
most of which are not related to sugar or dicarboxylate
transport. Moreover, phosphotransferase systems (PTS)
were absent, with only two A components encoded in
the genome. Despite the presence of fumarate reductase
(GTOL_10413-GTOL_10416), no growth with fumarate
as substrate or electron acceptor was reported (Weelink
et al., 2009). This implies that fumarate reductase is likely
used for succinate conversion to fumarate, which is a vital
component of anaerobic toluene degradation. Lactate
dehydrogenase is not encoded in the genome, in line with
the observation that strain G5G6 cannot grow using lac-
tate as the sole carbon and energy source (Weelink
et al., 2009). These metabolic features make strain G5G6
a niche specialist dedicated to degradation of mon-
oaromatic compounds, an appealing trait for bioremedia-
tion and restoration of hydrocarbon-contaminated sites.
As such, the growth of strain G5G6 in the environment
can indicate the presence of monoaromatic compounds.
Such cause-and-effect relationships between dedicated
degraders and corresponding contaminants have been
shown for certain members of Dehalococcoidia restricted
to anaerobic respiration with organohalogens as terminal
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electron acceptors (Atashgahi et al., 2016). Therefore,
tracking the abundance of the 16S rRNA gene of strain
G5G6 could aid in monitoring the fate of monoaromatic
compounds, especially at sites with elevated nitrate or
Fe(Ill) availability, which would allow strain G5G6 to out-
compete the sulfate-dependent degradation processes.

Toluene degradation

Toluene degradation was coupled to nitrate reduction to
nitrite (Fig. 1A and C), or Fe(lll) reduction to Fe(ll) (Fig. 1B
and D). Despite stoichiometric conversion of nitrate to
nitrite (nitrate:nitrite ratio of 1:1.08), the stoichiometry of
toluene oxidation relative to nitrite formation was 1:4.3
which is similar to the previously reported 1:5.5 ratio
(Weelink et al., 2009), but quite different from the
expected ratio of 1:18. Similarly, the toluene oxidation rel-
ative to Fe(ll) formation (1:23.7) was sub-stoichiometric
compared to the expected ratio of 1:36, as was noted
previously (1:13.6) (Weelink et al., 2009). The same phe-
nomenon was reported in microcosms prepared from
marine sediments (1:20) (Kim et al., 2014). Such devia-
tions were attributed to the precipitation of Fe(ll) in the
medium (Weelink et al., 2009; Kim et al., 2014). How-
ever, our analysis showed an Fe(lll):Fe(ll) ratio of 1:0.94,
indicating marginal Fe(ll) precipitation. Although a part of
the carbon and electrons is incorporated into biomass,

(B) ——Toluene-1 — M -Toluene-2 ---#-- Toluene-3
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- & —Fe(ll)-2
- o - Fe(ll)-2

-4 Fe(lll)-3
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Fig. 1. Toluene degradation by strain G5G6 coupled to nitrate reduction (A, C) or Fe(lll)citrate reduction (B, D). Triplicate cultures are shown

individually.
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such a sub-stoichiometric conversion was not expected.
Uninoculated control bottles sealed with Teflon-lined
butyl rubber septa and sampled overtime did not show
toluene loss during incubation, thus excluding abiotic tol-
uene loss (data not shown). It is currently not known how
the remaining electrons derived from toluene oxidation
are dissipated. Potential explanations could be incom-
plete toluene degradation and/or production of storage
compounds such as polyhydroxybutyrate (PHB). Future
experiments using '3C-toluene and '®N-nitrate and track-
ing metabolites may allow to further resolve the observed
electron imbalance.

Anaerobic toluene degradation pathway

The first step in the anaerobic catabolism of toluene is
the addition of fumarate to the methyl group of toluene.
This reaction is mediated by benzylsuccinate synthase
(BSS, encoded by bssABCDEFG), an oxygen-sensitive
glycyl radical enzyme complex (Boll et al., 2014; Boll
et al, 2020). The product of the reaction,
benzylsuccinate, is converted to succinyl-CoA and
benzoyl-CoA through a series of p-oxidation-like reac-
tions involving enzymes encoded by the bbs genes
(Biegert et al., 1996; Carmona et al., 2009). The bss and
bbs genes are present in the genome of G. toluolica in
the same order and orientation as for other known anaer-
obic toluene degraders (Fig. 2) indicating their involve-
ment in anaerobic toluene degradation. Interestingly, the
genes of anaerobic toluene degradation are also present
on the short contig, indicating gene duplication. Com-
pared to the long contig, this contig has a lower GC con-
tent (565.2 vs. 58.6%), shows markedly increased
coverage and encodes two transposases. This indicates
that the small contig is likely a plasmid or part of a large
repetitive region in the genome and implies potential dis-
tribution of xenobiotic degradation genes by horizontal
gene transfer (Top and Springael, 2003). We detected
the BssABCDEFG and BbsABDEFG proteins in the

Georgfuchsia toluolica str. GSG6
bssD bssC bssA bssB  bssE bssF

20137.

Aromatoleum toluolicum
tdiR tdis bssD bssC bssA bssB_bssE
45t 8559

Thauera aromatica str. K172
tdis tdiR bssD bssC bssA bssB  bssE bssF

bssG
2183 = 12648

Thauera sp. DNT-1
bssD  bssC bssA bssB_ bssE

5475

Magnetospirillum sp. TS-6
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5761

Geobacter metallireducens GS-15

xylR-like bssD _bssC bssA bssB  bssE bssF bssH
1748891 — »

bssG
= 12120

proteome, which were among the most prevalent proteins
detected under both nitrate- and Fe(lll)-reducing condi-
tions (Supporting Information Table S1). Benzoyl-CoA is
the central metabolite of the anaerobic degradation of
aromatic compounds and is reductively dearomatized by
benzoyl-CoA reductase (BCR) prior to ring cleavage.
BCR is a highly oxygen-sensitive enzyme within the
benzoyl-CoA pathway (Carmona et al., 2009). High abun-
dance of BcrABCD under the tested conditions indicates
that ATP-dependent class | BCR enzymes are employed
by strain G5G6, unlike other strict anaerobes that use
ATP-independent class 1l BCR enzymes (Boll
et al., 2014; Boll et al., 2020). All downstream enzymes
of anaerobic benzoyl-CoA degradation were found in our
proteomic analysis under both nitrate- and Fe(lll)-
reducing conditions (Supporting Information Table S1).

Aerobic toluene degradation pathways

Interestingly, gene clusters encoding enzymes for aerobic
degradation of toluene including the initial activation of tol-
uene to m-cresol by toluene-4-monooxygenase (tmoADE),
m-cresol hydroxylation to 3-methylcatechol by phenol
hydroxylase (dmpABCDEF), and subsequent ring opening
by catechol 2,3-dioxygenase (xylE) are located directly
next to the genes of anaerobic toluene degradation.
Remarkably, proteins of aerobic toluene degradation were
also detected under both nitrate- and Fe(lll)-reducing con-
ditions. Except for toluene-4-monooxygenase (TmoAE), all
other proteins of aerobic toluene degradation were signifi-
cantly (P <0.05) more abundant under nitrate-reducing
conditions (Supporting Information Table S2). Moreover,
we found proteins of the box pathway, the unusually aero-
bic hybrid benzoate oxidation pathway characterized in
Azoarcus evansii (Gescher et al., 2002), including
benzoate-CoA ligase (GTOL_11785), benzoyl-CoA
oxygenase component B (GTOL_11792), ring-opening
benzoyl-CoA-dihydrodiol lyase (GTOL_11793), and benz-
aldehyde dehydrogenase (GTOL_11795) (Supporting

bbsA  bbsB  bbsC bbsD  bbsE bbsF bbsG  bbsH
3439021 —m e

s 3447271

GPA27_RS04690
bbsA  bbsB  bbsC bbsD  bbsE bbsF bbsG  bbsH  bbsl

113250, 104060

bbsA  bbsB  bbsC bbsD  bbsE bbsF bbsG  bbsH  bbsl

332174 3312858

GMET_RS07685
GMET_RS07680
bbsH

bbsE bbsF bbsG GMET_RS07690 bbsA  bbsB  bbsC bbsD

Desulfobacula toluolica Tol2
182311

bbsB2  bbsA2 bssD  bssC bssA bssB  bssE bssF tetR-like

1737784 1723192 1735002

170731

Fig. 2. Genomic organization of the bss (left hand) and bbs gene (right hand) regions in strain G5G6 and selected bacteria capable of anaerobic
toluene degradation. The flanking numbers indicate the relative positions of genes identified within the genome of these bacteria. The size and
orientation of the genes indicate their relative lengths and directions in which they are transcribed. The names of the genes and the
corresponding encoded enzymes are listed in the Supporting Information Table S1. The colour codes of the arrows are adapted from Blazquez

et al. (2018).
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Information Table S2). These proteins were also signifi-
cantly (P <0.05) more abundant under nitrate-reducing
conditions. Our findings indicate redundancy in peripheral
metabolic pathways of toluene degradation in strain G5G6
(Fig. 3). Other oxygenases found under both conditions
were phenylpropionate ring-hydroxylating dioxygenase
(GTOL_11036), protocatechuate 4,5-dioxygenase beta
chain (GTOL_11170), and 2-nitropropane dioxygenase
(GTOL_11446).

These observations are remarkable, especially since
strain G5G6 was considered as a strict anaerobe and no
toluene degradation was observed when 5 or 10% oxy-
gen was used in the headspace (Weelink et al., 2009).
Consequently, it is likely that strain G5G6 is capable of
toluene degradation under hypoxic conditions, as, for
instance, encountered in groundwater systems. Strain
G5G6 shows some traits typical of facultative anaerobic
toluene degraders: (i) the box pathways are preferentially
active under reduced oxygen tension (Denef et al., 2006)
and fit into the lifestyle of facultative anaerobes. This
pathway needs only one molecule of oxygen for ring
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activation and employs CoA thioesters that are also inter-
mediates in anaerobic toluene degradation (Fuchs
et al., 2011). Therefore, once the substrate-CoA thioester
is formed under hypoxic conditions, it can be metabolized
by either the aerobic or the anaerobic degradation strat-
egy; (ii) strain G5G6 has ATP-dependent class | BCR
enzymes, although using ATP for ring reduction is not
common for strict anaerobes (Fuchs et al., 2011); (iii) the
genomes of strain G5G6 harbours a suite of genes
encoding enzymes for oxygen reduction and reactive
oxygen species (ROS) detoxification, including high-
affinity cbb3-type cytochrome ¢ oxidase (GTOL_10453 -
GTOL_10457) and Cytochrome bd ubiquinol oxidase
(GTOL_10941 - GTOL_10942). The presence of high-
affinity terminal oxidases in the genome may enable oxy-
gen respiration at nanomolar concentrations (Baughn
and Malamy, 2004; Stolper et al., 2010) facilitating adap-
tion of strain G5G6 to hypoxic aquifers, and protecting
oxygen-sensitive enzymes from oxidative damage. Some
of these proteins were also found in our proteomic analy-
sis, including cytochrome c¢ oxidase (GTOL_10454,
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Fig. 3. Proposed peripheral toluene degradation by strain G5G6 according to genomic and proteomic analyses.
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GTOL_10455), superoxide dismutase (GTOL_11750),
and catalase-related peroxidase (GTOL_12777).

Identifying the source of oxygen: intracellular oxygen
production or oxygen contamination?

Intracellular oxygen production using nitric oxide dis-
mutase (Nod) during nitrate reduction has been observed
during anaerobic hydrocarbon degradation coupled to
denitrification (Ettwig et al., 2010; Zedelius et al., 2011).
However, the genome of strain G5G6 lacks any identifi-
able nod genes. Another possibility is oxygen contamina-
tion. Although we applied anaerobic cultivation
procedures, oxygen intrusion cannot fully be excluded for
example during repeated substrate addition and sampling
for headspace and liquid measurements. Whereas Viton
stoppers were used for the isolation of the strain G5G6
(Weelink et al., 2009), we applied Teflon-lined butyl rub-
ber septa (VWR, the Netherlands) to seal our micro-
cosms, which might be more prone to oxygen leakage
than thick Viton stoppers. To test the possibility of oxygen
contamination, we used miniaturized luminescence-
based optical sensors (LUMOS, Luminescence Measur-
ing Oxygen Sensor) capable of measuring dissolved
oxygen in the nanomolar range (Lehner et al., 2015). The
miniaturized sensors were applied within the serum bot-
tles, and the measurement was performed through the
bottles as optical windows as outlined previously (Lehner
et al., 2015). Triplicate bottles were prepared containing
all medium components except inoculum. The bottles
were stirred at 300 rpm using magnet stirrers, and

samples were taken at regular time intervals. Oxygen
concentration remained below 0.5 puM in bottles con-
taining cysteine (Fig. 4, top panels). However, when cys-
teine was excluded, oxygen concentration increased
drastically exceeding the upper detection limit of the
applied sensors (10 pM) within 10-13 days (Fig. 4, bot-
tom panels) indicating severe oxygen contamination.
Considering the slow reaction of cysteine with oxygen,
toluene activation by oxygen and hence concurrent
anaerobic and aerobic toluene degradation by strain
G5G6 adapted to hypoxic aquifers is likely. However,
even if 10 pM oxygen was used for toluene degradation,
it can degrade only ~1.3 pM toluene and hence cannot
explain the sub-stoichiometric toluene degradation
coupled to dissimilatory Fe(lll) and nitrate reduction
(Fig. 1). Future experiments using '3C-toluene in
absence of amended electron acceptors and in presence
and absence of cysteine may indicate if oxygen can be
used as the electron acceptor. Application of oxygen for
toluene activation may corroborate the observed redun-
dancy in peripheral metabolic pathways of toluene degra-
dation (Fig. 3) and explain widespread detection of strain
G5G6 in natural and built environments around the globe
(Pilloni et al., 2011; Staats et al., 2011; Sun et al., 2014;
Sperfeld et al., 2018; Dong et al, 2019; Saia
et al, 2019). Simultaneous toluene activation by
benzylsuccinate synthase and toluene-4-monooxygenase
(based on our proteomic data) may also explain the sig-
nificantly different toluene isotopic values observed for
strain G5G6 compared to other toluene degraders (Dorer
et al., 2016), since methyl group hydroxylation by
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Fig. 4. Measurement of oxygen intrusion into 120 ml serum bottles containing growth medium with (top panels) and without cysteine (bottom
panels). Liquid samples (1.5 ml) were taken at day 1, 2, 5, 8, 12 and 15 to simulate actual sampling. All syringes were flushed thoroughly using
bottles containing sterile N, and sealed with butyl rubber septa. Each panel represents results from a single bottle. Note that for the Y axes of top

and bottom panels different concentration scales are used.
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monooxygenases is known to be associated with strong
carbon and especially hydrogen isotope fractionation
(Vogt et al., 2016). Dorer et al. (2016) also used Teflon-
coated butyl septa in their isotope fractionation experi-
ments and sampled individual culture bottles several
times; hence, a significant penetration of oxygen into the
bottles during these experiments cannot be excluded.
The facultative anaerobic lifestyle is also intriguing con-
sidering that strain G5G6 was first described as a strict
anaerobe and named after Georg Fuchs (Weelink
et al., 2009), for his scientific contribution to understand-
ing of anaerobic aromatic hydrocarbon degradation
(Evans and Fuchs, 1988; Biegert et al., 1996; Fuchs
et al., 2011). Oxygen contamination of microcosm experi-
ments designed to investigate ‘anaerobic oxidation’ is a
well-known phenomenon for chlorinated ethene degrada-
tion experiments, despite the addition of reducing agents
to the medium and lack of colour change of the redox
indicator resazurin (Gossett, 2010; Fullerton et al., 2013),
which may lead to misinterpretation of the results. For
instance, Dechloromonas aromatica strain RCB was
introduced as a benzene-degrading denitrifying bacte-
rium; however, the genome of strain RCB contains no
identifiable genes for anaerobic benzene degradation but
encodes several aerobic pathways for aromatic degrada-
tion (Salinero et al., 2009).

How aerobic and anaerobic metabolism could be
reconciled

It is not clear how strain G5G6 would make use of the
oxygenases at the same time as oxygen-sensitive BSS
and BCR enzymes in media reduced with L-cysteine.
BSS is a glycyl radical enzyme that is cleaved at the gly-
cyl radical site in the presence of oxygen (Heider
et al., 2016). For instance, despite transcription of the
bssA gene, peptides of BSS were never detected in
Magnetospirillum sp. strain 15—1 grown with toluene and
oxygen (Meyer-Cifuentes et al., 2020) nor in the rhizo-
sphere of toluene-degrading constructed wetlands from
which strain 15—-1 was isolated (Linsmann et al., 2016).
Similarly, in toluene-degrading cells of Thauera sp. strain
DNT-1 (Shinoda et al., 2004) and Magnetospirillum
sp. strain TS-6 (Shinoda et al., 2005) grown under oxic
conditions, transcription of bbsA and bcr genes was
reported. On the other hand, the bbsA gene was not tran-
scribed under these conditions in cells of Azoarcus
sp. strain CIB (Blazquez et al., 2018). One option to pro-
tect the oxygen-sensitive glycyl radical enzyme is the
presence of bacterial microcompartments (BMCs) in
which the enzymatic core is encapsulated by a selec-
tively permeable protein shell (Kerfeld et al., 2018). How-
ever, the genome of strain G5G6 does not encode any
known BMC proteins. Alternatively, the identified ROS

Proteogenomic analysis of Georgfuchsia toluolica 847

detoxification enzymes and the hybrid box pathway of
strain G5G6 may protect oxygen-sensitive enzymes.
Accordingly, the box pathway was proposed to constitute
an alternative oxygen-scavenging mechanism that may
assist in a rapid shift to aerobic degradation if oxygen
levels become higher (Valderrama et al., 2012; Diaz
et al., 2013). We recently found transcription of box
genes in a continuous benzene-degrading denitrifying
culture that displayed concurrent anaerobic and aerobic
benzene degradation pathways (Atashgahi et al., 2018).
Further studies will be necessary to resolve how aerobic
and anaerobic metabolism could be reconciled.

Nitrate reduction

Our genome analysis shows that besides the nitrate reduc-
tase complex, strain G5G6 also encoded a nitric oxide
reductase complex (Supporting Information Table S3). How-
ever, genes for nitrite and nitrous-oxide reductases were
absent. Consequently, nitrite should be the end product of
nitrate reduction (Fig. 1), although complete denitrification
was previously proposed based on mass balance analysis
(Weelink et al., 2009). We detected NarGHI and NorC under
both tested conditions, even though no nitrate was present
under Fe(lll)-reducing conditions, thus questioning their role
during growth with Fe(lll) as electron acceptor.

Fe(lll) reduction

Unlike nitrate and oxygen, Fe(lll) minerals cannot cross
the bacterial outer membrane owing to their insolubility.
Therefore, rather than using inner membrane terminal
reductases, Gram-negative bacteria have evolved strate-
gies to transfer electrons from the inner membrane to the
iron minerals at the extracellular face of the outer mem-
brane (Xie et al., 2021). The multiprotein porin—
cytochrome ¢ complex MtrCAB of Shewanella strains is
the best studied electron-transfer model for the respira-
tory reduction of mineral oxides (Pitts et al., 2003;
Edwards et al., 2020). MtrA and mtrC encode two
decahaem c-type cytochromes, and mirB a transmem-
brane p-barrel that forms a pore in the membrane. The
complex of these three proteins allows electrons from
the cytoplasmic respiratory chain to be transferred via the
periplasmic MtrA through MtrB to the outer-membrane
decahaem MtrC. Homologues of mtrAB (GTOL_11386
and GTOL_11387) are present in the genome of strain
G5G6. Further analysis using FeGenie (a tool for identifi-
cation of iron-related genes) (Garber et al., 2020) indi-
cated that GTOL_11385 is a homologue of mtrC, which
encodes for a putative decahaem protein with 10 CxxCH
motifs. As such, the mtrCAB genes in strain G5G6 are
organized in the same sequential order as mirCAB
operons known from other Fe(lll) oxide-reducing bacteria.
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Fig. 5. Genomic organization of the mtr clusters identified in strain G5G6 and selected bacteria capable of dissimilatory Fe(lll)-reduction. Three
additional co-localized mtrC genes in a genomic region were only found in the genome of strain G5G6. The flanking numbers indicate the relative
positions of genes identified within the genome of these bacteria. The size and orientation of the genes indicate their relative lengths and direc-
tions in which they are presumed to be transcribed. The genes predicted to encode c-type cytochromes are labelled in red and those predicted to
encode p-barrel outer membrane proteins are labelled in green. The figure is modified after Shi et al. (2012).

MtrCB were found under both Fe(lll)- and nitrate-reducing
conditions indicating their constitutive expression
(Supporting Information Table S4). In the vicinity of
mitrCAB, three additional MitrC homologues were
encoded with 10 cytochrome ¢ binding sites and signal
peptides for export into the periplasm (GTOL_11402,
GTOL_11403 and GTOL_11405) that were among the
most abundant proteins detected under Fe(lll)-reducing
conditions (Supporting Information Table S4). These pro-
teins are homologous to the outer-membrane multiheme
cytochrome MtrC/OmcA of Rhodoferax ferrireducens and
Shewanella baltica. Whereas the role of MtrC in Fe(lll)
reduction is well-known, three additional co-located mitrC
genes in a single operon and their strong expression
under Fe(lll)-reduction conditions have not been reported
in dissimilatory Fe(lll)-reducing prokaryotes (Fig. 5), fur-
ther signifying the unique genomic and physiological fea-
tures of strain G5G6.

Conclusions

Unlike metabolically versatile monoaromatic-degrading
microbes, strain G5G6 is restricted to degradation of
monoaromatic hydrocarbons. Strain G5G6 shows, how-
ever, more versatility in exploiting electron acceptors, and
couples toluene oxidation to the reduction of nitrate,
Fe(lll), Mn(lV), and likely oxygen at low concentrations.
These traits signify the importance of strain G5G6 as a

niche specialist dedicated to degradation of mon-
oaromatic compounds in hypoxic environments. Strain
G5G6 displays redundancy in peripheral metabolic path-
ways of toluene degradation that seems to be important
in environmental isolates (Denef et al., 2006). The box
pathway seems to be an adaptation to low or fluctuating
oxygen concentrations. Benzoyl-CoA can be diverted to
aerobic or anaerobic metabolic routes, depending on the
oxygen supply. Detection of oxygen in glass vials sealed
with butyl rubber septa indicate that diffusion through the
septa may be a substantial source of contamination.
Hence, care should be taken in interpreting the results of
microcosm experiments designed to investigate anaero-
bic oxidation of, for example, hydrocarbons. Substantial
oxygen contamination can slow down or inhibit anaerobic
microbes/pathways, and/or induce aerobic ones. This
study casts new light on the physiology of an under-
studied yet environmentally relevant microorganism. Fur-
ther studies will be necessary to resolve how aerobic and
anaerobic metabolism could be reconciled, and to eluci-
date strategies employed to protect oxygen-sensitive
enzymes of the anaerobic toluene degradation pathway
under constant oxygen intrusion.

Data availability

The genome sequence of strains G5G6 was deposited in
the European Bioinformatics Institute (accession number
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ERZ1938153). A list of proteins detected from strain
G5G6 under nitrate- and Fe(lll)-reducing conditions is
available in Supporting Information Table S5.
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Table S1 Abundance of proteins of anaerobic toluene degra-
dation detected from G5G6 cultures grown on toluene and
Fe(lll) (TF) or toluene and nitrate (TN).
Table S2. Abundance of proteins of aerobic toluene degra-
dation detected from G5G6 cultures grown on toluene and
Fe(lll) (TF) or toluene and nitrate (TN).
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Table S3. Abundance of proteins involved in denitrification
detected from G5G6 cultures grown on toluene and Fe(lll)
(TF) or toluene and nitrate (TN).

Table S4. Abundance of proteins involved in Fe(lll)citrate
reduction detected from G5G6 cultures grown on toluene
and Fe(lll) (TF) or toluene and nitrate (TN).

Table S5 List of proteins detected from strain G5G6 under
F(lll)-reducing (TF) and nitrate-reducing (TN) conditions.
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