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The Terminal Oxidase cbb; Functions in Redox Control of Magnetite
Biomineralization in Magnetospirillum gryphiswaldense
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The biomineralization of magnetosomes in Magnetospirillum gryphiswaldense and other magnetotactic bacteria occurs only
under suboxic conditions. However, the mechanism of oxygen regulation and redox control of biosynthesis of the mixed-valence
iron oxide magnetite [FelI(Felll),0,] is still unclear. Here, we set out to investigate the role of aerobic respiration in both energy
metabolism and magnetite biomineralization of M. gryphiswaldense. Although three operons encoding putative terminal cbb,-
type, aas-type, and bd-type oxidases were identified in the genome assembly of M. gryphiswaldense, genetic and biochemical
analyses revealed that only cbb, and bd are required for oxygen respiration, whereas aa; had no physiological significance under
the tested conditions. While the loss of bd had no effects on growth and magnetosome synthesis, inactivation of cbb; caused
pleiotropic effects under microaerobic conditions in the presence of nitrate. In addition to their incapability of simultaneous
nitrate and oxygen reduction, cbb;-deficient cells had complex magnetosome phenotypes and aberrant morphologies, probably
by disturbing the redox balance required for proper growth and magnetite biomineralization. Altogether, besides being the pri-

mary terminal oxidase for aerobic respiration, cbb; oxidase may serve as an oxygen sensor and have a further role in poising
proper redox conditions required for magnetite biomineralization.

Magnetotactic bacteria (MTB) are capable of orientation in
the Earth’s magnetic field to search for their preferred low-
oxygen environments, which is achieved by unique intracellular
organelles, the magnetosomes (1). In the alphaproteobacterium
Magnetospirillum gryphiswaldense (here referred to as MSR-1) and
related MTB, magnetosomes comprise membrane-enveloped
magnetite crystals and are aligned in chains (1). Previous studies
revealed that magnetosome biosynthesis is largely controlled by a
set of about 30 specific genes localized within the genomic mag-
netosome island (MAI) (2-5), whereas determinants encoded
elsewhere play accessory roles in magnetite biomineralization (6,
7). The synthesis of the mixed-valence iron oxide magnetite
[FelI(Felll),0,] was previously proposed to proceed by copre-
cipitation of balanced amounts of ferrous and ferric iron, which
thus requires a precise biological regulation of intracellular redox
conditions (8-10). In inorganic synthesis of magnetite films called
ferrite plating, nitrite and oxygen have been shown to be potent
oxidants for ferrousiron (11). One of the major redox pathways in
microaerophilic MSR-1 was found to be denitrification, which is a
respiratory process to stepwise reduce nitrate to N, (12). Our pre-
vious work showed that in MSR-1, denitrification plays an impor-
tant role in poising redox conditions for magnetite biomineraliza-
tion (6, 7). Deletion of nap genes encoding a periplasmic nitrate
reductase not only abolished anaerobic growth and delayed aero-
bic growth but also severely affected magnetite synthesis and led to
the formation of fewer, smaller, and irregular magnetosomes dur-
ing denitrification and microaerobic oxygen respiration (6). Ge-
netic inactivation of the nitrite reductase NirS resulted in defective
growth and biosynthesis of smaller and irregular particles during
nitrate reduction (7). In addition to denitrification, which occurs
only under suboxic conditions, MSR-1 and related MTB are also
capable of aerobic respiration using O, as the terminal electron
acceptor. Although isotope experiments demonstrated that oxy-
gen molecules bound in biologically synthesized Fe;O, are derived
from water but not O,, it has been observed that the O, concen-
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tration is a crucial factor that significantly affects magnetosome
biosynthesis (13). Magnetite crystals are biomineralized only un-
der suboxic conditions, whereas atmospheric oxygen concentra-
tions entirely inhibit the formation of magnetosomes (6, 14).
However, the mechanism of oxygen regulation and redox control
of magnetite biomineralization has remained unclear. By visible
absorption spectroscopy, enzymes for respiration were identified
in Magnetospirillum magnetotacticum, including a-, a,-, b-, c-,
cd,-, and o-type cytochromes (15). More than 85% of the total
cytochromes were of the ¢ type, which were mainly soluble,
whereas the a- and b-type cytochromes were detected mostly in
cell membranes. Since a, hemes (usually part of the “low-aera-
tion” cytochrome oxidase) and o hemes (usually part of the “high-
aeration” cytochrome oxidase) were simultaneously observed in
M. magnetotacticum, O’Brien et al. suggested that the oxygen res-
piration chain is branched (15). Subsequently, a new “cytochrome
a,-like” hemoprotein was found to display weak cytochrome ¢
oxidase activity in vitro and to be present in larger amounts in
magnetic than in nonmagnetic cells of M. magnetotacticum, sug-
gesting that this protein might be involved in magnetosome for-
mation (16). For the same organism, Tamegai and Fukumori in
1994 reported a novel cbb-type cytochrome ¢ oxidase, which dis-
played cytochrome ¢ oxidase activity and thus was assumed to
function as the terminal oxidase for microaerobic respiration
(17). However, until now, no genetic evidence has been available
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to elucidate which proteins mediate oxygen respiration and
whether aerobic respiration is involved in magnetite biomineral-
ization.

In prokaryotes, there are two major groups of terminal oxi-
dases involved in O, reduction: the universal cytochrome ¢ oxi-
dases and the quinol oxidases (18). All of cytochrome ¢ oxidases,
which relay electrons from cytochrome ¢ to O,, are members of
heme-copper oxidases (HCOs). Based on evolutionary relation-
ships, HCOs are classified into three different types: (i) type A
oxidases, grouped as cytochrome oxidases aa,, which are homol-
ogous to the mitochondrial oxidases (19); (ii) type B oxidases, in
which the catalytic subunit and two other subunits are analogous
to the subunits of aa,-type cytochrome ¢ oxidases (20); and (iii)
type C oxidases, the cytochrome oxidases cbb;. Unlike the oxidase
aas,, which functions under aerobic conditions, the cbb; oxidase
encoded by the ccoNOQP operon is expressed primarily under
O,-limiting conditions, reflecting its high affinity for O, (21). The
bd-type quinol oxidases provide an alternative branch and accept
electrons directly from the quinol pool for O, reduction (18).
Although bd quinol oxidases do not pump protons and therefore
are less efficient at creating the charge gradient for ATP synthesis
than HCOs, they have been found to have a higher affinity for O,
than other cytochrome oxidases (22) and therefore were proposed
to function under low-O, conditions (23). However, their physi-
ological function has remained unclear.

Here, we set out to explore the role of O, and aerobic respira-
tion in metabolism and magnetite biomineralization by mutagen-
esis of different terminal oxidases in MSR-1. Although three pu-
tative terminal oxidases were identified in MSR-1, only oxidases
cbb; and bd were required for O, reduction, whereas cytochrome
¢ oxidase aa; did not show any physiological function under our
laboratory conditions. Genetic and biochemical analyses revealed
that active aerobic respiration is essential for microaerobic deni-
trification, and the cbb; oxidase is required for simultaneous deni-
trification and aerobic respiration under microaerobic condi-
tions. Moreover, besides being a primary terminal oxidase, cbb; is
also involved in magnetite biomineralization, and its loss caused
pleiotropic effects under microaerobic conditions in the presence
of nitrate, such as significant delays of growth, severely impaired
magnetite synthesis, and aberrant cell morphologies, probably by
disturbing the intracellular redox state required for metabolism
and magnetite biomineralization.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids
used in these studies are listed in Table S1 in the supplemental material.
Escherichia coli strains were routinely cultured in lysogeny broth (LB) at
37°C, and MSR-1 strains were grown at 30°C in nitrate medium if not
specified otherwise (6). In ammonium medium, nitrate was replaced by 4
mM ammonium chloride. When needed, kanamycin was used at the fol-
lowing concentrations: 25 pg/ml for E. coli and 5 g/ml for MSR-1. A total
of 300 wM diaminopimelic acid (DAP) was added to the medium when E.
coli strain BW29427 was used as the donor for conjugation.

Under anaerobic and microaerobic conditions, the optical density and
magnetic response (C,,,,,) were measured spectrophotometrically at 565
nm in 300-ml bottles containing 50 ml medium, as previously described
(24). For microaerobic conditions, before autoclaving, bottles were sealed
with butyl-rubber stoppers and flushed with a microoxic gas mixture
containing 2% O, and 98% N,. Anaerobic conditions were achieved by
omitting oxygen from the gas mixture. For aerobic conditions, cells were
grown with free gas exchange with air in 500-ml flasks containing 40 ml
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medium agitated at 200 rpm. If not specified, inocula were prepared an-
aerobically.

Genetic and molecular biology techniques. Standard molecular and
genetic techniques were used for DNA isolation, digestion, ligation, and
transformation (25). All DNA products were sequenced by using BigDye
Terminator version 3.1 chemistry on an ABI 3700 capillary sequencer
(Applied Biosystems, Darmstadt, Germany). Sequence data were ana-
lyzed with Vector NTT Advance 11.5.1 software (Invitrogen, Darmstadt,
Germany). All oligonucleotide sequences used in this work are available
upon request.

Construction of mutant strains. First, the fused flanking sections of
operons encoding cbbs, aas, and bd oxidases were cloned into PstI/Spel-
digested pOR093 to yield pLYJ128, pLYJ129, and pLYJ130, respectively.
Unmarked deletions of cbbs, aas, and bd oxidase operons were performed
by a two-step homologous recombination technique in the same manner
as that described previously (41). After PCR screening, mutants were gen-
erated and finally designated the Acbb;, Aaa,, and Abd mutants, respec-
tively. For double deletion mutants, pLYJ128 was transformed into the
Aaay and Abd mutants by conjugation, and two different double mutants,
the Aaa, Acbb; and Abd Acbb; mutants, respectively, were obtained. Plas-
mid pLYJ129 was transformed into the Abd mutant by conjugation to
generate the Abd Aaa, double deletion mutant.

For genetic complementation of the Acbbs, Aaay Acbbs, and Abd
Acbb; mutants, the ccoNOQP operon encoding cbb oxidase with its own
promoter region was ligated into HindITI/Smal-digested pBBRIMCS-2 to
obtain plasmid pLYJ138. In addition, as controls, operons encoding the
respective aa and bd oxidases were also complemented in the Aaa; Acbb,
mutant and Abd Acbb; mutant. The PCR product of the coxBAC operon
encoding aa; oxidase with its own promoter region was digested with
HindIII and Smal and further ligated into pBBRIMCS-2 to generate
pLYJ139. The PCR fragment of the cydAB operon encoding bd oxidase
with its own promoter region was digested with Apal and SacI and also
ligated into pPBBRIMCS-2 to generate plasmid pLYJ140.

Analysis of transcriptional gusA fusions. To investigate the tran-
scription of different terminal oxidases under different conditions, pro-
moter regions of the ccoNOQP, coxBAC, and cydAB operons were cloned
into Acc65I/HindIII-digested pLYJ97, and the resulting plasmids were
designated pLYJ115, pLYJ135, and pLYJ137, respectively. Also, B-gluc-
uronidase activity was determined at 37°C as described previously (6).
Triplicate assays were performed, and the values reported were averaged
by using at least two independent experiments.

Nadi assay. The N,N-dimethyl-p-phenylenediamine (Nadi) assay was
used for the detection of cytochrome ¢ oxidase activity (26). A mixture of
1% o-naphthol (Sigma-Aldrich) in ethanol and 1% N,N-dimethyl-p-
phenylenediamine monohydrochloride (Sigma-Aldrich) was applied to
cover colonies. Strains containing an active cytochrome ¢ oxidase turn
blue within 5 min.

Nitrate and nitrite concentration assays. Different strains were
grown under microaerobic conditions in the presence of nitrate. One
milliliter of culture at different time points was used to detect nitrate and
nitrite concentrations, as described previously (6). Duplicate assays were
carried out, and the values reported were measured in one representative
experiment.

NAD*/NADH ratio assay. Different strains were grown in nitrate or
ammonium medium under different conditions and harvested at an op-
tical density at 565 nm (ODsg;) of 0.1 to 0.2. Each culture, containing
about 10 cells, was suspended in 50 pl phosphate-buffered saline (PBS)
buffer and subjected to extraction and detection by using an NAD/
NADH-Glo assay (Promega) according to the manufacturer’s instruc-
tions. Luminescence was recorded by using a Synergy 2 multimode mi-
croplate reader from BioTek.

Transmission electron microscopy (TEM). MSR-1 wild-type (WT)
and mutant strains were grown at 30°C under different conditions, con-
centrated, and adsorbed onto carbon-coated copper grids. Samples were
viewed and recorded with an FEI CM200 microscope (FEI, Eindhoven,
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FIG 1 (A) Molecular organization of putative terminal oxidase in the genome assembly of MSR-1. Dashed lines indicate the extent of deletions in mutant strains. (B and
C) Transcription of putative terminal oxidase operons with gusA as a reporter in WT (B) and AMgfnr mutant (C) cells. Cultures were grown aerobically (21% O,) in
nitrate and ammonium medium or microaerobically (2% O,) in nitrate and ammonium medium. Expression was measured by -glucuronidase activities.

Netherlands), using an accelerating voltage of 160 kV, or a Morgagni 268
microscope (FEI, Eindhoven, Netherlands) at 80 kV.

Sequence analysis. Genes encoding different oxygen terminal oxidase
genes were identified by BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
homology searching in the genomes of MSR-1 (GenBank accession
number CU459003.1), Magnetospirillum magneticumn (GenBank ac-
cession number AP007255.1), M. magnetotacticum (NCBI reference
sequence NZ_AAAP00000000.1), Magnetococcus marinus (GenBank
accession number CP000471.1), and Desulfovibrio magneticus strain
RS-1 (GenBank accession number AP010904.1).

RESULTS

Identification of terminal oxidases involved in aerobic respira-
tion. Three operons encoding putative terminal cbbs-type, aas-
type, and bd-type oxidases were identified in the draft genome
assembly of MSR-1 (Fig. 1A). cbb; and aa; oxidases, encoded by
their respective operons ccoNOQP and coxBAC, belong to the
family of cytochrome ¢ oxidases. In some bacteria, aaj is the pre-
dominant oxidase under O,-rich growth conditions, whereas cbb;
is expressed only under conditions of O, limitation (27). Al-
though ccoNOQP operons are also present in other MTB, includ-
ing M. magneticum, M. magnetotacticum, and Mc. marinus, some
genes are absent from their ccoNOQP operons (see Table S2 in the
supplemental material). A coxBAC operon is present in M. mag-
neticum and M. magnetotacticum, whereas none of the coxBAC
genes were detected in Mc. marinus, which is capable of only mi-
croaerobic and not aerobic or anaerobic growth, suggesting that
aa; oxidase might not be necessary for microaerobic O, reduction.
Cytochrome ¢ oxidases appear to be absent from the magnetotac-
tic bacterium D. magneticus (see Table S2 in the supplemental
material), which utilizes sulfate and fumarate but not nitrate or O,
as terminal electron acceptors (28). The third oxidase identified in
MSR-1, bd oxidase, encoded by a cydAB operon, is a member of
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the quinol oxidase family, which is able to accept electrons for O,
reduction directly from the quinol pool. However, we failed to
detect any cydAB homologs in the genomes of other MTB except
for D. magneticus (see Table S2 in the supplemental material).
Despite the distinct content and organization of genes encoding
oxygen-reducing enzymes, all known magnetospirilla are capable
of growth under both microaerobic and aerobic conditions with
0, as the electron acceptor (14), indicating that different branches
for aerobic respiration might occur in different magnetospirilla.
MgFnr-independent expression of ccoNOQP, coxBAC, and
cydAB operons is upregulated by oxygen. Since the three putative
terminal oxidases in other bacteria were reported previously to
show distinct affinities for oxygen and thus exhibit their maxi-
mum expression levels at different oxygen concentrations (27), we
tested their expression patterns in WT MSR-1 under different
conditions (Fig. 1B). By transcriptional gusA fusions, we found
that the expression of all putative terminal oxidase operons was
upregulated by oxygen, and the highest levels of B-glucuronidase
activity were detected under aerobic conditions, whereas nitrate
did not affect their aerobic expression. Under microaerobic con-
ditions, an ~2-fold-higher level of B-glucuronidase activity was
observed in the presence of nitrate than in its absence (Fig. 1B). In
other bacteria, Fnr as a global regulator is known to play a key role
in controlling the transcription of aerobic respiration genes (27,
29), which raised the question of whether Fnr in MSR-1 (named
MgFnr) is involved in regulating the expression of these terminal
oxidase operons in response to variable O, concentrations. There-
fore, we performed the same experiments in a AMgfnr mutant, in
which deregulated expression of several denitrification genes
(nirS, nor, and nosZ) under aerobic conditions was recently ob-
served (Y. Li, M. Sabaty, S. Borg, K. T. Silva, D. Pignol, and D.
Schiiler, submitted for publication). As shown in Fig. 1C, AMgfnr
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TABLE 1 Phenotypic characterization of different terminal oxidase mutants”

Phenotype under conditions of:

Strain 0% O, 2% O,, +NO,~ 2% O,, +NH,* 21% O,, +NO,~ 21% O,, +NH,*

Aaa, WT-like WT-like WT-like WT-like WT-like

Abd WT-like WT-like WT-like WT-like WT-like

Abd Aaa, WT-like WT-like WT-like WT-like WT-like

Acbb, WT-like Delayed growth Delayed growth Delayed growth Delayed growth
Severely impaired biomineralization Weakly impaired biomineralization
Aberrant shape of cells

Aaay Acbb, WT-like Delayed growth Delayed growth Delayed growth Delayed growth
Severely impaired biomineralization Weakly impaired biomineralization
Aberrant shape of cells

Abd Acbb, WT-like No growth No growth No growth No growth

“ WT-like indicates that growth and magnetite biomineralization are not visibly different from those of the WT; delayed growth indicates that cells grew slowly compared to the

WT. Phenotypes of mutants different from that of the WT are indicated by shading.

cells carrying ccoNOQP-gusA  (pLYJ115), coxBAC-gusA
(pLYJ135), and cydAB-gusA (pLYJ137) showed the same expres-
sion patterns as the WT. For example, oxygen increased -gluc-
uronidase activity, while nitrate did not affect aerobic expression,
and microaerobically grown AMgfnr cells exhibited higher levels
of B-glucuronidase activity in the presence of nitrate than in its
absence. Altogether, these data suggested that in MSR-1, the tran-
scription of putative terminal oxidases is not under the control of
MgFnr, and thus, other unknown regulators likely mediate their
expression in response to different O, concentrations.

Loss of both cbb; and bd but not aa; abolishes growth in the
presence of oxygen, and aerobic respiration is a prerequisite for
microaerobic denitrification. To determine whether the cbb,,
aas, and bd oxidases fulfill similar physiological functions and
whether they are involved in magnetite biomineralization, we
constructed several mutants, including Acbb;, Aaas, and Abd sin-
gle-operon deletions and Abd Aaas, Aaay Acbbs, and Abd Acbb,
double deletions. Upon repeated attempts, Acbbs, Aaay Acbbs,
and Abd Acbb; mutants could be obtained only when the entire
selection procedure (e.g., plating and cultivation of colonies) was
performed under strictly anaerobic conditions. Phenotypes of all
mutants with respect to growth and magnetite biomineralization
are summarized in Table 1 and Table S3 in the supplemental ma-
terial. Hardly any difference in growth was observed between the
Aaas, Abd, and Abd Aaa; mutants and the WT under all tested
conditions. Under aerobic conditions, WT cells grew to stationary
phase within about 24 h in both nitrate and ammonium media,
whereas the Acbb; and Aaa; Acbb; mutants required about 120 to
140 h to grow to WT-like cell densities (Fig. 2A and B). When the
Acbb; and Aaa; Acbby, strains were incubated microaerobically in
ammonium medium, stationary phase was reached by both mu-
tants 3 h later than the WT (Fig. 2C). In microaerobic nitrate
medium, the Acbb; and Aaa; Acbb; mutants showed even larger
lags of about 12 h to reach the stationary phase (Fig. 3A). Taken
together, based on the observations that the Acbb; and Aaa; Acbb,
mutants had similar phenotypes (delayed growth) while the Aaa,
mutant did not show any growth impairment, we concluded that
the aa; oxidase in MSR-1 has no physiological significance for
aerobic respiration. In agreement with this, in the Abd Acbb; dou-
ble deletion mutant, no growth was observed under microaerobic
or aerobic conditions (Table 1), demonstrating that cbb; and bd
but not aa, function in O, reduction. The observation that the
Abd Acbb; mutant did not grow microaerobically even in the pres-
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ence of nitrate also indicated that aerobic respiration is a prereq-
uisite to activate the microaerobic denitrification pathway. Fur-
thermore, loss of bd oxidase did not affect microaerobic or aerobic
growth, whereas loss of cbb; oxidase caused severely impaired mi-
croaerobic and aerobic growth, suggesting that compared to bd
oxidase, the cbb; oxidase plays a pronounced role in aerobic res-
piration under both O,-rich and O,-limited conditions.

To further prove that cbb; but not aas is the only physiologi-
cally functional cytochrome c¢ oxidase, we performed the Nadi
assay, which is commonly used to specifically detect cytochrome ¢
oxidase activity (26). Using N,N-dimethyl-p-phenylenediamine
monohydrochloride as an exogenous electron donor, cytochrome
coxidase is able to catalyze the rapid formation of indophenol blue
from colorless a-naphthol. As shown in Fig. 4A, the Aaa;, Abd,
and Abd Aaay strains showed reaction rates similar to those of the
WT, forming indophenol blue visibly within <1 min and devel-
oping maximum coloration within 5 min. However, all cbb;-defi-
cient mutants, including the Acbb;, Aaay Acbbs, and Abd Acbb,
mutants, did not exhibit any indophenol blue formation. Only
when colonies were complemented with plasmid pLYJ138, con-
taining a W'T cbbs allele, did they form indophenol blue, indicat-
ing that cbbs itself is sufficient to rescue the cytochrome ¢ oxidase
activity (Fig. 4B). However, the formation of indophenol blue was
not restored in the Aaay Acbb; and Abd Acbb; mutants by com-
plementation with the respective WT (aas, pLYJ139; bd, pLYJ140)
allele (Fig. 4B). These data demonstrated again that only cyto-
chrome ¢ oxidase cbbs, but not aas, is capable of O, reduction.

Loss of cbb; impairs magnetite biomineralization and causes
aberrant cell morphologies under microaerobic conditions in
the presence of nitrate. Compared to the WT, the Aaa;, Abd, and
Abd Aaa; mutants showed a similar magnetic response (C,,,,,) and
size, number, and appearance of magnetosomes under anaerobic
and microaerobic conditions (see Table S3 in the supplemental
material). Likewise, the Acbbs, Aaay Acbbs, and Abd Acbb; mu-
tants also displayed WT-like C,,,, values and magnetosome sizes
and morphologies under anaerobic conditions (see Table S3 in the
supplemental material). Under microaerobic conditions in the
absence of nitrate, the average C,,,, values of the Acbb; and Aaa;
Acbb; mutants were slightly lower than that of the WT during the
entire growth period (Fig. 2C). TEM revealed that both Acbb; and
Aaay Acbby cells synthesized slightly smaller magnetosomes only
at the beginning of growth (6 h), whereas in the following period,
the average particle size in both mutants was not different from
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FIG 2 (A to C) Growth (ODs5) and magnetic response (C,y,,,) of MSR-1 WT, Acbbs, and Aaa, Acbb, strains under different conditions. (A) Aerobic conditions
in nitrate medium; (B) aerobic conditions in ammonium medium; (C) microaerobic conditions in ammonium medium. (D) TEM images of microaerobically
grown WT (i), Acbb; mutant (ii), and Aaa, Acbb; mutant (iii) strains in ammonium medium. Bars, 500 nm (whole cells) and 100 nm (magnetosomes). (E)
Measurements of crystal sizes for MSR-1 WT, Acbb;, and Aaa; Acbb; strains at different time points in microaerobic ammonium medium. Results from
representative experiments were determined in triplicate, and values are given as means and standard deviations.

that in the WT (Fig. 2E). However, the magnetosome morphology
in these two mutants was variable, including regular particles in
the middle of chains in addition to small and irregular crystals at
the ends of chains (Fig. 2D), which likely caused reduced C,,,,
values. In microaerobic nitrate medium, the loss of cbb; oxidase
resulted in significantly lower C.,,, values, which gradually de-
creased further during the entire growth period (Fig. 3A). In
agreement with this, magnetosomes in the Acbb; and Aaay Acbb,
mutants were much smaller than those in the WT, and this differ-
ence became more obvious as growth proceeded at later stages
(Fig. 3C). In addition, the phenotypes were inconsistent and dis-
played various distinct types of magnetosome formation and or-
ganization (Fig. 5; see also Fig. S1 in the supplemental material):
(i) type 1, consisting of magnetosome chains containing WT-like
particles in the middle flanked by small, irregular particles at each
end (=3 WT-like particles in the middle) (Fig. 5Ai to Di); (ii) type
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2, consisting of magnetosomes appearing as much smaller and
irregularly shaped particles, which were arranged in loose chains
(=2 WT-like particles) (Fig. 5Aii to Dii); and (iii) type 3, consist-
ing of two loose magnetosome chains present at each side of the
cell (Fig. 5Aiii to Diii). These two chains furthermore exhibited
two different appearances: one contained two type 2 chains, which
had only smaller and irregular particles (Fig. 5Aiii and Biii), and
the other consisted of one type 1 chain and one type 2 chain (Fig.
5Ciii and Diii). Similar phenotypes were observed at different
growth points, including Acbb; and Aaa; Acbb; cells cultured for 9
h (Fig.5),18h,24h,29 h, and 35 h (TEM images of cells grown for
24 h and 35 h are shown in Fig. S1 in the supplemental material).
However, the proportion of type 1 magnetosomes was reduced at
later growth stages (Fig. 3D), which probably resulted in a de-
creased average size of particles during growth.

In addition, light microscopy (data not shown) and TEM also
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24 h 50% 34% 16% 74 60% 26% 14% 182
29h 48% 38% 14% 134 37% 36% 28% 133
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FIG 3 (A) Growth (ODsg5) and magnetic response (C,,,,,) of MSR-1 WT, Acbbs, and Aaa, Acbb, strains in microaerobic nitrate medium. (B) Time courses of
nitrate and nitrite utilization during microaerobic growth in nitrate medium. (C) Measurements of crystal sizes for MSR-1 WT, Acbb, and Aaa, Acbbj strains
at different time points in microaerobic nitrate medium. The number of crystals measured for each strain (1) is shown. (D) Magnetosome morphotypes in Acbb,
and Aaa; Acbby mutants and proportion of each morphotype at different time points. The number of cells measured for each strain is presented.

showed that the morphology of Acbb; and Aaay Acbb; cells (n =
300) was variable under microaerobic conditions in the presence
of nitrate: (i) only <10% of cells showed a WT-like spiral shape
(Fig. 6Ai and ii); (ii) about 30% were thicker spirals (>0.7-pm
versus 0.5- to 0.6-pm diameter in the WT) (Fig. 6Bi and ii), and
(iii) >60% of cells were thicker vibrioid cells (Fig. 6Ci and ii and
Diand ii).

Transcomplementation of the Acbb; and Aaa; Acbb; mu-
tants with a WT cbb, allele (pLYJ138) restored magnetosome
formation and cell morphology back to WT-like levels in mi-
croaerobic nitrate medium (Fig. 4C and D). Taken together,
these data indicated that besides its function in aerobic respi-
ration, cbb; oxidase also functions in magnetosome formation
under microaerobic conditions. The loss of cbb; oxidase caused
a pronounced impairment of magnetite biomineralization and
disturbed cell morphology in the presence of nitrate, which
suggested that cytochrome c oxidase cbb; is more important in
controlling magnetosome formation when denitrification and
oxygen respiration overlap.

July 2014 Volume 196 Number 14

Cytochrome c oxidase cbb, functions to maintain proper re-
dox conditions for magnetosome formation. Since the loss of
only cbb; oxidase led to delayed microaerobic and aerobic growth
and impaired magnetite biomineralization, we set out to further
clarify its function. The observation that both the Acbb; and Aaa,
Acbb; mutants displayed a more substantial lag of microaerobic
growth in the presence of nitrate than in its absence prompted us
to first monitor the denitrification process in these two strains
during growth in microaerobic sealed flasks (Fig. 3B). WT cells
started to reduce nitrate after about 6 h and then consumed all
nitrate within the following 12 to 14 h, after which growth ceased,
probably due to the depletion of both nitrate and oxygen. This
finding, combined with the observation that in microaerobic am-
monium medium, WT cells also took about 15 h to reach station-
ary phase, suggested that denitrification and aerobic respiration
occurred simultaneously under microaerobic conditions, similar
to what was observed in our previous study (6). During the entire
growth period for the WT, a maximum concentration of about 0.5
mM nitrite was built up during the first 12 h. Unexpectedly, Acbb;
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FIG 4 (A) Nadi assay of the WT and various mutant strains. This method is commonly used to specifically detect cytochrome ¢ oxidase activity (26), which is
based on the rapid formation of indophenol blue from colorless a-naphthol catalyzed by cytochrome ¢ oxidases with N,N-dimethyl-p-phenylenediamine
monohydrochloride as an exogenous electron donor. Five microliters of cultures grown anaerobically for 24 h, which were adjusted to about 107 CFU/ml, were
dropped onto an agar plate in the presence of nitrate. Strains were incubated at 30°C for 4 days under anaerobic conditions and photographed after a 5-min Nadi
reaction. (B) Nadi assay of anaerobically grown complementation strains. Plasmid pLYJ138 contains a WT cbbj allele, while pLYJ139 and pLYJ140 harbor WT
aay and bd alleles, respectively. (C) TEM images of Acbb; and Aaa, Acbb, strains complemented with plasmid pLY138, harboring the WT cbbj allele, grown in
microaerobic nitrate medium. Bars, 500 nm (whole cells) and 100 nm (magnetosomes).

and Aaa, Acbb, mutant cells were unable to reduce nitrate during
the first 15 to 18 h, and only O,-dependent growth occurred with
a maximum OD of about 0.11, which was similar to the final OD
of about 0.12 in microaerobic ammonium medium after 15 h of
incubation. This implied that oxygen had to be nearly completely
depleted after about 18 h before nitrate reduction became detect-
able. Nitrate then gradually disappeared within 15 to 18 h, and the
Acbb, and Aaa; Acbb; mutants reached a final OD of about 0.25,
which was similar to that of stationary WT cells. These findings
revealed that cbb; oxidase is required for microaerobic conditions
when denitrification and aerobic respiration occur simultane-
ously.

On the other hand, in the alphaproteobacterium Rhodobacter
sphaeroides, it was shown previously that besides being a terminal
oxidase, the cbb; oxidase also functions as an O, sensor to control
the expression of photosynthesis genes (29-32). Therefore, we
hypothesized that cbb; oxidase of MSR-1 may also sense O, to
simultaneously activate and balance denitrification and aerobic
respiration and, thus, to maintain proper redox conditions for
magnetite synthesis under microaerobic conditions. To test our
hypothesis, we determined the NAD™ (oxidized)/NADH (re-
duced) ratio in the WT, Acbbs;, and Aaa; Acbb; strains because
NAD as a coenzyme is an important redox factor involved in mul-
tiple redox reactions. Variable ratios of NAD"/NADH corre-
sponding to different oxygen concentrations were observed for
the WT (Fig. 7). WT cells showed >2-fold-higher ratios of
NAD"/NADH under microaerobic than under anaerobic condi-
tions, which indicated that anaerobiosis, as expected, caused a
more reduced redox state. The absence of any difference between
WT cultures grown with and those grown without nitrate under
microaerobic conditions suggested that oxygen respiration plays a
primary role in maintaining a proper ratio of NAD*/NADH. Al-
though oxygen reduction catalyzed by bd quinol oxidase still oc-
curred in the Acbb; mutant, the ratio of NAD*/NADH under
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microaerobic conditions did not significantly increase compared
to that under anaerobic conditions, indicating that bd oxidase is
not involved in the regulation of redox conditions. The Aaa,
Acbb; mutant displayed a similar pattern, with hardly different
ratios of NAD"/NADH under anaerobic and microaerobic con-
ditions. The ratios of NAD*/NADH in both the Acbb; and Aaa,
Acbb, strains under microaerobic conditions were much lower
than those of the WT, implying a more reduced cellular redox
state in the Acbb; and Aaa; Acbb, strains. Although the Acbb; and
Aaay Acbb, strains under microaerobic conditions did not reduce
nitrate until oxygen was completely consumed, a similar ratio of
NAD™/NADH of about 3 to 4 was obtained at all tested stages of
growth. Our data altogether suggest that cbb, oxidase is able to
regulate redox conditions, thereby activating denitrification and
controlling the biosynthesis of magnetite when O, is still available.

DISCUSSION

Consistent with our previously reported findings that deletion of
Mgfnr affected neither oxygen consumption nor microaerobic
magnetite biomineralization in the absence of nitrate (Li et al.,
submitted), we found that the expression level of the three cbbs,
aas, and bd terminal oxidase operons was increased by O, but not
regulated by the global oxygen sensor MgFnr, similar to what was
shown previously for Shewanella oneidensis (33). This suggested
that some as-yet-unknown O, regulators probably mediate the
expression of aerobic terminal oxidase genes in response to differ-
ent oxygen concentrations. Mutagenesis of different terminal oxi-
dases demonstrated that either of the cytochrome oxidases cbb;
and bd is required for aerobic respiration, whereas aa; oxidase has
no physiological significance for O, reduction under all tested
conditions. This was further confirmed by the identical pheno-
types of the Acbb; and Aaas Acbb, strains. In their natural habitats
of chemically stratified aquatic sediments, MTB such as MSR-1
are adapted to low-O, conditions (34), under which high-affinity
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Aaa [cbb -Sh

FIG 5 Biomineralization phenotypes of Acbb; and Aaa; Acbb; mutants incubated for 9 h in microaerobic nitrate medium. (A and C) TEM images of whole cells
of the Acbb; (A) and Aaay Acbb, (C) mutants. Bar, 500 nm. (B and D) Close-up views of magnetosome crystals shown in panels A and C, respectively. Bar, 100

nm. Irregularly shaped particles are indicated by arrows.

terminal oxidases like cbb; are favorable for O, respiration and
energy conservation. In contrast, the aa; oxidase, which has a low
affinity for O, (27), is insufficient to utilize trace amounts of O,.
Therefore, it is not surprising that aa; oxidase did not show any
relevance for O, reduction. However, we cannot exclude the pos-
sibility that aa; oxidase has a function under certain environmen-
tal conditions, such as for O, detoxification in O,-rich environ-
ments.

Based on the observation that a Abd Acbb; double deletion
mutant did not grow in the presence of oxygen, we concluded that
aerobic respiration is a prerequisite for microaerobic denitrifica-

July 2014 Volume 196 Number 14

tion. The loss of the bd oxidase alone did not affect growth and
magnetite biomineralization, which indicated that when cbb; ox-
idase is present, the bd oxidase might provide only a minor con-
tribution to aerobic respiration. However, it is also possible that
the activity of the bd oxidase is induced only when cbb; oxidase is
eliminated to compensate for its loss. Unlike cbb; and aa; oxi-
dases, which are present in the related magnetospirilla M. magne-
ticum and M. magnetotacticum, bd oxidase is completely absent
from these strains. This implies that bd oxidase is likely dispens-
able in various MTB, and aa, probably acts as an alternative ter-
minal oxidase in these two magnetospirilla, while in Mc. marinus,
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Aaa3/cbé3
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FIG 6 Morphologies found in different cells of the Acbb; and Aaa, Acbb; mutants in microaerobic nitrate medium. (A) WT-like spiral-shaped mutant cells; (B)

thicker spiral cells; (C and D) thicker and smaller vibrioid cells. Bar, 500 nm.

which is unable to grow aerobically, neither bd nor aa, oxidase is
present. Nevertheless, bd oxidase might have unknown functions
in MSR-1, whereas cbb; oxidase may be the only functional en-
zyme for aerobic respiration in M. magneticum and M. magnetot-
acticum.

The Acbb; and Aaay Acbby mutants showed delayed growth in
microaerobic ammonium medium. This might be caused by the
low efficiency of bd oxidase, which is not able to pump protons but
accepts only electrons directly from the quinol pool for O, reduc-
tion, while cytochrome c oxidase cbbs is more efficient at creating
the charge gradient for ATP synthesis via the bc-c-cbby branch
(22). An even stronger delay of growth was observed for the Acbb,
and Aaa, Acbb; mutants in microaerobic nitrate medium. Unex-
pectedly, under these conditions, mutant cells did not start to
reduce nitrate until O, was completely depleted, which suggested
that the cbb; oxidase per se, but not aerobic respiration, is crucial
for simultaneous O, and nitrate reduction. This finding therefore

7
I 0 O, with nitrate
2% O, with nitrate

6 [ 2% O, without nitrate

NAD*/NADH ratio

WT Achb,

FIG 7 Cellular NAD"/NADH ratio measurements of WT, Acbb, and Aaa,
Acbb, strains under different conditions. NAD* and NADH were extracted
from cells grown in liquid medium, measured, normalized by the lumines-
cence signal, and plotted. Means * standard deviations are shown (n = 3).

Aaa./cbb,
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indicated that besides its role as a terminal oxidase, cbb; may be
capable of sensing O, and may have a further key function in
activating and maintaining simultaneous denitrification and aer-
obic respiration under microaerobic conditions. In microaerobic
nitrate medium during early growth, only aerobic respiration pre-
vailed (similar to conditions in microaerobic ammonium me-
dium), while during later growth, only denitrification occurred,
and mutant cells showed growth similar to that of anaerobically
incubated WT cells. However, biomineralization phenotypes of
the Acbb, and Aaa, Acbb; mutants under these conditions were
much different from those in either microaerobic ammonium
medium or anaerobic nitrate medium. Thus, we can rule out that
the severe defects in magnetite synthesis in the Acbb; and Aaa,
Acbb; mutants are caused by the incapability of a cooccurrence of
denitrification and aerobic respiration. Instead, severely impaired
magnetosome formation likely results from the loss of cbb; oxi-
dase per se, which argues for a more direct role of this enzyme in
magnetite biomineralization. In R. sphaeroides, besides its role as a
terminal oxidase, cbb; also functions as a redox sensor to repress
the activity of photosynthesis genes under aerobic conditions by
controlling the activity of transcriptional regulators of photosyn-
thesis gene expression (29-32). Similarly, the cbb, oxidase of
MSR-1 seems to share some functions with the periplasmic nitrate
reductase Nap, one of the enzymes involved in poising the redox
state for magnetite synthesis (6). This can be concluded from the
following observations. (i) A significant growth lag was found for
the Acbb, and Aaa; Acbb; mutants under aerobic conditions, sim-
ilar to that for the Anap mutant (6). The lower growth rates might
be due to an excess of the reductant NADH, which needs to be
reoxidized by cell maintenance reactions, as also observed for
Rhodobacter capsulatus and Paracoccus pantotrophus cells grown
on more reduced carbon sources (35, 36). However, the lower
growth rates might also be caused directly by the lower efficiency
of bd oxidase. (ii) Aberrant cell morphologies of the Acbb; and
Aaas Acbb; mutants were found in microaerobic nitrate medium,
an observation similar to that for WT cells grown in the more
reduced carbon source acetate (6). Thus, we assumed that a more
reduced state of intracellular redox occurs in the Acbb; and Aaa,
Acbb; mutants, and cbb; oxidase is required for dissipating excess
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reductant. In line with this, in the Acbb; and Aaa; Acbb, mutants,
the NAD “/NADH ratio under microaerobic conditions was more
reduced than that in the WT. Taken together, observations of
cbb;-deficient cells, including delayed aerobic growth, aberrant
cell morphologies, and a reduced redox state under microaero-
bic conditions, suggest that cbb; oxidase per se is able to regu-
late intracellular redox conditions. This is not surprising, since,
as a terminal oxidase, cbb; is capable of accepting electrons
during O, reduction. However, an optimal redox state (i.e.,
balanced ratio of Fe>*/Fe’™) seems to be very important for
microaerobic biomineralization of the mixed-valence iron ox-
ide magnetite [Fe(II)Fe(I1I),0,], especially in the presence of
nitrate, and some other factors involved in magnetite biosyn-
thesis are also likely affected by the loss of cbb; oxidase. For
example, several proteins encoded within the genomic magne-
tosome island, such as MamX, MamZ, and the FtsZ-like pro-
tein FtsZm, displayed different defects in magnetosome forma-
tion depending on the presence and absence of nitrate (37, 38).
MTB contain a unique set of redox-active magnetosome-asso-
ciated proteins, including MamP, MamX, MamE, and MamT,
which share a novel configuration of two close CXXCH heme-
binding motifs, the magnetochrome domain (37, 39, 40).
Therefore, the change of the intracellular redox state may affect
the activity or conformation of these proteins and further im-
pair the redox balance of ferrous and ferric iron for magnetite
synthesis. More complex magnetosome phenotypes, such as
the presence of two magnetosome chains in the mutants, indi-
cated that vesicle or chain assembly might also be regulated by
the cellular redox state. Besides magnetosome-related proteins,
the nitrite reductase NirS, which has an Fe(II):nitrite oxi-
doreductase activity, plays a role in magnetite biomineraliza-
tion only under low-O, conditions and in the presence of ni-
trate (7). However, more reduced conditions in the Acbb, and
Aaay Acbby mutants likely impair the oxidation of ferrous iron,
thereby limiting the concentration of ferric iron for magnetite
synthesis and resulting in severely defective magnetosome for-
mation in the presence of nitrate. In addition, variable cell
morphologies of microaerobically growing Acbb; and Aaa,
Acbbj, cells in the presence of nitrate, which are likely caused by
delayed growth as well as reduced intracellular redox, might be
used to adapt to changing conditions.

Although O, has been suggested to act as a major factor con-
trolling magnetosome formation for decades, its roles in metabo-
lism and biomineralization in MTB had remained unknown. Our
work revealed that in MSR-1, two different branches of the respi-
ration chain occur for O, reduction: one is cytochrome bc, -c-cbbs,
and the other is the quinol oxidase bd, which accepts electrons
directly from the quinol pool. Our genetic and biochemical anal-
yses further showed that O, respiration is a prerequisite for mi-
croaerobic denitrification. Besides its role as a dominant terminal
oxidase, cbby is capable of poising redox conditions, thereby acti-
vating denitrification in the presence of oxygen and maintaining a
proper redox state for magnetite biomineralization.
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