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Summary
Elemental sulfur respiration plays a pivotal role in the microbial sulfur cycle; however, the molecular mechanisms 

underlying this process remain poorly understood in many microorganisms, including Geobacter sulfurreducens PCA. 
A previous RNA-seq analysis showed that the upstream region of the ext gene cluster (extHIJKL) is transcription-
ally upregulated in response to sulfur, whereas the downstream region (extMNOPQS) did not exhibit clear induction. 
However, the specific role of extMNOPQS in elemental sulfur reduction remains unclear. In this study, we investigat-
ed the function of extMNOPQS using transcriptional analysis and mutational approaches. RT-qPCR revealed that the 
expression of extM was not significantly induced by elemental sulfur, in contrast to the sulfur-responsive extHIJKL 
gene cluster, suggesting distinct transcriptional regulation. To examine its physiological role, we constructed a deletion 
mutant (ΔextMNOPQS) and a plasmid-based complementation strain. Western blotting confirmed the absence of ExtM 
in the deletion mutant and its elevated expression in the complemented strain. Growth assays showed that deletion 
of extMNOPQS did not severely impair cell growth, although the complemented strain exhibited slightly reduced 
growth when compared with the wild-type. Functional analysis using halo assays demonstrated that the ΔextMNOPQS 
mutant was markedly impaired in sulfur reduction, and this phenotype was almost completely restored by comple-
mentation. These findings indicate that extMNOPQS is essential for elemental sulfur respiration in G. sulfurreducens 
and may serve as a critical electron transfer module within the ext gene cluster.

Introduction

Elemental sulfur (S0) is widely distributed in sedi-
ments1 , 2）. Anaerobic respiration using elemental sulfur as 
a terminal electron acceptor represents a key dissimilato-
ry metabolic process in sulfur-reducing bacteria and cer-
tain archaea and simultaneously constitutes an essential 
component of the global biogeochemical sulfur cycle3 , 4）. 
Sulfur-reducing microorganisms inhabit a broad spectrum 
of natural environments, ranging from mesophilic fresh-
water sediments to acidic volcanic hot springs and deep-
sea hydrothermal vents4 , 5）.

The molecular mechanisms of sulfur reduction in bacte-
ria have been elucidated only for a limited number of or-
ganisms, such as Wolinella succinogenes6-11） and the hy-
perthermophilic archaeon Pyrococcus furiosus12-15）. 
Reported systems include the molybdenum cofactor- and 

iron–sulfur cluster-containing polysulfide reductase 
PsrABC, which couples to hydrogenase or formate dehy-
drogenase9 , 16）, membrane-bound sulfur reductase MBS, 
respiratory complex I–like enzyme17, 18）, and FAD/NADH-
dependent sulfur reductase NSR19-21）. Compared with the 
extensively studied processes of sulfate, sulfite, and thio-
sulfate reduction, the molecular basis of elemental sulfur 
reduction remains poorly characterized22）.

The gram-negative strict anaerobe Geobacter sulfurre-
ducens PCA was originally isolated and identified as a 
dissimilatory metal- and sulfur-reducing bacterium capa-
ble of reducing insoluble metal compounds such as ferric 
iron, fumarate, and elemental sulfur, as part of its energy 
metabolism23）. Members of the genus Geobacter play key 
roles in the biogeochemical cycling of metals in soils and 
aquatic sediments. G. sulfurreducens PCA also belongs to 
the phylum Desulfobacterota and, as indicated by its spe-
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cies name, is a sulfur-reducing bacterium that lacks the 
ability to reduce sulfate23）. Notably, despite extensive inter-
est in the physiology and ecology of G. sulfurreducens 
PCA, no reports describing the proteins or genes respon-
sible for sulfur respiration in this organism have been pub-
lished for nearly three decades since its discovery.

Genome sequencing revealed that G. sulfurreducens en-
codes 111 c-type cytochromes, most of which contain 
heme cofactors and are thought to play essential roles in 
electron transfer to extracellular electron acceptors24-29）. 
These c-type cytochromes may also contribute to elemen-
tal sulfur reduction, although their specific functions re-
main unclear. In this context, particular attention has 
been paid to the ext gene cluster (extHIJKLMNOPQS)30, 31）, 
which is predicted to encode multiple cytochromes and 
associated proteins potentially linked to sulfur respiration 
(Fig. 1)32）. Recent transcriptomic studies have shown that 
genes in the upstream region (extHIJKL) are upregulated 
in response to sulfur, suggesting their role in sulfur reduc-
tion32）. This gene cluster encodes several predicted pro-
teins, such as a rhodanese-like sulfurtransferase (ExtH), 
porin-like protein (ExtI), protein of unknown function 
(ExtJ), multiheme cytochrome (ExtKL), and a set of puta-
tive redox proteins (ExtMNOPQS).

Previous studies from our laboratory suggested that 
ExtI interacts with ExtH and may facilitate the uptake of 
selenite31, 33）. Bioinformatics analyses have suggested that 
ExtKL contains five heme-binding motifs (CXXCH) and 
one selenocysteine residue34）. The proteins encoded by 
ExtMNOPQS are believed to be involved in electron 
transfer, potentially in cooperation with other components 
of the ext gene cluster. The extMNOPQS region encodes 
three putative multiheme c-type cytochromes, ExtM (12 
CXXCH motifs), ExtN (10 motifs), and ExtS (4 motifs), as 
well as a membrane-associated b-type cytochrome-like 
protein (ExtP), Rieske Fe–S protein (ExtO), and a predict-
ed membrane protein (ExtQ). These proteins have been 
proposed to form a quinol-oxidizing complex analogous to 

multiheme cytochromes or cytochrome bc complexes, 
transferring electrons from the quinone/quinol pool. 
Despite these predictions, the direct involvement of 
ExtMNOPQS in elemental sulfur reduction has not yet 
been elucidated.

In this study, we constructed deletion and complementa-
tion strains of the extMNOPQS gene cluster in G. sul-
furreducens PCA to investigate its role in elemental sulfur 
respiration. By characterizing these strains, we aimed to 
clarify the contribution of ExtMNOPQS to the reduction 
of elemental sulfur and advance our understanding of sul-
fur-dependent respiratory pathways in this environmen-
tally and biotechnologically important microorganism.

Materials and Methods

Bacterial strains and cultivation
Geobacter sulfurreducens PCA was obtained from the 

Leibniz Institute DSMZ–German Collection of 
Microorganisms and Cell Cultures GmbH (Braunschweig, 
Germany). Culture medium was inoculated under anaero-
bic conditions in an anaerobic chamber (Glovebox Japan 
Inc., Japan). Cells were routinely cultured at 35℃ in mod-
ified NBAFYE medium35）, supplemented with 20 mM ace-
tate, 40 mM fumarate, 0.1% yeast extract, and 1 mM cys-
teine. A sulfur-supplemented liquid medium was prepared 
by adding 0.1% (w/v) sulfur powder, sublimed (  >  99% 
and ~100 mesh powder) (Strem Chemicals, USA) to the 
modified NBAFYE medium followed by autoclaving at 
105℃ for 30 min. E. coli DH5α (TOYOBO, Japan) was 
used for general DNA manipulations. E. coli strains were 
grown aerobically 37℃ in lysogeny broth or tryptic soy 
broth (Becton Dickinson GmbH, Germany).

Quantitative reverse transcription PCR (RT-qPCR)
G. sulfurreducens PCA was grown anaerobically in 

modified NBAFYE medium with or without 0.1% (w/v) 
sulfur powder for 48 h. The cells were harvested, and total 
RNA was extracted from three biological replicates using 
TRIzol Max Bacterial RNA Isolation Kit (Thermo Fisher 
Scientific, USA). Residual genomic DNA was removed us-
ing TURBO DNase (Thermo Fisher Scientific), and RNA 
was purified using Agencourt RNAClean XP beads (Beck-
man Coulter, USA). RNA quality was verified by agarose 
gel electrophoresis and quantified by UV spectrophotome-
try. Single-stranded cDNA was synthesized using the Re-
verTra Ace qPCR RT Master Mix (TOYOBO).

RT-qPCR was performed using Applied Biosystems 
StepOne System (Thermo Fisher Scientific) with TB 
Green Fast qPCR Mix (Takara Bio, Japan). Each 10-µL 

Fig. 1
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Fig. 1.  �The ext gene cluster (extHIJKLMNOPQS). The cluster 
encodes ExtH, a rhodanese-like sulfurtransferase; ExtI, 
a porin-like protein; ExtJ, a protein of unknown function; 
ExtKL, a multiheme cytochrome; ExtM, a multiheme 
c-type cytochrome with 12 CXXCH motifs; ExtN, a mul-
tiheme c-type cytochrome with 10 CXXCH motifs; ExtO, 
a Rieske Fe–S protein; ExtP, a membrane-associated 
b-type cytochrome-like protein; ExtQ, a predicted mem-
brane protein; and ExtS, a multiheme c-type cytochrome 
with 4 CXXCH motifs.
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reaction contained 1× TB Green Fast qPCR Mix, 1× ROX 
Reference Dye, 0.4 µM of each primer, and cDNA. Primers 
for extM were 
5′-AATGCTACGGCTGTCATACGAAATA-3′ and 
5′-TTTCCCCTTGAAGGTAGAGACGTAG-3′; those for 
16 S rRNA were 
5′-TGAGACACGGTCCAGACTCCTAC-3′ and 
5′-TCATTTCTTCCCTCCCGACA-3′. Cycling conditions 
were 95℃ for 30 s, followed by 40 cycles at 95℃ for 5 s 
and 60℃ for 10 s. Relative expression was determined 
from ΔCt values normalized to 16 S rRNA.

Construction of gene deletion mutants
An extMNOPQS gene deletion mutant (ΔextMNOPQS) 

was generated by homologous recombination with linear 
DNA fragments. Approximately 500-bp fragments up-
stream of extM and downstream of extS were amplified 
from genomic DNA of G. sulfurreducens PCA by using 
PCR with primers 5′-CACGAGCGCTTCGA-
TATCCTCTTCCCCACC-3′ (P1) and 5′-AACATGGTC-
CGGTGGGCGTCCTCTTTGCTC-3′, and 5′-CGCGC-
GAAGGAAGACAACCTGTTCGTCACC-3′ and 5′- 
CACGGCTACCCCGACTATCTGGAGCACAAG-3′ (P4), 
respectively. A kanamycin-resistance gene cassette was 
amplified from the plasmid pJRD21536） by using PCR with 
primers 5′-GAGCAAAGAGGACGCCCACCGGACCAT-
GTTGGATGAATGTCAGCTAC-3′ and 5′-TC-
CACTTCCAGATCGTGGAGAAGGCGGCGGTG -
GAATCG-3′. The three PCR fragments were fused via 
overlap extension PCR, and the resulting DNA constructs 
were introduced into G. sulfurreducens PCA by electropo-

ration (GTE-10; Shimadzu, Japan). Transformants were 
selected on NBAFYE agar plates containing 400 µg/mL 
kanamycin.

To confirm the gene deletion, PCR was performed using 
primers P1 and P4, together with two additional primers: 
P2, derived from the recombination region within extM-
NOPQS (5′-GGGCCAGACGAGCGACCAATTC-3′), and 
P3, derived from the kanamycin resistance gene 
(5′-TCAGAAGAACTCGTCAAGAAGGCGAT-3′) 
(Fig. 3).

Plasmid construction for complementation
For complementation of the ΔextMNOPQS strain, the 

broad-host-range vector pMMB20637） was used. A syn-
thetic DNA cassette containing a ribosome-binding site 
and restriction sites (NdeI, XhoI, and XbaI) was inserted 
into the EcoRI site of pMMB206 to generate the vector 
pMcas. The extMNOPQS fragment was amplified with 
PCR by using primers 5′-CTGACTGAGAAGGAGA-
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Fig. 3.  �Construction of the extMNOPQS-disrupted strain. (A) 
Schematic representation of the extMNOPQS locus and 
PCR strategy. Top, genomic context of the extMNOPQS 
gene in the G. sulfurreducens PCA parent strain, show-
ing the annealing sites of primers deletion-check primers 
forward and reverse (P1/P4), the extMNOPQS internal 
primer within the deleted segment (P2), and the expect-
ed sizes of the PCR products. The region replaced by the 
kanamycin resistance gene (Kmr) spans nucleotides +212 
to +5004 from the translational start site. Bottom, dis-
rupted extMNOPQS locus in the ∆extMNOPQS strain, in 
which Kmr replaces nucleotides +212 to +5004. Primer 
positions, deletion-check primers forward and reverse 
(P1/P4) and the primer targeting the 3′ end of the 
pJRD215-derived kanamycin resistance gene (P3) and 
expected PCR product sizes are indicated. (B) PCR veri-
fication of the extMNOPQS disruption. PCR was per-
formed using genomic DNA from the PCA or 
ΔextMNOPQS strain as a template and the indicated 
primer pairs (P1/P2, P1/P3, P1/P4). Products were ana-
lyzed by agarose gel electrophoresis alongside a DNA 
size marker.
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Fig. 2.  �Quantification of extM mRNA levels via RT-qPCR. Total 
RNA was extracted from cells grown with fumarate 
alone (Fumarate) or with fumarate plus 0.1% S0 
(Fumarate + S0). Transcript abundance was expressed 
as the –ΔCt value of extM relative to 16 S rRNA. Data 
represent the mean of three biological replicates, and 
error bars indicate standard deviations. Statistical analy-
sis by Welch’s t-test indicated no significant difference 
between the two conditions (p = 0.592).
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TATACAATGAACAGGATTTCCGACGTCG-3′ and 
5′-CTTGGCTGCAGGTCGACTCAGTTTTCGAGATT-
GACG-3′. The PCR product was digested with NdeI and 
SalI and cloned into the corresponding sites of pMcas, 
yielding pMcasExtMNOPQS. Construct integrity was ver-
ified with DNA sequencing by using the ABI Genetic An-
alyzer 3130 (Thermo Fisher Scientific).

Western blotting
Proteins were separated with SDS–PAGE and trans-

ferred onto Immobilon-P membranes (0.45 µm; 
MilliporeSigma, USA) by using a Trans-Blot SD semi-dry 
transfer apparatus (Bio-Rad, USA). Anti-ExtM antibody 
was generated in rabbits against a synthetic peptide 
(DDPIYRKELDYRAL) derived from the ExtM amino 
acid sequence (Operon Biotechnologies, Japan). 
Immunoreactive proteins were detected with HRP-
conjugated anti-rabbit IgG (H+L) secondary antibody 
(Promega, USA) and Chemi-Lumi One Super (Nacalai 
Tesque, Japan) and visualized using an Amersham Imager 
600 (Cytiva, USA).

Elemental sulfur reduction assay
Sulfur-containing NBAFYE agar plates were prepared 

by adding 2 mM polysulfide solution, which was generated 
by the addition of 0.25 M Na2S4O6 in 0.5 M Tris-HCl (pH 
8.5) to 1.0 M Na2S in 0.5 M Tris-HCl (pH 8.5) at 1:1 ratio 
under anaerobic conditions8）, to NBAFYE agar medium, 
followed by autoclaving and dispensing into petri dishes. 
The plates were exposed to air to oxidize polysulfide and 
remove excess hydrogen sulfide. Prior to use, the plates 
were rendered anaerobic for at least 16 h with an 
AnaeroPack-Kenki system (Mitsubishi Gas Chemical, 
Japan). One microliter of cell suspension (OD600 = 1.0) was 
spotted onto S0-containing NBAFYE agar and incubated 
at 35 ℃ for 6 days. The formation of clearance halos 
around the colonies was monitored and quantified by mea-
suring the halo-to-colony area ratio with ImageJ software 
(NIH, USA).

Results and Discussion

RT-qPCR analysis of extM
A previous RNA-seq analysis demonstrated that the up-

stream region of the ext gene cluster (extHIJKL) is tran-
scriptionally upregulated in response to sulfur, whereas 
the downstream region (extMNOPQS) shows little 
change32）. To further verify this observation, we examined 
the expression of extM by using RT-qPCR. G. sulfurredu-
cens PCA was cultured with and without elemental sulfur, 

and mRNA extracted from the cells was analyzed. The 
transcript levels of extM were not significantly altered by 
sulfur supplementation (Fig. 2), suggesting that extM-
NOPQS is not under the same transcriptional control as 
extHIJKL32）. This difference implies that the ext cluster 
may be regulated in a modular manner, with extHIJKL 
responding specifically to sulfur availability, whereas ex-
tMNOPQS functions more constitutively as a part of the 
electron transfer chain. This modular regulation is consis-
tent with previous observations that many Geobacter 
c-type cytochromes that mediate extracellular electron 
transfer are expressed under a range of conditions and 
can function as a constitutive electron-transfer back-
bone25-29）.

Construction of deletion and complementation strains
To investigate the physiological role of extMNOPQS in 

sulfur reduction, we generated a deletion mutant in which 
the entire extMNOPQS region was replaced with a kana-
mycin-resistance cassette via homologous recombination. 
PCR analysis confirmed successful disruption of the extM-
NOPQS locus (Fig. 3). Growth assays in NBAFYE medi-
um showed that the ΔextMNOPQS strain exhibited only 
slightly reduced growth when compared with the wild 
type (Fig. 4), indicating that this gene cluster is not essen-
tial for general metabolism or growth under fumarate-re-
spiring conditions. Similar phenotypic patterns, i.e., minor 
effects on growth, but pronounced defects in respiratory 
electron transfer, have been reported for other multi-heme 
cytochrome systems in Geobacter, particularly those in-
volved in extracellular electron transfer to insoluble accep-
tors25, 26）.

Next, a complementation strain was constructed by in-
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Fig. 4.  �Growth of the wild-type, extMNOPQS-disrupted, and 
extMNOPQS-complemented strains. Cells were cultured 
at 35 ℃ in NBAFYE medium supplemented with 20 mM 
acetate, 40 mM fumarate, 0.1% yeast extract, and 1 mM 
cysteine. The wild-type strain is shown as circles, the 
ΔextMNOPQS strain as squares, and the complemented 
strain as triangles.
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troducing a plasmid carrying the extMNOPQS gene clus-
ter into the deletion background. Because ExtM is predict-
ed to be a membrane-associated lipoprotein, SDS-PAGE 
was performed using pellet fractions obtained after sonica-
tion and centrifugation. Under these conditions, the wild-
type, extMNOPQS-disrupted, and extMNOPQS-comple-
mented strains showed only minor differences in Coomassie 
Blue-stained protein profiles (Fig. 5 A). In contrast, west-
ern blotting confirmed the expression of ExtM in the com-
plemented strain, with protein levels exceeding those ob-
served in the wild-type and increasing over time during 
cultivation (Fig. 5B). Under these experimental conditions, 
the ExtM band was not visible in the wild-type strain, 
likely because of its low expression. These results suggest 
that the complementation system drives relatively strong 
expression, possibly because of the plasmid copy number 
or promoter activity. Interestingly, the complemented 
strain showed slightly slower growth than both the wild-
type and deletion mutant (Fig. 4). This phenotype may re-
flect the metabolic burden associated with plasmid main-
tenance as well as potential imbalances in protein 
expression. Overexpression of cytochromes and mem-
brane-spanning complexes is thought to accelerate the 
consumption of reducing equivalents such as NADH and 

reduced quinones, thereby competing with other metabol-
ic pathways and imposing stress on central metabolism. 
Moreover, excessive production of membrane proteins has 
been reported to disrupt intracellular redox balance and 
to induce resource depletion and oxidative stress38）. These 
factors are likely to act in concert and contribute to the 
reduced growth rate observed in the ExtMNOPQS-
overexpressing strain.

Role of extMNOPQS in sulfur reduction
The ability of these strains to reduce elemental sulfur 

was examined using the halo assay on sulfur-supplement-
ed agar plates. Wild-type colonies produced clear halos 
around the colony, consistent with active sulfur respiration 
(Fig. 6)16, 39）. In contrast, the ΔextMNOPQS strain displayed 
a pronounced defect in halo formation, indicating severely 
impaired sulfur reduction. Complementation with plas-
mid-borne extMNOPQS restored halo formation, confirm-
ing that the loss of activity was specifically attributable to 
the deletion of this gene cluster. However, the halo size of 
the complemented strain was not significantly different 
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Fig. 5.  �SDS-PAGE (A) and western blot (B) analyses of pellet 
fractions obtained after sonication and centrifugation of 
cells from the wild-type, extMNOPQS-disrupted, and ex-
tMNOPQS-complemented strains. Samples were pre-
pared after cultivation for 24 h (lane 3) or 48 h (lanes 1, 
2, and 4). Lane 1, wild-type strain; lane 2, ΔextMNOPQS 
strain; lane 3, complemented strain (24 h); lane 4, comple-
mented strain (48 h). Western blotting was performed 
using an anti-ExtM antibody.
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Fig. 6.  �Phenotype analysis of extMNOPQS-deficient and comple-

mented strains with respect to sulfur reduction. A, 
Sulfur reduction halo assay. The parent strain G. sul-
furreducens PCA (1), gene-disrupted mutant 
ΔextMNOPQS (2), and complemented strain carrying 
extMNOPQS on a plasmid (3) were spotted on an 
NBAFYE agar plate supplemented with S0 and incubat-
ed anaerobically for 6 days. B, Comparison of normalized 
halo area (to colony size) shown in (A). Quantification of 
sulfur reduction activity based on the halo-to-colony 
area ratio shown in (A). Halo and colony areas were mea-
sured using ImageJ. Statistical significance was deter-
mined using one-way ANOVA followed by Tukey’s hon-
estly significant difference test. Bars labeled with 
different letters indicate significant differences (p <  0.05).
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from that of the wild type (Fig. 6B), despite the substan-
tially higher expression levels of ExtM (and likely 
ExtNOPQS) observed in western blot analysis (Fig. 5). 
The apparent discrepancy may reflect unbalanced overex-
pression of multiheme cytochromes, which can disrupt the 
stoichiometry and proper assembly of the functional com-
plex. Moreover, excessive expression of membrane-associ-
ated proteins may perturb intracellular redox balance and 
impose metabolic stress38）, thereby constraining overall 
sulfur-reducing activity. These factors together likely ac-
count for the slightly smaller halo formation trend ob-
served in the complemented strain, even though the differ-
ence was not statistically significant (p = 0.296). Our 
genetic results implicate extMNOPQS in elemental sulfur 
respiration; however, it is unclear how electrons are routed 
to the sulfur-reducing step. Based on domain predictions 
and subunit annotations (multiheme c-type cytochromes 
ExtM/ExtN/ExtS, putative b-type cytochrome ExtP, 
Rieske 2Fe-2 S protein ExtO, and membrane protein 
ExtQ), we considered a working model in which 
ExtMNOPQS potentially acts as or contributes to, a qui-
none/quinol-oxidizing module that may deliver electrons 
to downstream sulfur-processing components. This hy-
pothesis is consistent with the electron transfer systems 
observed elsewhere: the MBX complex of P. furiosus cou-
ples reduced ferredoxin to S⁰ reduction21, 40）, and W. succi-
nogenes PsrABC uses a membrane b-type subunit (PsrC) 
to accept quinol and pass electrons to periplasmic cata-
lysts9）. In addition, ACIII systems demonstrate that nonca-
nonical assemblies comprising multiheme c-type cyto-
chromes, a Rieske Fe-S subunit, and b-type elements can 
execute a bc-like quinol oxidoreductase function41）. These 
findings support the plausibility that extMNOPQS has a 
bc-type function in G. sulfurreducens; however, targeted 
biochemical assays need to be performed to test this mod-
el.

Conclusion
In summary, our study provides the first genetic evi-

dence that the extMNOPQS gene cluster is required for 
elemental sulfur reduction in G. sulfurreducens PCA. RT-
qPCR analysis demonstrated that extM is not transcrip-
tionally responsive to sulfur, distinguishing the cluster 
from the sulfur-inducible extHIJKL region32）. Nevertheless, 
deletion of extMNOPQS abolished sulfur reduction activity 
and complementation restored it, clearly demonstrating its 
indispensable role in sulfur respiration. These findings 
suggest a model in which extMNOPQS functions as a con-
stitutively expressed electron transfer module, delivering 
electrons from the quinone/quinol pool to downstream sul-

fur-reducing components. These results increase our un-
derstanding of sulfur-dependent respiratory pathways in 
G. sulfurreducens and provide a foundation for future bio-
chemical and structural studies aimed at elucidating the 
mechanisms underlying this unique electron transfer sys-
tem.
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