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ABSTRACT

Akkermansia muciniphila colonizes the mucus layer of the gastrointestinal tract, where the organism can be exposed to the oxy-
gen that diffuses from epithelial cells. To understand how A. muciniphila is able to survive and grow at this oxic-anoxic inter-
face, its oxygen tolerance and response and reduction capacities were studied. A. muciniphila was found to be oxygen tolerant.
On top of this, under aerated conditions, A. muciniphila showed significant oxygen reduction capacities and its growth rate and
yield were increased compared to those seen under strict anaerobic conditions. Transcriptome analysis revealed an initial oxy-
gen stress response upon exposure to oxygen. Thereafter, genes related to respiration were expressed, including those coding for
the cytochrome bd complex, which can function as a terminal oxidase. The functionality of A. muciniphila cytochrome bd genes
was proven by successfully complementing cytochrome-deficient Escherichia coli strain ECOM4. We conclude that A. mucini-
phila can use oxygen when it is present at nanomolar concentrations.

IMPORTANCE

This article explains how Akkermansia muciniphila, previously described as a strictly anaerobic bacterium, is able to tolerate
and even benefit from low levels of oxygen. Interestingly, we measured growth enhancement of A. muciniphila and changes in
metabolism as a result of the oxygen exposure. In this article, we discuss similarities and differences of this oxygen-responsive
mechanism with respect to those of other intestinal anaerobic isolates. Taken together, we think that these are valuable data that
indicate how anaerobic intestinal colonizing bacteria can exploit low levels of oxygen present in the mucus layer and that our
results have direct relevance for applicability, as addition of low oxygen concentrations could benefit the in vitro growth of cer-
tain anaerobic organisms.

The gastrointestinal (GI) tract harbors a rich and diverse micro-
bial community, which has proven to play a role in host health

and physiology (1). This microbial community is not in direct
contact with epithelial cells; a thin layer of host-derived mucus
separates them. The outer layer of mucus is colonized with mi-
crobes that differ in composition from the luminal microbiota
(2, 3). The mucin glycans are used by some bacteria as growth
substrates, resulting in the production of short-chain fatty ac-
ids (SCFAs) (4). To the host, the SCFAs are important modu-
lators of gut health (4). To the microbial community, SCFAs
are a necessary waste product, and the process of SCFA pro-
duction is required to maintain the redox balance in the cell, as
it can restore the NAD�/NADH ratio (5).

One member of the mucosa-associated microbiota is Akker-
mansia muciniphila, a mucin-degrading specialist that can use
mucin as a sole carbon and nitrogen source (6). A. muciniphila is
associated with a healthy GI tract, as its abundance is inversely
correlated with several GI tract-related disorders (7). Moreover, it
has been shown that A. muciniphila has immune-stimulatory ca-
pacities, stimulates host mucin production, increases the mucus
layer thickness (6, 8–10), and possibly strengthens the intestinal
barrier function (8, 11). On top of this, a causal role of A. mucini-
phila in protection against high-fat-diet-induced obesity in mice
was reported previously (9), and its abundance has been identified
as potential prognostic marker for predicting the success of di-
etary interventions for diabetes (12).

A. muciniphila was initially described as a strict anaerobe (6).

However, more recently, it was reported that A. muciniphila can
tolerate small amounts of oxygen (10). The oxygen that diffuses
from the gastrointestinal epithelial cells is thought to be among
the factors that keep strictly anaerobic commensal microbiota at a
distance (14, 15). However, several mucosa-associated bacteria
have developed strategies to cope with low levels of oxygen (16).

Many microorganisms have to build up mechanisms to protect
themselves against oxidative stress, with enzymes such as catalase
and superoxide dismutase, small proteins such as thioredoxin and
glutaredoxin, and molecules such as glutathione (17). Some mol-
ecules are constitutively present and help to maintain an intracel-
lular reducing environment or to scavenge chemically reactive
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oxygen species (ROS). Among these molecules are nonenzymatic
antioxidants such as NADPH and NADH. However, enzymes
such as superoxide dismutases (SOD), catalases, and hydroper-
oxidases are under transcriptional regulation and can decrease the
steady-state levels of ROS.

Since adaptation of A. muciniphila to the oxygen levels in the
mucus layer has not been studied, we used an approach integrat-
ing physiological, genetic, and biochemical analyses to character-
ize the oxygen response of this mucosal symbiont. Here, we show
that A. muciniphila is able to survive and grow at nanomolar levels
of oxygen, exposes a complex transcriptional response to oxygen,
and contains a functional cytochrome bd complex that could be
used as a terminal oxidase.

MATERIALS AND METHODS
A. muciniphila growth conditions. A. muciniphila MucT (CIP 107961T)
was grown in a bicarbonate-buffered basal medium (6) with a pH of 6.5 to
7.0, supplemented with 0.5% (wt/vol) hog gastric mucin (type III; Sigma-
Aldrich, St. Louis, MO, USA), as described previously (18). On plates, A.
muciniphila was grown on the same mucin-based medium supplemented
with 0.8% agar (Oxoid, Basingstoke, United Kingdom), referred to here as
mucin-based plates (6). The correlation of optical density at 600 nm
(OD600) to CFU counts on plates was determined to be 4.0 � 108 CFU per
ml for an OD600 of 1.0.

Oxygen survival and tube experiment. A fully grown culture was
exposed to ambient air and incubated at 37°C while shaking. Survival rates
were determined in 4-fold over a period of 48 h. Series of 10-fold dilutions
were made, and 2 �l of each dilution was spotted on mucin-based plates.

To test for growth at different oxygen concentrations, gas tube exper-
iments were performed, essentially as described previously (15). For this
purpose, a 1% inoculum of a mucin-grown culture was mixed with 20 ml
of either of the two molten mucin-based media supplemented with 0.8%
agar (�40°C). Medium was poured into glass tubes under strict anaerobic
conditions and sealed with a metal cap through which ambient air could
diffuse. Thereafter, the tubes were placed in ambient air. The oxygen
penetration was measured by the pink-to-colorless turning point of the
resazurin color indicator (Sigma-Aldrich), while growth was observed by
the turbidity in the tube. The experiments were repeated at least 3 times.

Fermentor growth of A. muciniphila. Bacterial cultures were grown
in two parallel 1.2-liter fermentors (Bio Console ADI1025 and Bio Con-
troller ADI 1010; Applikon Biotechnology B.V., Delft, The Netherlands)
using 0.67 liters of medium. The pH was controlled at 7.2, stirring was
performed at 50 rpm, the initial N2/CO2 gas flow (80%/20%) was 2 li-
ters/h, and the temperature was set at 37°C. The mucin medium used was
slightly altered, replacing the phosphate buffer with a 40 mM MOPS
(morpholinepropanesulfonic acid) buffer (Carl Roth GmBH, Karlsruhe,
Germany) and supplementing with 0.25% hog gastric mucin (type III;
Sigma-Aldrich, St. Louis, MO, USA) as a sole carbon and nitrogen source
(19). Thereafter, the medium was sparged with N2/CO2 to remove all
oxygen from the medium. A 0.2 liters/h gas flow of ambient air was ap-
plied to the medium to measure the oxygen uptake rate of the medium
without A. muciniphila, after which the medium was made anaerobic
again using N2/CO2 at 2 liters/h. A 1% A. muciniphila inoculum was used
to inoculate the fermentors, after which growth was monitored by mea-
suring the OD600 over a period of 27 h. At an optical density of 0.1, one of
the fermentors was switched to 0.2 liters/h of ambient airflow while the
other remained in 2 liters/h N2/CO2 flow. Samples for transcriptome and
metabolic analyses were taken as described below.

To determine heme-dependent oxygen reduction, A. muciniphila was
grown in a heme-deprived synthetic medium using five parallel fermen-
tors (Dasgip-Eppendorf). Hemin (Sigma-Aldrich) was added to three fer-
mentors at a concentration of 2 �g/ml. Oxygen was introduced at 0.2
liters/h at an OD600 of 1 to one fermentor with hemin-containing medium

and to one fermentor with hemin-deprived medium. The remaining fer-
mentors were used as controls.

Metabolic analysis. To determine the production of metabolites, 1.5
ml of bacterial cultures was centrifuged and the supernatant was stored
at �20°C. Levels of short-chain fatty acids (SCFAs) were determined by
high-performance liquid chromatography (HPLC) as previously de-
scribed (20). Total protein concentrations were determined by the use of
a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific,
Rockford, IL, USA) and Qubit (Life Technologies, Eugene, OR, USA)
according to the manufacturer’s protocols. The concentration of proteins
was found to be 32 mg/liter at an OD600 of 0.1. Metabolic data were
analyzed with the Student t test and the Mann-Whitney test. Two-tailed P
values of �0.05 were considered statistically significant.

RNA sequencing and transcriptome analysis. Cells were collected
under N2 flow and were immediately centrifuged (4,800 � g, 5 min, 4°C).
Cell pellets were directly suspended into TRIzol reagent (Ambion, Life
Technologies, Carlsbad, CA, USA) and stored at �80°C until RNA was
purified.

Total RNA was isolated by a method combining TRIzol reagent and an
RNeasy minikit (Qiagen GmbH, Hilden, Germany), essentially as de-
scribed previously (21, 22). Genomic DNA was removed by an on-col-
umn DNase digestion step during RNA purification (DNase I recombi-
nant, RNase-free; Roche Diagnostics GmbH, Mannheim, Germany).
Yield and RNA quality were assessed using an Experion RNA StdSens
analysis kit in combination with an Experion system (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). Depletion of rRNA was performed using a
Ribo-Zero kit for bacteria (Epicentre, Madison, WI, USA) according to
the manufacturer’s instructions. The success of the rRNA depletion step
was checked using an Experion RNA StdSens analysis kit in combination
with an Experion system. Library construction for whole-transcriptome
sequencing (RNA-Seq) was done by the use of a ScriptSeq v2 RNA-Seq
library preparation kit in combination with ScriptSeq Index PCR primers
(Epicentre, Madison, WI, USA) according to the manufacturer’s instruc-
tions.

The barcoded cDNA libraries were sent to BaseClear (Leiden, The
Netherlands), where they were pooled, and 50-bp sequencing (single-end
reads) was performed on two lanes using an Illumina HiSeq 2500 platform
in combination with TruSeq Rapid SBS and TruSeq Rapid SR Cluster kits
(Illumina, San Diego, CA, USA).

Reads were mapped to the genome of A. muciniphila with Bowtie2
v2.2.1 (23) using default settings, and BAM files were converted with
SAMtools v0.1.19 (24). BEDTools v2.17.0 was used to determine the read
count for each protein-coding region (25). Only reads that had a mini-
mum 30% length overlap and were mapped on the correct strand were
counted. Differential gene expression was assessed using edgeR (26) with
a default trimmed mean of M-value (TMM) settings. Sequences have been
deposited in ArrayExpress (see below).

Cloning of A. muciniphila cytochrome bd. The cytochrome bd genes
(Amuc_1694 and Amuc_1695) were amplified from genomic DNA using
the following primers: Rev_1694 (AGATCACTCGAGAAAGGATCCTC
AGTAACTGTGTTCGTTGAGCTGGA) and FW_1695 (TGAACTAGAT
CTTTTAAGAAGGAGATATACATATGGACGATCCGGTCTTATTAT
CCC). The PCR was done with Phusion polymerase (Thermo Scientific,
Waltham, MA, USA). The PCR conditions were as follows: denaturation
at 96°C for 5 min followed by 35 cycles of a denaturation step at 96°C for
10 s, an annealing step at 59°C for 30 s, and an extension step at 72°C for
1 min, and one final extension step at 72°C for 8 min. The PCR product
was cloned into plasmid pBbA5c (Addgene plasmid 35281) containing an
IPTG (isopropyl-�-D-thiogalactopyranoside)-inducible PlacUV5 pro-
moter, a terminator, a p15a origin of replication, and a chloramphenicol
resistance marker (27). For this purpose, the PCR product and the desti-
nation vector were digested with BglII and XhoI (FastDigest, Thermo
Scientific, Waltham, MA, USA), after which they were ligated with T4
ligase (Thermo Scientific, Waltham, MA, USA) overnight at 15°C. A 2-�l
volume of the ligation mixture was used directly to transform Escherichia
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coli NEB5	 (New England BioLabs, Ipswich, MA, USA) chemically
competent cells according to the manufacturer’s instructions. Trans-
formants were selected on plates with LB agar and 25 �g/ml chloram-
phenicol (Oxoid, Basingstoke, United Kingdom) and incubated over-
night at 37°C. The resulting vector (pBbA5c-AmuCytbd) was
confirmed by Sanger sequencing.

Transformation of E. coli ECOM4. Electrocompetent cells of the cy-
tochrome-deficient, kanamycin-resistant E. coli ECOM4 strain (28),
kindly provided by Bernhard Ø. Palsson, were prepared by inoculation
with 1% of an overnight E. coli ECOM4 preculture (OD600 of 0.6 to 0.7) in
1 liter of M9 medium (Sigma-Aldrich Chemie, Steinheim, Germany) with
25 �g/liter kanamycin (Carl Roth GmBH, Karlsruhe, Germany) and
grown at 37°C shaking at 180 rpm until the exponential phase (OD600 of
0.3 to 0.4). The bacterial culture was cooled on ice for 15 min and centri-
fuged (5,000 � g, 15 min, 4°C); cells were washed twice with 400 ml of cold
demineralized water (demi-water) and once with 10 ml of ice-cold 10%
(vol/vol) glycerol and resuspended in 2 ml of 10% glycerol. Finally, 80-�l
aliquots were prepared and stored at �80°C for later transformation.

Competent E. coli ECOM4 cells were transformed with pBbA5c-
AmuCytbd using electroporation in a 2-mm-gap electroporation cuvette
(ECM630 Precision Pulse; Harvard Apparatus, Inc., Holliston, MA, USA)
at the following settings: 2,500 V, 200 
, and 25 �F. Immediately after, 1
ml of SOC medium (0.5 g/liter NaCl, 20 g/liter tryptone, 5 g/liter yeast
extract, 2.5 ml/liter KCl, 2.03 g/liter MgCl2·6H2O, 3.60 g/liter glucose) was
added and cells were allowed to recover for 1 h at 37°C. The transformed
cells were then plated on LB agar plates with appropriate antibiotics (20
�g/ml kanamycin and 25 �g/ml chloramphenicol) to select for ECOM4-
AmuCytbd cells.

Growth of E. coli ECOM4-AmuCytbd and metabolic profiling. E.
coli ECOM4 and ECOM4-AmuCytbd strains were grown on M9 medium
(Sigma-Aldrich Chemie, Steinheim, Germany) with 20 �g/ml kanamycin
and 25 �g/ml chloramphenicol at 37°C with shaking at 180 rpm. For
metabolic analysis, cells were grown in precultures, after which equal cell
amounts were inoculated into M9 medium containing 18 mM glucose,
either induced with the tested optimal concentration (data not shown) of
25 �M IPTG (Fisher Scientific, Fair Lawn, NJ, USA) or without inducer.
Samples were taken over a period of 50 h, growth was determined by
measuring optical density (OD600), and HPLC analysis was done as de-
scribed for the A. muciniphila samples.

Spectra of cytochrome bd. Erlenmeyer flasks containing 500 ml M9
medium were inoculated with E. coli ECOM4 and E. coli ECOM4-
Amucytbd with or without IPTG. Cells were collected at the end of the
exponential phase by centrifugation (4,800 � g, 10 min). A. muciniphila
cells were grown in 200-ml cultures in anaerobic bottles. Pellets of E. coli
ECOM4 (Amucytbd) and A. muciniphila were dissolved in 1 ml lysis buf-
fer (50 mM Tris-HCl [pH 8], 1 mM EDTA, 150 mM NaCl, 1 mM dithio-
threitol [DTT], 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1% do-
decyl maltoside) and lysed by 2 passages through a French press (model
SPHC; Stansted Fluid Power Ltd., Essex, United Kingdom) at 16,000 lb/
in2 or by four 30-s sonications at an output level of 3.5. Cell debris was
removed by centrifugation (10,500 � g, 10 min). Spectra were measured
by the use of a UV-2501PC instrument (Shimadzu Corporation, Kyoto,
Japan) at 380 to 700 nm, and solutions were reduced using 50 mM sodium
dithionite.

Accession number(s). Sequences determined in this work have been
deposited in ArrayExpress under accession no. E-MTAB-5111.

RESULTS
Oxygen tolerance and oxygen reduction of A. muciniphila. To
test oxygen tolerance, survival of A. muciniphila cells was mea-
sured after exposure of the cells to ambient air. Based on CFU
counts, A. muciniphila cells were able to survive for up to 48 h in
ambient air. The viability had dropped to 25% after 24 h and was
only 1% after 48 h (Fig. 1A). To test the oxygen reduction capacity
of A. muciniphila, the penetration depth of oxygen was measured
in a gas tube assay based on the turning point of a redox indicator
(resazurin). The oxygenated zone was deeper in noninoculated
tubes (10.0 � 1.0 mm) than in the tubes where A. muciniphila was
growing (5.0 � 1.0 mm) (Fig. 1B).

A. muciniphila shows enhanced growth under aerated con-
ditions. The growth of A. muciniphila under aerated conditions
was investigated in a fermentor system controlled for temperature
and pH. Both dissolved oxygen concentration (expressed in per-
cent dissolved oxygen [dO2]) and redox potential (expressed in
millivolts) were measured throughout the experiment. Before A.
muciniphila was grown in the fermentor system, a control fermen-

FIG 1 (A) Survival of A. muciniphila after exposure to oxygen over time. A survival rate of 1% was measured during 48 h of exposure to ambient air (dashed line),
while �90% were still viable in anaerobic cultures (solid line). Points depict averages of results of 4 replicates. (B) Growth of A. muciniphila in the tube assay. Left:
an A. muciniphila-inoculated tube. Right: a control tube. The lower line indicates the resazurin-oxidized zone in the control tube; the upper line indicates the
reduced oxidized zone in the tube where A. muciniphila was growing. A picture representative of 4 repeats is shown.
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tor (negative control) was run to measure the increase in redox
potential and oxygen diffusion by switching the gas flow from an
N2 flow of 2.0 liters/h to an ambient airflow of 0.2 liters/h (Fig.
2C). Thereafter, experiments were run in two parallel fermenters.
At T1 (the beginning of the exponential phase, at an OD600 of
�0.1 [gray-shaded area in Fig. 2]), one of the two fermentors was
switched to an ambient airflow of 0.2 liters/h (aerated fermentor)
and the other fermentor was maintained under strict anaerobic
conditions (anaerobic fermentor). After T1, the redox potential
showed an increase upon the introduction of ambient air (Fig.
2B); the increased redox potential then declined, however, and the
redox potential was lowered again until A. muciniphila reached

stationary phase, pointing to the potential use of oxygen as a final
electron acceptor. The oxygen concentration remained under our
detection level of 0.1% dO2 during the complete period of growth of
A. muciniphila and increased only in the stationary phase (Fig. 2B).

Under aerated conditions, a significantly higher growth rate
(P  0.02) and significantly higher OD600 (P  0.05) at the end-
exponential phase were measured (Fig. 3B and C). The fermenta-
tion profile of A. muciniphila consisted of acetate, propionate, and
small amounts of 1,2-propanediol, typical for growth in mucin-
based medium (Fig. 3A) (29). Under aerated conditions, however,
the ratio of acetate to propionate was altered from 1.2 to 1.5 (P 
0.03) (Fig. 3D), suggesting an altered fermentation pathway.

The minimal oxygen-reducing capacity of A. muciniphila un-
der the given fermentor conditions was calculated based on the
oxygen uptake rate in the negative control and the protein con-
centration of A. muciniphila cultures. The increase in the oxygen
concentration of the negative control was calculated to be 69.4 �
31.9 mU/liter (mU is defined as nanomoles of substrate per min-
ute). This calculation is based on the difference between the in-
crease in oxygen concentration of the negative control (dO2% in
Fig. 2C) and the increase in oxygen concentration of the A. muci-
niphila-grown fermentor (dO2% in Fig. 2B) for all four experi-
ments. The oxygen reduction capacity of A. muciniphila was de-
termined to be 2.26 � 0.99 mU/mg total protein (n  4).

The initial transcriptional response of A. muciniphila to aer-
ated conditions is dominated by the oxygen stress response. The
transcriptome of A. muciniphila was determined by RNA-Seq
analysis under both aerated and anaerobic fermentor conditions
at the beginning of the exponential phase of growth (before aera-
tion) (T1), during the mid-exponential phase (T2), and at the
end-exponential phase (T3) (black arrows in Fig. 2A). All genes
that differed significantly between the conditions are listed in Ta-
ble S1 in the supplemental material. At T1 (before aeration), the
two parallel fermentors had identical gene expression profiles
(Fig. 4A). Comparing the aerated fermentor to the nonaerated
fermentor at T2 (mid-exponential phase) revealed 38 genes that
were expressed significantly differently (Fig. 4B). During this
initial transcriptional response, a total of 26 genes were signif-
icantly upregulated due to the presence of oxygen. Only 18 of
the genes are annotated, and 6 of the 18 were annotated as
encoding potential oxygen stress-related products: superoxide
dismutase; hydroperoxidase; entericidin (EcnAB), homolo-
gous to the E. coli EcnAB protein, which is involved in the stress
response (30); rubrerythrin, previously implicated in protec-
tion from oxidative damage in sulfate-reducing bacteria (31);
excinuclease, controlling for potential ROS-mediated DNA
damage; and a family 2 glycosyl transferase, part of the capsular
polysaccharide biosynthesis pathway upregulated to poten-
tially protect the cells against the presence of oxygen (Table 1).
Also, one potential oxidoreductase-encoding gene and six
genes that are broadly categorized as potentially growth phase
dependent were significantly upregulated (Table 1). Twelve
genes were significantly downregulated under aerated condi-
tions. Five of these genes encode the assimilatory sulfate reduc-
tion pathway (Fig. 4B and Table 1). Expression of the oxygen
stress-related genes, after the initial oxygen response, was as-
sessed by comparing the aerated fermentor results obtained at
T2 and T3. Expression of these genes did not further increase
significantly, except for the gene encoding hydroperoxidase
(see Table S1 in the supplemental material).

FIG 2 Growth, oxygen concentration, and redox potential of A. muciniphila
in aerated fermentor system. (A) Growth of A. muciniphila measured by OD600

in the aerated and anaerobic fermentor and the dissolved oxygen concentra-
tion [dO2 (%)] in the aerated fermentor. The gray-shaded area indicates a
switch to an ambient airflow of 0.2 liters/h. (B) Redox potential (in millivolts)
(dashed line) and the oxygen concentration [dO2 (%)] (solid line) during the
growth of A. muciniphila in the aerated fermentor. The gray-shaded area indi-
cates a switch to an ambient airflow of 0.2 liters/h. (C) Redox potential (mV)
(dashed line) and the oxygen concentration [dO2 (%)] (solid line) of the
negative control (without A. muciniphila). Data are solely from one experi-
ment but are representative of all four experiments performed.
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End-exponential transcriptional response of A. muciniphila
to aerated conditions points to respiration using cytochrome bd
as a terminal oxidase. Comparing the aerated fermentor to the
nonaerated fermentor at T3 (end-exponential phase) revealed 107
significantly altered genes (Fig. 4C; see also Table S1 in the sup-
plemental material). During this end-exponential transcriptional
response, a total of 57 genes were significantly upregulated under
aerated conditions. In similarity to the result seen at T2 a series of
oxygen stress-related genes was upregulated (Fig. 4C and Table 1).
Three major gene clusters were significantly upregulated under
aerated conditions: (i) a cluster involved in iron transport, includ-
ing the FeO iron transporters; (ii) a respiratory gene cluster, in-
cluding genes encoding subunits of oxoglutarate dehydrogenase
and its adjacent gene encoding cytochrome d ubiquinol oxidase
subunit II; and (iii) a nickel-dependent hydrogenase cluster, in
which 3 of 5 genes were significantly oxygen induced, pointing to
the use of cytochrome bd as a terminal oxidase. Cytochrome bd
ubiquinol oxidase subunit I, although abundantly present in the
transcriptome, showed no transcriptional induction by oxygen.
However, comparing the expression levels of the cytochrome bd
subunits in the aerated fermentor at T2 and T3, we see that both
subunits showed increased expression over time under aerated
conditions (see Table S1). At T3, both the sulfur mobilization

(SUF) pathway and the ferredoxin gene were significantly upregu-
lated and were potentially involved in electron transfer. In addi-
tion, two genes broadly categorized as potentially growth-phase-
dependent genes were significantly upregulated under aerated
conditions (Fig. 4C and Table 1). A total of 50 genes were signif-
icantly downregulated under aerated conditions (see Table S1)
and included the following 3 major gene clusters: (i) the assim-
ilatory sulfate reduction genes; (ii) the potential flavin biosyn-
thesis genes; and (iii) the NADH-quinone oxidoreductase
complex genes (Fig. 4C and Table 1).

Cytochrome bd genes of A. muciniphila restore respiration
in the cytochrome-deficient mutant Escherichia coli ECOM4.
Under aerated conditions, A. muciniphila showed both slightly
increased growth (Fig. 3) and oxygen reduction capacities of
2.26 � 0.99 mU/mg total protein, pointing to the potential use
of oxygen as a final electron acceptor. Moreover, the A. muci-
niphila genome contains the genes for cytochrome bd subunits I
(Amuc_1695) and II (Amuc_1694) and the gene coding for sub-
unit II was significantly upregulated under aerated conditions
(Fig. 4). To test if the A. muciniphila cytochrome bd genes encode
a functional cytochrome bd complex that can be used for respira-
tion, we complemented the cytochrome-deficient E. coli ECOM4
strain with pBbA5c-AmuCytbd expressing the genes for cyto-

FIG 3 Growth and physiology of A. muciniphila in the aerated fermentor system. (A) SCFA production profile of A. muciniphila at the stationary phase,
including acetate, propionate, and 1,2-propanediol. (B) Maximal OD600 reached during growth in the aerated fermentor and the anaerobic fermentor. (C)
Growth rate (�) based on the OD600 during the exponential-growth phase in the aerated fermentor and the anaerobic fermentor. (D) Ratio of the production of
acetate to the production of propionate per fermentor run in the aerated fermentor and the anaerobic fermentor. Bars represent means of n  4; error bars
represent the standard deviations (SD). An asterisk (*) indicates a significant difference determined using the two-tailed Student t test. For panel B, P  0.05; for
panel C, P  0.02; for panel D, P  0.03. A plus sign (�) indicates a significant difference determined using the one-tailed Mann-Whitney test (P  0.03).
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chrome bd subunits I (Amuc_1695) and II (Amuc_1694) of A.
muciniphila, resulting in strain ECOM4-AmuCytbd. As previ-
ously shown by Portnoy et al. (28), there was no production of
acetate by the cytochrome-deficient E. coli ECOM4 strain under
oxic conditions, in contrast to the E. coli MG1655 parental strain,
which produces ample amounts of acetate (28). However, in
strain ECOM4-amuCytbd, expressing the A. muciniphila cyto-
chrome bd genes, acetate production was partly restored upon

induction with IPTG (3.2 � 0.8 mM) and was slightly lower
without induction (2.2 � 0.4 mM) (Table 2). Moreover, the
growth yield increased from an OD600 of 0.18 � 0.04 to an
OD600 of 0.43 � 0.03 in this complemented strain (Table 2).

Cytochrome bd is present and functional in A. muciniphila.
Finally, the presence of the cytochrome bd complex of A. mucini-
phila was confirmed by spectra showing a small peak at 560 nm,
and by a larger peak at 430 nm, indicating the presence of cyto-

FIG 4 Genes of A. muciniphila differentially expressed under aerated conditions. (A) Schematic representation of the genes significantly differentially expressed
under aerated and nonaerated conditions at the different time points. Red arrows indicate downregulated genes; green arrows indicate upregulated genes. (B)
Volcano plot of the aerated fermentor versus the nonaerated fermentor at T2. (C) Volcano plot of the aerated fermentor versus the nonaerated fermentor at T3.
The P values were determined using edgeR (26) with settings that included the default trimmed mean of M values (TMM) (data corresponding to significant
differences in gene expression under all conditions can be found in Table S1 in the supplemental material).
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chromes (Fig. 5A). The presence of the cytochrome bd complex in
the ECOM4-AmuCytbd complemented strain was confirmed us-
ing a spectrum measurement that showed a major peak at 430 nm,
which is in line with the Soret peak of cytochrome bd (Fig. 5B), as

previously described (32, 33). To determine if the oxygen reduc-
tion was heme dependent and thus cytochrome bd dependent,
three parallel fermentors containing medium with or without he-
min were used. Without bacteria, there was no difference ob-

TABLE 1 Oxygen-responsive genes that are significant differentially expressed between aerated and nonaerated fermentors at T2 and T3a

Gene product or pathway Gene

Fold change

Potential mechanismT2 T3

T2 aerated vs nonaerated fermenter
Amino acid permease Amuc_0037 2.19 2.13 Enhanced growth
Ion transport 2 domain-containing protein Amuc_0236 1.84 0.79 Enhanced growth
Entericidin EcnAB Amuc_0580 3.82 0.94 Response to starvation conditions
Short-chain dehydrogenase/reductase (SDR) Amuc_0777 2.66 2.30 Oxidoreductase
Cupin barrel domain-containing protein Amuc_0883 1.08 1.96 Enhanced growth
Sigma 54 modulation protein/ribosomal protein S30EA Amuc_0999 2.11 1.33 Enhanced growth
Superoxide dismutase Amuc_1592 1.90 1.22 2 O� � 2 H� ¡ H2O2

Sulfatase Amuc_1655 1.66 0.54 Sulfate cleavage from mucin protein for enhanced growth
Heavy-metal-translocating P-type ATPase Amuc_1839 11.39 1.68 Enhanced growth
Hydroperoxidase Amuc_2070 2.23 1.90 2 H2O2 ¡ 2 H2O � O2

Rubrerythrin Amuc_2072 1.97 2.48 Stress response
Family 2 glycosyl transferase Amuc_2081 1.81 1.18 Capsular polysaccharide biosynthesis pathway upregulated

potentially to protect against oxygen presence
Excinuclease Amuc_2176 2.21 2.29 Control for potential ROS-mediated DNA damage
Assimilatory sulfate reduction (Amuc_1294–Amuc_1301) Amuc_1293 �2.40 �1.35 Not functional due to high redox potential

Amuc_1295 �3.30 �2.25
Amuc_1296 �3.17 �1.87
Amuc_1297 �2.96 �2.27
Amuc_1298 �2.35 �2.67

T3 aerated vs nonaerated fermentor
Suf pathway (Amuc_0486–Amuc_0489) Amuc_0488 1.20 1.82 Iron uptake [Fe-S]

Amuc_0489 1.17 2.18
Oxoglutarate dehydrogenase (Amuc_1692–Amuc_1693) Amuc_1692 1.61 2.28 Potential readthrough of transcript

Amuc_1693 1.65 2.96
Cytochrome bd complex (Amuc_1694–Amuc_1695) Amuc_1694 0.91 2.77 Aerobic respiration
FeO iron transporter (Amuc_1089–Amuc_1090) Amuc_1089 0.88 2.22 Iron uptake

Amuc_1090 0.75 2.33
Nickel-dependent hydrogenase

(Amuc_2128–Amuc_2132)
Amuc_2129 1.41 2.74 Oxygen-tolerant hydrogenase that might use the H2 present

at its ecological nicheAmuc_2130 1.32 2.98
Amuc_2131 1.78 3.46

ATPase AAA Amuc_0059 1.26 2.05 UvrB/UvrC protein; ATPase binding domain; part of NER;
control for potential ROS-mediated DNA damage

Phosphopyruvate hydratase Amuc_0844 2.65 4.37 Involved in glycolysis, enhanced growth
Heavy-metal-translocating P-type ATPase Amuc_0876 1.63 2.72 Enhanced growth
Alkyl hydroperoxide reductase Amuc_1321 1.25 5.06 ROS scavenger
Ferredoxin Amuc_1922 1.01 2.09 Iron uptake
Rubrerythrin Amuc_2072 1.97 2.48 Stress response
Excinuclease Amuc_2176 2.21 2.29 Control for potential ROS mediated DNA damage
Potential flavin biosynthesis (Amuc_0421–Amuc_1426) Amuc_0422 �1.15 �2.00 Electron sink

Amuc_0423 �1.51 �2.45
Amuc_0424 �1.26 �1.92
Amuc_0425 �1.08 �2.20
Amuc_0426 �1.40 �1.91

Assimilatory sulfate reduction (Amuc_1294–Amuc_1301) Amuc_1295 �3.30 �2.25 Redox too high to be functional
Amuc_1297 �2.96 �2.27
Amuc_1298 �2.35 �2.67
Amuc_1299 �1.74 �2.83
Amuc_1300 �1.51 �2.51
Amuc_1301 �1.05 �2.28

NADH-quinone oxidoreductase complex
(Amuc_1604–Amuc_1614)

Amuc_1609 �1.28 �1.98 Not essential in the electron transport from NADH to oxygen
in a mutant E. coli strainAmuc_1612 �1.14 �1.72

Menaquinone pathway Amuc_1017 �1.56 �2.43 Menaquinone pathway
a Only genes that are involved in oxygen metabolism are included in this table; all other differentially expressed genes are listed in Table S1 in the supplemental material.
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served in the percentage of dO2 between a fermentor with heme
and a fermentor without heme (10.5% � 0.2%). In the presence of
A. muciniphila without hemin, the oxygen concentration reached
an average saturation of 1.1% � 0.2% in the first 400 min of
aeration. With hemin, the same amount of cells was able to di-
rectly and completely reduce the oxygen, preventing accumula-
tion of oxygen in the system. The saturation remained constant at
0.1% � 0.0% (see Fig. S3 in the supplemental material).

DISCUSSION

A. muciniphila is known to colonize the oxic-anoxic interface of
the mucus layer. Using an integrated physiological, genetic, and
transcriptomic approach, the oxygen response of A. muciniphila
was addressed and shown to be highly complex and effective and
to involve a functional respiratory complex. Analysis of the global
transcriptional response identified 137 genes involved in the reac-
tion to oxygen and other formed ROS (see Table S1 in the supple-
mental material). This could testify to an adaptation of A. muci-
niphila to continuous exposure to these products in its natural
habitat. Moreover, we also observed the effective use of oxygen in
a rudimentary respiratory chain involving a cytochrome bd com-
plex, indicating that A. muciniphila is capable of competing with
other strict anaerobes that may colonize the mucosal layer.

The oxygen survival of A. muciniphila is in line with anaerobic
gut colonizers such as Bacteroides fragilis and Bifidobacterium ado-
lescentis, which were still viable after 48 h of ambient air exposure
(34). As previously described for gut colonizers Faecalibacterium
prausnitzii (15) and B. fragilis (35), A. muciniphila had enhanced
growth at the oxic-anoxic interphase as shown in the gas tube

TABLE 2 Acetate production of ECOM4-AmuCytbd and ECOM4a

Parameter

Values at indicated IPTG concn (�M)

Strain ECOM4-AmuCytbd Strain ECOM4

25 0 25

Acetate (mM) 3.3 (0.8)A 2.2 (0.4)A 0.0 (0.0)B

Yield (OD600) 0.4 (0.0)C 0.4 (0.0)C 0.2 (0.0)D

a A negative control of M9 medium without bacteria was included. Values represent
means (standard deviations [SD]), n  3. Data with different superscript letters are
significantly different as determined using the 2-tailed Student t test.

FIG 5 Cytochrome bd complex of A. muciniphila. (A) Spectrum of A. muciniphila cell extract. The spectrum data show the oxidized spectrum minus the
dithionate-reduced spectrum. (B) Spectrum of E. coli ECOM4-AmuCytbd cell extract minus the ECOM4 cell extract spectrum. The baseline is set for absorbance
at 700 nm. The two spectra show similar patterns at 430 nm.
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assay (Fig. 1B). The presence of riboflavin or other vitamins did
not affect the observed growth ring (data not shown). Therefore, a
riboflavin-dependent extracellular electron shuttle, such as was
proposed for the enhanced growth of F. prausnitzii at the oxic-
anoxic interface, is probably not present in A. muciniphila. For B.
fragilis, cytochrome bd oxidase was shown to be essential for
growth at nanomolar oxygen concentrations (35). The genes for
cytochrome bd subunits I (Amuc_1695) and II (Amuc_1694) are
present in A. muciniphila, and we confirmed their presence by
spectral measurements. We also showed the functional relevance
of the cytochrome bd complex by revealing the lower oxygen re-
duction capacity in heme-deprived medium. The bacteria were
able to fully reduce the oxygen only when heme was supple-
mented. Evolutionarily, the A. muciniphila cytochrome bd genes
are closest related to those of some aerobic members of the Ver-
rucomicrobia, including Verrucomicrobium spinosum, and Opitu-
tus terrae. The presence of the cytochrome bd genes in A. mucini-
phila might therefore be conserved during adaptation to the
intestinal environment.

Apart from oxygen tolerance, the oxygen reduction capacity of
A. muciniphila was demonstrated in the gas tube assay and was
quantified in the fermentor system to be at least 2.26 mU/mg total
protein. This lower limit of the oxygen conversion capacity of A.
muciniphila is less than that of previously characterized anaerobic
bacteria that employ cytochrome bd, including B. fragilis (9 nmol/
min/mg total protein) and Moorella thermoacetica (29.8 nmol/
min/mg protein) (35, 36). However, A. muciniphila is clearly able
to reduce nanomolar concentrations of oxygen. Given the actual
concentration of oxygen in the mucus layer, which has been esti-
mated to be 15 mm Hg (�210 nM) (16), we speculate that A.
muciniphila can take advantage of these nanomolar concentra-
tions in its ecological niche to compete with other strict anaerobes.
The cytochrome bd complex was described to be essential in in-
testinal colonization of mice as was reported using respiratory
mutants of E. coli (37) and B. fragilis (35). Hence, it is tempting to
suggest that A. muciniphila might need cytochrome bd in initial
colonization of its host as well.

The mechanism behind the oxygen response was investigated
by analyzing the transcriptional response of A. muciniphila under
aerated conditions in the fermentor system. Two different re-

sponses to oxygen could be distinguished: the detoxification of
oxygen and the use of oxygen in aerobic respiration. A variety of
mechanisms could explain the upregulation and downregulation
of genes after aeration at both T2 (mid-exponential phase) and T3
(end-exponential phase) (Table 1). The detoxification of oxygen is
reflected in the initial transcriptional response of A. muciniphila.
Both superoxide dismutase (Amuc_1592) and hydroperoxidase
(Amuc_2070) are upregulated to scavenge the ROS. Oxygen also
induced the transcription of both rubrerythrin genes of A. muci-
niphila, previously shown to be upregulated as well in the acute
murine colitis model where there is an increase of ROS in the GI
tract (38). In conclusion, A. muciniphila harbors an arsenal of
genes to detoxify oxygen that are significantly upregulated under
aerated conditions. However, this does not explain the observed
enhanced growth and the shift toward a higher acetate-to-propi-
onate ratio.

The transcriptome of A. muciniphila at the end-exponential
phase points to the use of oxygen in aerobic respiration mediated
by cytochrome bd. As the energy yield of aerobic respiration is
higher than that of fermentation, this might be the reason for
the enhanced growth that we observed under aerated condi-
tions (Fig. 4) (29). Cytochrome d ubiquinol oxidase (subunit II)
(Amuc_1694) was significantly upregulated, while subunit I
(Amuc_1695), although abundantly present in the transcriptome,
showed no transcriptional induction by oxygen (at both T2 and
T3). To be functional, the cytochrome bd complex needs to be
coupled to an NADH dehydrogenase to recycle its menaquinone
and produce NAD� (Fig. 6). A. muciniphila harbors a NADH
hydrogenase complex consisting of the following 14 genes:
Amuc_1604 to Amuc_1614, Amuc_1551, Amuc_2157, and
Amuc_2158. While the first gene cluster was downregulated un-
der aerated conditions, the other genes were slightly (�1.5-fold)
though not significantly upregulated. Moreover, this NADH hy-
drogenase complex belongs to NADH dehydrogenase type I (39),
which has been shown to be not essential in the electron transport
from NADH to oxygen in a mutant E. coli strain (40). Therefore,
we screened the genome for another potential NADH dehydroge-
nase and found that Amuc_1809 might be a candidate. Although
abundantly expressed under all tested conditions, Amuc_1809
was upregulated slightly (though not significantly) under aerated

FIG 6 Schematic representation of aerobic respiration by A. muciniphila under nanomolar oxygen concentration conditions.
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conditions at T2 (1.1-fold upregulated) and T3 (1.3-fold upregu-
lated). Hence, this NADH dehydrogenase might operate in con-
junction with the cytochrome bd complex to use oxygen as a final
electron acceptor.

Enhanced growth under aerated conditions was observed to-
gether with a marginal but significant shift toward a higher ace-
tate-to-propionate ratio. As cytochrome bd uses oxygen as a final
electron acceptor, resulting in the production of H2O and NAD�

(Fig. 6), to maintain the NAD�/NADH ratios, the extra NAD�

production needs to be balanced by additional NADH regenera-
tion. Therefore, the metabolism might shift from propionate,
where a net total of 2 NADH are oxidized to 2 NAD�, toward
acetate production, where 1 NAD� is reduced to 1 NADH (a sim-
plified schematic representation is shown in Fig. S2 in the supple-
mental material). More acetate production leads to more ATP
production as well. As acetate is a more highly oxidized fermen-
tation product, more electrons are released from pyruvate and
donated to NAD�, leading to the production of more NADH. The
NADH can be oxidized and the electrons can be transferred back
to oxygen via an NADH dehydrogenase, menaquinones, and cy-
tochrome bd. Due to the change in the acetate-to-propionate ra-
tio, more ATP and NADH can be generated, leading to slightly
increased growth rate and yield, as observed in our fermentor
experiments. This was confirmed by the increased growth and
acetate production of ECOM4-AmuCytbd (Table 2), and its pres-
ence in A. muciniphila was confirmed by spectral measurements
(Fig. 5).

The cytochrome bd complex is likely to involve iron-contain-
ing hemes as cofactors. Both FeO iron transporters (Amuc_1089
and Amuc_1090) predicted to be involved in Fe2� transport were
significantly upregulated under aerated conditions. This might
point to increased iron uptake to allow incorporation of the iron-
containing heme cofactors in cytochrome bd. All known mem-
bers of the bd family of oxygen reductases most commonly use
ubiquinol or menaquinol as the substrate (41). A. muciniphila is
predicted to harbor the complete pathway to produce menaqui-
nones (see Fig. S1 in the supplemental material). However, one
gene (Amuc_1017) was significantly downregulated at T3 whereas
the other 8 were not significantly altered under aeration condi-
tions.

Taking the data together, we showed that a subunit of cyto-
chrome bd complex is transcriptionally induced under aerated
conditions and that its presence in A. muciniphila was confirmed
by spectrum measurements. The genes for both FeO iron trans-
porters were significantly upregulated to potentially employ the
heme cofactors of cytochrome bd. The oxygen conversion capac-
ity of A. muciniphila is lower than that seen with the previously
characterized cytochrome bd of two other bacteria (35, 36), and
yet A. muciniphila clearly possesses the ability to reduce oxygen.
Finally, the functionality of the cytochrome bd complex of A. mu-
ciniphila was confirmed by the increased growth and the acetate
production of ECOM4-AmuCytbd. On top of this, A. muciniphila
had a lower oxygen reduction capacity in the absence of heme.
Therefore, we propose the following mechanism (Fig. 6). A. mu-
ciniphila uses the cytochrome bd complex coupled to an uniden-
tified NADH dehydrogenase (possible gene candidate, Amuc_
1809) to use oxygen as a final electron acceptor. The use of oxygen
as a final electron acceptor by cytochrome bd oxidase shifts the met-
abolic process toward a higher acetate-to-propionate ratio, resulting
in more ATP and NADH and eventually leading to a slightly in-

creased growth rate and yield. In its ecological niche, A. mucini-
phila might use this additional energy to outcompete strict anaer-
obes in the mucus layer.
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