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Quinone-transporting filaments expand 
bioenergetic capacity in Gram-positive 
Bacillota

 

Ashleigh Kropp1,2,3, Kazem Asadollahi1,10, Jamie A. Stapleton    4,10, 

Luka Simsive5,10, Pok Man Leung3,10, Rachel L. Darnell    6,10, 

Christopher K. Barlow7, Benjamin G. Hartmann8, Nicholas D. J. Yates4, 

Tasha Lumbantobing7, Daniel R. Fox    1,2,3, Chris Greening    3, 

Oleksii Zdorevskyi    5, Vivek Sharma    5,9, James N. Blaza    8, Alison Parkin    4 & 

Rhys Grinter    1,2,3 

Cellular respiration depends on transferring electrons to hydrophobic 
quinones in membrane bilayers, meaning bioenergetic capacity is 
constrained by available membrane surface area. While Gram-negative 
bacteria expand this capacity through internal membrane invaginations 
and eukaryotes use membrane-bound organelles, whether Gram-positive 
bacteria have alternative capacity-generating mechanisms is unknown. 
Here we show that Bacillus subtilis forms a quinone-transporting 
pseudomembrane composed of filaments of the NADH dehydrogenase 
Ndh and the quinone-transporting protein Ncp. Cryo-EM, lipidomics and 
molecular dynamics reveal that Ndh and Ncp co-assemble with lipids into 
a 4:4 stoichiometric complex with a solvent-excluded hydrophobic lumen 
containing phospholipids, which sequesters quinones. These complexes 
further assemble into filaments, linking chambers into a continuous conduit 
that amplifies quinone reduction. Phylogenetic analysis suggests that this 
capacity is widespread in Bacillota. Quinone-transporting filaments thus 
reveal a strategy to expand the quinone pool and bioenergetic capacity 
while occupying minimal membrane space.

Cellular respiration is fundamentally constrained by the surface area 
available to house electron-transport machinery1,2. Overcoming this 
limitation has been proposed as a central driver of eukaryogenesis, with 
mitochondria and chloroplasts providing massively expanded internal 
membranes to support energy conversion3–5. Certain Gram-negative 
bacteria also employ organelles for energy conversion, notably thy-
lakoids, chlorosomes and anammoxosomes6. Others use extensive 
membrane invaginations to boost electron input capacity3–5,7–10. 
Gram-positive bacteria appear to lack internal membranes or orga-
nelles that expand their respiratory capacity11. In addition, they only 
have a single membrane, which must accommodate other essential 

processes such as cell wall synthesis, nutrient import and secretion11,12. 
Because respiratory ATP synthesis depends on electron transfer within 
this limited membrane surface, mechanisms that expand this capacity 
would confer an advantage under rapid growth or metabolic stress1,13. 
Central to this process are respiratory quinones, highly hydrophobic 
molecules that shuttle electrons between respiratory dehydroge-
nases and terminal oxidases14. For respiratory enzymes, accessing 
membrane-embedded quinones poses a fundamental challenge. Many 
enzymes solve this problem by using integral membrane subunits, often 
containing haem or iron–sulfur clusters, that reduce quinones directly 
within the bilayer, and require permanent membrane real estate15,16. 
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their growth in liquid culture. Both Δndh::kan and Δncp::kan strains 
exhibited a slower growth rate, with defects of similar magnitude 
at 37 °C, suggesting that loss of ncp phenocopies loss of ndh (Fig. 1a 
and Extended Data Fig. 1a). In addition, when grown at 30 °C (which 
reduces sporulation of B. subtilis), the growth yield of both strains was 
substantially reduced (Extended Data Fig. 1b,c).

Given the genetic linkage between ndh and ncp, and the homol-
ogy of Ncp to HucM, we hypothesized that Ndh and Ncp form a com-
plex that couples Ndh activity to the membrane. To investigate this, 
we constructed an Escherichia coli expression construct encoding 
both ncp and ndh genes in tandem, with ncp N-terminally twin-strep 
tagged. Expression and purification from clarified cell lysate resulted 
in the isolation of a complex containing both Ndh and Ncp, which 
had an elongated peak on size exclusion chromatography (SEC), 
with mass photometry indicating a non-uniform size distribution 
(Extended Data Fig. 1d and Supplementary Fig. 1). UV–visible spectra 
demonstrated that the purified Ndh–Ncp complex contains flavin in 
an oxidized state with absorbance peaks at ~390 nm and 450 nm. The 
addition of NADH led to the formation of a charge-transfer complex 
(CTC) between NADH and FAD+, indicated by an absorbance peak at 
660 nm (Fig. 1b and Extended Data Fig. 1e)26. This CTC wavelength is 
comparable to that of NDH-2 from Caldalkalibacillus thermarum and 
Staphylococcus aureus but is shorter than the 740 nm of the distantly 
related eukaryotic NDH-2 from Saccharomyces cerevisiae26,33,37.

We next measured the catalytic kinetics of Ndh–Ncp using the 
quinone analogues menadione (MDA) or decylubiquinone (DQ) as 
electron acceptors. Ndh–Ncp oxidizes NADH with a Michaelis constant 
(KM) of 50 µM (confidence interval (CI) 36–69 µM) and a maximum 
velocity (Vmax) of 110 s−1, with MDA as the electron acceptor (Fig. 1c and 
Extended Data Fig. 1f). The complex has lower affinity and is ~10-fold 
slower than NDH-2 from C. thermarum with MDA as an electron accep-
tor (KM = 29 µM, Vmax = 1,190 s−1)26. Using DQ as an electron acceptor 
for Ndh–Ncp resulted in a lower Vmax, suggesting that Ndh–Ncp pre-
fers menaquinone over ubiquinone (Extended Data Fig. 1g,h). The 
slower kinetics of B. subtilis Ndh–Ncp compared with C. thermarum 
NDH-2 suggest that this complex may restrict the access of soluble 
quinones to the Ndh electron acceptor sites compared to character-
ized NDH-2 enzymes.

Ndh and Ncp form a complex that associates into filaments
To gain insight into the structure of the Ndh–Ncp complex, we per-
formed negative-stain electron microscopy. Strikingly, these micro-
graphs revealed that purified Ndh–Ncp forms filaments with as many as 
13 repeating units (Fig. 1d). To determine the high-resolution structure 
of this complex, we performed cryo-electron microscopy (cryo-EM) 
on Ndh–Ncp, followed by single-particle and helical reconstruction 
(Fig. 1d). We resolved the structure of a single Ndh–Ncp complex at a 
global resolution of 2.11 Å, revealing a 4:4 stoichiometry of Ndh and 
Ncp subunits (Supplementary Fig. 2 and Table 1). Ncp forms a hollow 
tetrameric tube at the centre of the complex, which scaffolds four Ndh 
subunits. The complex has C4 symmetry, spans ~90 Å in length and 

Others peripherally associate with the membrane to reach the qui-
none pool without dedicated transmembrane subunits17,18. Another 
recently discovered strategy involves extracting quinones from the 
membrane and reducing them in the cytosol using either membrane- 
associated quinone transport channels or a soluble quinone-binding 
shuttle protein19–21.

Nicotinamide adenine dinucleotide (NADH) is a key intermediate 
electron carrier in cellular metabolism, transporting low-potential elec-
trons primarily from organic carbon oxidation to the electron-transport 
chain via the reduction of respiratory quinone22,23. While this reaction 
is classically associated with the multisubunit complex I (type-1 NADH 
dehydrogenase), many bacteria instead rely on type-2 NADH dehy-
drogenase (NDH-2). Unlike complex I, NDH-2 is a compact, ~50 kDa 
flavoprotein that does not span the membrane or pump protons24–28. 
It is often the dominant or sole NADH-oxidizing enzyme in bacteria, 
underscoring its physiological importance17,29.

The soil-dwelling facultatively anaerobic Gram-positive bacterium 
Bacillus subtilis encodes three putative NDH-2 enzymes, ndh, yumB and 
yutJ, to transfer electrons from NAD(P)H to the respiratory chain29,30. 
Among these, Ndh is the primary NADH dehydrogenase during vegeta-
tive growth29. NDH-2 enzymes often peripherally associate with the 
membrane to transfer electrons to quinone within the bilayer17,26,31–34. 
However, B. subtilis Ndh lacks key residues in this region for mem-
brane interaction, raising the question of how it accesses and reduces 
quinones. The ndh gene shares an operon with yjlC, which encodes 
a protein with a C-terminal DUF1641 domain29. Recently discovered 
DUF1641-domain proteins form quinone-transporting complexes with 
both H2- and formate-oxidizing enzymes (Huc and ForCE)19,20.

Here we identify that the yjlC gene product, which we designate 
the Ndh-coupling protein (Ncp), forms a stable NADH-oxidizing com-
plex with Ndh. Unlike the Huc and ForCE complexes, the Ndh–Ncp 
complex assembles into tube-like filaments with internally connected 
hydrophobic chambers lined by many embedded phospholipids19,20. 
These Ndh–Ncp ‘pseudomembrane’ tubes enable the sequestration and 
long-range transport of respiratory quinones, hundreds of angstroms 
outside of the membrane, for reduction by electrons from NADH. By 
doing this, Ndh–Ncp filaments extend the surface area for quinone 
reduction, providing a solution to the limitation of membrane real 
estate available for energy generation, functionally convergent with 
mitochondrial cristae and respiratory supercomplexes3,4,35,36. Genomic 
analysis shows that Ndh–Ncp complexes are widely distributed across 
Bacillota, indicating that respiratory chain expansion via protein–lipid 
pseudomembrane filaments is a conserved and fundamental mecha-
nism in bacterial bioenergetics.

Results
Ndh from B. subtilis forms a functional complex with Ncp
The ndh gene from B. subtilis is important for optimal growth and 
forms an operon with ncp (formerly yjlC)29. To test whether ndh and 
ncp are functionally associated, we generated B. subtilis knockout 
strains lacking either gene (Δndh::kan or Δncp::kan) and assessed 

Fig. 1 | B. subtilis Ncp complexes with Ndh and is essential for its activity.  
a, Growth rates of WT, Δndh or Δncp B. subtilis 168 strains during exponential 
phase. Data presented as mean ± s.d. of n = 3 biological replicates.  
b, Representative UV–visible spectra of Ndh–Ncp complex with increasing 
concentrations of NADH. The asterisk (*) shows the typical flavin peak at 450 nm, 
and the arrow represents the charge-transfer complex (CTC) at ~660 nm.  
c, Michaelis–Menten kinetics of Ndh–Ncp incubated with 500 µM MDA 
and varying concentrations of NADH. Data presented as mean ± s.d. of n = 3 
independent replicates. d, Representative negative-stain EM micrograph 
showing filamentous Ndh–Ncp (top, representative micrograph from n = 10 
replicates) and cryo-EM 2D class averages of filaments (bottom). e, Cryo-EM 
map of the Ndh–Ncp complex showing the Ndh subunits in pale pink and one 

representative in bright pink, and the Ncp in purple. The images show the side 
(left) and top (right) views of the complex. f, Cartoon representation of the cryo-
EM structure of the Ndh–Ncp complex. Four Ndh monomers (light pink) couple 
to Ncp (purple) with C4 symmetry. Left: side view. Right: top view of the complex. 
g, Cryo-EM map of the Ndh–Ncp helical refinement showing three subunits in 
the filament. h, Ndh–Ncp filament structure showing three units in the filament. 
A cartoon representation is shown, with the top Ncp tube in green, the following 
two tubes in purple and the interacting Ndh enzymes in pale pink. i, Interaction 
between the ‘tail’ (green) of Ncp from one unit and the ‘head’ (purple) Ncp from 
another unit in the filament. Key residues that promote filament formation 
are highlighted. j, Interface between one Ndh enzyme and Ncp monomer, 
highlighting key residues that drive the interaction.
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~120 Å in width, and has openings in the Ncp tube of ~20 Å in diameter 
at its head and tail (Fig. 1e,f). The interface between the Ndh monomers 
and the Ncp scaffold is primarily driven by electrostatic interactions 
mediated by a positively charged Ndh C-terminal helix, which is com-
plemented by the negative charge of the Ncp scaffold in this region 
(Fig. 1j and Extended Data Fig. 1i). To reconstruct the Ndh–Ncp fila-
ment, we performed a helical refinement, generating a map with three 
connected Ndh–Ncp complexes (Fig. 1g,h, Extended Data Fig. 1j, and 
Supplementary Fig. 2, Video 1 and Table 1). These Ndh–Ncp subunits 
stack head-to-tail to form the filament, with the connecting interface 
composed entirely of the Ncp subunit and driven by a phenylalanine 
(Phe108) on the Ncp head embedding into the tail complex, as well as a 
salt bridge between Lys115 (head) and Asp21 (tail) (Fig. 1h,i). Sequence 
analysis of Ncp homologues from diverse Gram-positive bacterial spe-
cies indicates that key interacting residues on both sides of the filament 
interface are highly conserved (Extended Data Fig. 2a,b), indicating that 
natural selection maintains the integrity of this interface, suggesting 
that it is physiologically relevant. Consistent with this, mutagenesis of 
key interacting residues of the interface diminished filament formation 
(Extended Data Fig. 2c–g).

To determine whether Ndh–Ncp filament formation also occurs 
under native expression conditions in B. subtilis, we extracted the 
complex directly from cells and analysed it using negative-stain EM. 
To identify NADH-oxidase activity corresponding to Ndh–Ncp, we 
performed activity staining on lysates from wild-type, Δndh and Δncp 
strains. High molecular weight staining was observed exclusively in 
the wild-type lysate, consistent with the apparent molecular weight 
of recombinant Ndh–Ncp on native polyacrylamide gel electropho-
resis (PAGE) (Extended Data Figs. 1d and 3a). Guided by this activity, 
we fractionated B. subtilis lysates using anion exchange followed by 
size exclusion chromatography, tracking Ndh–Ncp by native PAGE 
activity staining (Extended Data Fig. 3b–e). SEC fractions containing 
NADH-oxidase activity in the expected size range were analysed by 
negative-stain EM. These fractions contained stacked filaments closely 
resembling those formed by recombinant Ndh–Ncp, with dimensions 
consistent with the cryo-EM structure (Extended Data Fig. 3f,g). We 
additionally confirmed that Ndh–Ncp is strongly enriched in this frac-
tion by mass spectrometry (Supplementary Data 1). This indicates that 
Ndh–Ncp filaments form under physiological conditions in B. subtilis. 
Notably, this fractionation strategy did not substantially concentrate 
the lysate, suggesting that filament formation is not an artefact of 
overexpression or protein concentration.

The width of the Ncp tube varies, reaching ~45 Å in the region 
where Ndh attaches (Fig. 2a). The C-terminal ‘head’ of the Ncp tetramer 
contains the DUF1641 domain. This region is structurally similar to 
HucM20, with each Ncp subunit travelling up and over the monomer 
immediately left of it, then under the monomer immediately right of 
it, stabilizing the complex and creating the opening at the head of the 
tube (Fig. 2b,c). The equivalent region in Huc mediates membrane 
interaction via positively charged residues and a bilayer-interacting 
tryptophan20. Consistent with this, the Ncp head is positively charged, 
with Phe108 positioned to embed in the bilayer (Fig. 2c,d). Interestingly, 
this region is also responsible for filament formation, suggesting a 
dual role in lipid and protein interactions, reminiscent of the recently 
characterized CODH–CoxG complex21. Considering that Ndh–Ncp 
forms filaments and that the complex is purified from the soluble 
fraction when expressed recombinantly, interaction between the Ncp 
and the membrane is most probably dynamic in nature or specific to 
native host membranes.

The Ndh–Ncp filament consists of a tube formed by the head and 
tail region of the Ncp tetramer, which connects a broader chamber 
where Ndh associates with the complex. Both the tube and chamber 
are lined entirely with hydrophobic amino acids, forming a continu-
ous conduit for hydrophobic quinones from the point of membrane 
attachment to the electron acceptor sites of Ndh (Fig. 2d). Strikingly, 

additional density is present in the cryo-EM maps in the region of 
Ndh attachment, filling gaps between the Ndh and Ncp polypeptide 
chains (Fig. 2e and Supplementary Video 2). The shape and chemi-
cal environment of this density are consistent with it belonging to 
phospholipids. The solvent-facing portion of these densities, which 
probably corresponds to negatively charged phosphate groups of 
phosphatidylglycerol (PG) and phosphatidylethanolamine (PE) lipids, 
is coordinated by complementary positively charged residues (lysine 
residues 51, 66, 81, 85, 95 and 121 from Ncp and Arg213 and Lys351 from 
Ndh), and density probably corresponding to aliphatic tails extends 
into the hydrophobic interior of the Ndh–Ncp complex (Fig. 2e–g). The 
presence of this density suggests that the Ndh–Ncp complex incorpo-
rates a substantial quantity of phospholipids as an additional struc-
tural and functional element. Overall, the structure of the Ndh–Ncp 
complex reveals similarities to Huc and ForCE, indicating a conserved 
role for the DUF1641 superfamily in enzyme scaffolding, membrane 
attachment and long-range quinone transport19,20. However, filament 
formation by Ndh–Ncp and the incorporation of phospholipids into 
the structure indicate considerable structural and mechanistic differ-
ences and demonstrate pronounced structural diversity within the 
DUF1641 superfamily.

Ndh–Ncp binds NADH and menaquinone in conserved  
binding sites
Our initial cryo-EM data were collected on Ndh–Ncp in the absence 
of NADH. This structure had no NADH or quinone bound at their 
respective binding sites. To obtain the substrate-bound structure, 
we repeated the cryo-EM, supplementing Ndh–Ncp with 5× the molar 
concentration of NADH immediately before freezing. We resolved this 
complex at a global resolution of 2.52 Å, showing clear density for the 
FAD group, NADH and quinone, at their structurally conserved bind-
ing sites (Fig. 3a–e, and Supplementary Fig. 3, Video 3 and Table 1). 
FAD coordination by Ndh is comparable to that by other structurally 
characterized NDH-2 enzymes, with isoalloxazine stabilization from 
Lys127, Glu168 and Lys373 side-chain residues and Ala311 and Gln312 
main-chain nitrogens26,28,31–34. The pyrophosphate groups engage 
in hydrogen bonding with the Tyr12, Gly13 and Asp295 main-chain 
nitrogens, and the adenine ring interacts with the Val80, Gln261 and 
Lys37 main-chain nitrogens (Fig. 3b,c)26,31–34. Ndh binds NADH in the 
conserved region, interacting with the key WxxG motif (Trp254 and 
Gly257), as well as with the highly conserved residues Ile116, Gly163, 
Val196–Gly199, Val231, Pro309 and Thr310 (Fig. 3d)26,31–34.

In our NADH-bound structure, we observed density at the con-
served quinone-binding electron acceptor site31,32,34. No exogenous 
quinone was added to the Ndh–Ncp complex, meaning that the 
observed quinone was probably extracted during E. coli expression 
and retained through protein purification. The absence of this density 
in the NADH-free structure may indicate that quinone binding is pre-
ceded by NADH binding. E. coli, the expression host for the Ndh–Ncp 
complex, produces ubiquinone-8 (UQ-8) and menaquinone-8 (MK-8) 
as its major quinones during aerobic and anaerobic conditions, respec-
tively14. The shape and coordination environment of the quinone 
headgroup density in our structure is more consistent with MK-8, so we 
modelled this in our structure (Fig. 3e and Supplementary Fig. 4a,b). 
This is also supported by the superior kinetics for Ndh–Ncp with 
MDA versus DQ as the electron acceptor (Extended Data Fig. 1f,h)38. 
The Ndh quinone binding site is conserved in other NDH-2 homo-
logues, specifically the motif (AQxAxQ; Ala311, Gln312, Ala314, 
Gln316)26,31,34. The MK-8 binding site faces the interior of the Ndh–Ncp 
tube, indicating that quinone enters the Ndh electron acceptor site 
from the internal hydrophobic chamber of the complex (Fig. 3e and 
Supplementary Fig. 4c,d). Considering this, the slower kinetics of 
Ndh–Ncp may result from restricted access to the electron acceptor 
site, due to the tube slowing the movement of the soluble quinones 
used in this assay (Fig. 1c).
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The Ndh–Ncp complex binds phospholipids and extracts 
menaquinone
Our cryo-EM structure suggests that phospholipids form an impor-
tant component of the Ndh–Ncp complex and that the hydrophobic 

chamber accommodates respiratory quinones. To identify lipids asso-
ciated with the complex, we performed lipidomics on the purified 
complex. This analysis revealed a substantial lipid content with a con-
siderable quantity of PE and PG lipid species (Fig. 3f, and Supplementary 

Asp21

Gln139

45 Å

a b

c

d

90°

Ncp1Ncp2

Ncp3 Ncp4

90°

e

f

Arg213

Phe108

PE

Lipid density

Ndh4

Ncp
Ndh4

Ncp

Lipid density

Arg213

Lys351

Lys66

Lys81

Lys85

Lys95

Lys121

Lys51

Lys95

PE

g

Membrane-interacting region

kBT/eC

–10 0 10

Fig. 2 | Ncp facilitates membrane interaction and Ndh–Ncp associates with 

lipids. a, Cartoon representation of the structure of Ncp tetramer alone, with 
each Ncp monomer in a different color. The Ncp tube broadens where Ndh 
binds, reaching a width of ~45 Å. b, The DUF1641 domain forms the opening of 
the tube and c, Phe108 from each monomer facilitates membrane interaction. 
d, The membrane-interacting region of Ncp is characterized by positively 
charged residues (blue) flanking the hydrophobic Phe108 (white) that inserts 
into the hydrophobic bilayer. Internally, the Ndh–Ncp complex is hydrophobic 

(white). Scale of electrostatic surface potential (kBT/eC) shown on the bar below. 
e, Cartoon representation of the Ndh–Ncp cryo-EM structure in white with 
grey outline, with density corresponding to phospholipids in red. f, Example of 
a phosphatidylethanolamine (PE) molecule modelled into lipid density from 
the cryo-EM maps of the Ndh–Ncp complex, with the phosphate head group 
coordinated by Arg213 from Ndh. g, Positively charged residues in blue from the 
Ndh and Ncp subunits coordinate lipid density (red) throughout the complex.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02450-z

E. coli-purified Ndh–Ncp

+

B. subtilis membranes B. subtilis membrane-
loaded Ndh–Ncp

Incubate Repurify

Lipid ID by
MS

Tyr12

Glu168

Lys127

FAD

c

e
Tyr380

Gln316

Gln312MK-8

4.2 Å

3.4 Å

MK-8
FAD

NADH

Trp254

NADH

d

Val231

Ile116Pro309

d.

c.

e.

b.

a b

f

UQ-8
M

K-8 PE PG

DM
K-8

0

50

100

N
o

rm
al

iz
ed

 m
o

la
r 

q
u

an
ti

ty

Ndh–N
cp

E
.c

o
li 

m
em

bra
ne

0

0.05

0.10

0.15

0.20

0.25

U
Q

-8
+(

D
)M

K
-8

 t
o

 P
E+

P
G

m
o

la
r 

ra
ti

o

M
K-7

M
K-8

UQ-8 PE PG DG

–0.5

0

0.5

1.0

1.5

2.0

2.5

lo
g

10
FC

 in
te

n
si

ty
 r

at
io

g h

i j k

50 nm50 nm

Ndh–Ncp lipid composition

Treated Ndh–Ncp lipid 
composition changes

0.15

0.20

0.25

M
K

-7
 t

o
 B

. 
s
u

b
ti

li
s
 li

p
id

in
te

n
si

ty
 r

at
io

Ndh–N
cp S

EC

B
. s

u
b
ti
lis

 m
em

bra
nes

0

0.05

0.10

Fig. 3 | Ndh–Ncp binds NADH and MK-8. a, Cartoon representation of the cryo-
EM structure of Ndh–Ncp with NADH and quinone bound, showing their location 
in one Ndh enzyme. b, Interatomic distances between each of the ligands; 
NADH in blue, FAD in pink and MK-8 in green. c, Coordination of FAD is driven by 
conserved Lys127, Glu168, Lys373 and Tyr12. d, NADH has a conserved binding 
mode. e, MK-8 is coordinated by Tyr380, Ala311, Gln312 and Gln316. Density for 
all three cofactors is shown overlaid on the structure, contoured at 5σ. f, Graph 
showing the molar quantity of lipids in the Ndh–Ncp purified sample, normalized 
to the most abundant lipid, PE. Data were from positive ion mode MS, and each 
type of lipid was summed into its associated group (that is, PE lipids of differing 
lengths were summed into the PE group). g, Molar ratio of UQ-8, MK-8 and DMK-8 
to PE and PG in purified Ndh–Ncp complex compared to membranes isolated 
from the E. coli expression strain. h, Schematic of the experimental protocol 
for the incubation of Ndh–Ncp with B. subtilis membranes. i, Graph showing 

the fold change (FC) in lipids and quinones after treatment. j, Relative MS peak 
intensity ratio of MK-7 to lipids unique to B. subtilis membranes in Ndh–Ncp 
complex reisolated after incubation with B. subtilis membranes compared to 
the membranes used for the incubation. k, Negative-stain EM of streptactin-
isolated Ndh–Ncp after incubation with B. subtilis membranes, showing 
attachment to membrane vesicles (representative micrograph from n = 20). PE, 
phosphatidylethanolamine; PG, phosphatidylglycerol; UQ-8, ubiquinone-8; MK-
8, menaquinone-8; MK-7, menaquinone-7; DMK-8, demethylmenaquinone-8; DG, 
diglyceride; PC, phosphatidylcholine. Lipidomics data (f,g,j,i) were derived from 
3 independent experiments (n = 3) for Ndh–Ncp complexes and two independent 
experiments (n = 2) for E. coli and B. subtilis membranes, with all samples 
analysed concurrently. Data represent mean ± s.d. Panel h created in BioRender: 
Kropp, A. https://biorender.com/udvq7pg (2026).
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Data 2 and 3). These data support our interpretation of the cryo-EM 
density as PE and PG phospholipids. These lipids are probably derived 
from the E. coli plasma membrane and associate with the complex dur-
ing or after assembly. The high lipid content of the tubular assembly 
suggests a protein–lipid hybrid architecture capable of extending 
membrane-like environments beyond the bilayer.

In addition to phospholipids, abundant features with 
masses and elution profiles corresponding to UQ-8, MK-8 and 
demethylmenaquinone-8 (DMK-8) were associated with the complex 
(Fig. 3f, and Supplementary Data 2 and 3). The presence of MK-8 sup-
ports its assignment at the electron-acceptor site in the NADH-bound 
structure. UQ-8 was the most abundant quinone associated with the 
complex (Fig. 3f); however, as B. subtilis primarily utilizes MK-7, this 
probably reflects the E. coli expression system rather than substrate 
preference. The presence of both ubiquinone and menaquinone in the 
complex suggests that association is driven primarily by interactions 

with their hydrophobic isoprenyl tails, which can be accommodated 
within the central cavity. To quantify quinone enrichment, we com-
pared standardized lipidomics profiles of the Ndh–Ncp complex 
with those of E. coli membranes, calculating the molar ratio of total 
quinones (UQ and MK species) to total PE and PG lipids. This ratio 
was higher in the Ndh–Ncp complex, indicating that the complex 
concentrates quinones relative to the membrane (Fig. 3g). Given this 
enrichment, quinones can probably occupy both the canonical Ndh 
binding sites and the central cavity, although additional quinones 
could not be resolved structurally due to the dynamic nature of this 
hydrophobic environment.

To assess whether the Ndh–Ncp complex can extract quinones in 
a native context, we incubated the purified complex with isolated B. 

subtilis membranes, then repurified it and analysed its lipid content 
(Fig. 3h, Supplementary Note 1 and Extended Data Fig. 4a). B. subtilis 
produces MK-7 as its sole respiratory quinone, and accordingly, MK-7 
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Fig. 4 | Molecular dynamics simulations demonstrate the Ndh–Ncp protein–

lipid architecture. a, Ndh–Ncp simulation was set up with a bilayer consisting 
of PE and PG lipids. Lipids and MK-7 were docked inside the Ncp on the basis of 
structural and lipidomics data. b, A PE and PG molecule from an MD snapshot 
showing the PG coordinated by Arg213 (left) and cryo-EM data showing a PE 
molecule in the cryo-EM density coordinated by Arg213 (right). c, Snapshot of 
the last frame of the simulation with PE/PG present within Ndh–Ncp. Cutaway 
shows the occupation of these molecules within the Ncp and quinone binding 
site. MK-7 is shown in green and PE/PG in white. d, Snapshot of the last frame of 
the simulation showing the position of phospholipid headgroups in proximity to 
positively charged residues predicted to coordinate the lipid headgroups (lipids 
in white, coordinating residues in cyan). The complex is viewed from the bottom. 

e, Side view and f, top view snapshot from the last frame of the MD simulation of 
the Ncp interacting with the bilayer. Key residues Phe108, Arg112 and Lys115 are 
shown in dark purple. g, Side view and h, top view of the last frame from MD data 
of the Ncp tube interacting with the bilayer. Lipids from the bilayer enter the Ncp 
with the hydrophobic tail directed into the Ncp tube. i, Representative cyclic 
voltammograms of Ndh–Ncp stabilized on a phospholipid membrane recorded 
at varying NADH concentrations from −0.675 to +0.625 V vs SHE at 10 mV s−1 in the 
presence of MK-7. j, Representative cyclic voltammograms of Ndh–Ncp recorded 
at 0 µM NADH (pink) or 400 µM NADH (black) from −0.675 to +0.625 V vs SHE 
at 10 mV s−1 in the absence of exogenous MK-7. The onset potential (Eon) for each 
experiment is noted on the voltammograms in i and j.
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was the only quinone species identified with increased abundance38, 
with levels increased by ~90-fold relative to pre-incubation (Fig. 3i, and 
Supplementary Fig. 4 and Data 3)38.

To assess enrichment of MK-7 in membrane-incubated Ndh–
Ncp relative to the membrane, we compared the within-sample peak 
intensity ratio of MK-7 to a set of B. subtilis-specific lipid species in the 
post-incubation complex and B. subtilis membranes (Supplemen-
tary Data 3). The ratio was higher in the Ndh–Ncp sample, indicat-
ing increased relative abundance of MK-7 in the complex (Fig. 3j and 
Extended Data Fig. 4c–f). Similarly, the ratio of total quinone signal to 
B. subtilis-specific lipids was elevated in the complex, suggesting that 
MK-7 accumulation is not simply due to exchange with pre-bound qui-
nones but reflects net enrichment (Extended Data Fig. 4d,e). Although 
these ratios were derived from raw peak intensities and may be affected 
by matrix effects, consistent enrichment across multiple lipid spe-
cies supports a qualitative conclusion of MK-7 enrichment following 
membrane incubation.

The architecture of the Ndh–Ncp–phospholipid complex
Our structural and lipidomic analysis indicates that Ndh–Ncp forms 
a hybrid protein–phospholipid complex. However, the density in our 
cryo-EM maps is insufficiently resolved to model the location of phos-
pholipids in this complex. To resolve this, we performed molecular 
dynamics (MD) simulations of Ndh–Ncp in complex with PE and PG and 
associated with a PE/PG lipid bilayer. Due to the size and complexity of 
the system, we performed extensive optimization simulations to deter-
mine optimal lipid numbers and starting positions (Supplementary 
Note 2, Extended Data Fig. 5a and Supplementary Table 3). The Ndh–Ncp 
chamber is considerably larger than the Huc or ForCE complexes19,20, 
allowing it to accommodate 39 phospholipids (Supplementary Table 3). 
In this model, the charged phosphate-containing head groups of PE and 
PG occupy gaps in the complex between the Ndh and Ncp subunits, 
facing towards the external solvated environment (Fig. 4a,c,d). The 
phospholipid headgroup positioning and coordination correlate well 
with our cryo-EM data, indicating that the MD simulations provide a 
realistic model of the complex (Fig. 4b). The aliphatic lipid tails extend 
into and occupy the internal chamber of the complex (Fig. 4c,d). The 
lipid tails are dynamic throughout the simulations, which is consistent 
with the poor density in our cryo-EM maps and the role of the complex 
in long-range quinone transport, which requires lipid mobility within 
the chamber.

As indicated by our structural analysis, the Ncp tube interacts 
with the membrane through four Phe108 residues that stably embed 
in the bilayer and four Arg112 and Lys115 residues that coordinate 
the charged phospholipid headgroups (Fig. 4e,f). Over the course 
of the simulations, the Ndh–Ncp complex tilts so that one of the Ndh 
subunits contacts the membrane, with the opening of the Ncp tube 
penetrating the hydrophobic region of the lipid bilayer (Fig. 4a,g and 
Extended Data Fig. 6b). To accommodate the Ncp tube in the mem-
brane, the phospholipid headgroups of the bilayer move away from 
the opening of the Ncp tube, and tails of bilayer phospholipids occupy 
the opening of the Ncp tube (Fig. 4g,h). This arrangement connects 
the hydrophobic lumen of the bilayer with the interior of the Ndh–Ncp 

complex, allowing for diffusion of quinone between the two structures, 
a process critical for long-range quinone transport. This arrangement 
contrasts with the recently published ForCE structure, in which phos-
pholipid headgroups are modelled within the hydrophobic ForE tube 
with tails directed outward, an assignment weakly supported by the 
density that would occlude the proposed quinone-access pathway19. 
Our MD model offers a more chemically realistic view of DUF1641–
membrane interaction.

Quinone diffusion drives electron transfer from Ndh–Ncp to 
the membrane
To directly assess the ability of the Ndh–Ncp complex to utilize qui-
none to transfer electrons from NADH oxidation to a lipid bilayer, we 
performed cyclic voltammetry on the complex immobilized on an 
electrode-bound, MK-7-supplemented phospholipid membrane, stabi-
lized by a mixed self-assembled monolayer consisting of EO3-cholesterol 
and 6-mercaptohexanol. In the absence of NADH, MK-7 oxidation and 
reduction peaks were observed in this system at +0.09 V and −0.28 V vs 
standard hydrogen electrode (SHE), respectively (Fig. 4i). The addition 
of NADH yielded a catalytic oxidative current with an onset potential 
of −0.075 V, close to the midpoint potential of MK-7 (ref. 39), indicating 
that MK-7 is responsible for mediating electron transfer between the 
electrode and the Ndh. The reductive MK-7 peak disappeared upon 
NADH addition, indicating that MK-7 is reduced at the Ndh active site 
rather than at the electrode. The electrochemical KM for NADH, deter-
mined from the magnitude of the catalytic current at +0.3 V vs SHE at 
different NADH concentrations, was 91.6 µM, in agreement with our 
previous kinetic assays (Extended Data Fig. 6a). Control experiments 
lacking the enzyme showed no NADH oxidation (Extended Data Fig. 6b). 
These observations are consistent with the behaviour of other NDH-2 
enzymes, including homodimeric C. thermarum NDH-2 (ref. 40).

We next examined the electrochemical behaviour of the complex 
in the absence of MK-7 in the electrode-associated bilayer. Cyclic vol-
tammetry revealed that under these conditions, Ndh–Ncp produced 
a catalytic oxidative current upon the addition of 400 µM NADH, but 
at a reduced magnitude. We attribute this activity to the presence 
of MK-8 in Ndh–Ncp sequestered from E. coli, which decayed over 
repeated scans, suggesting that quinones present in the Ndh–Ncp 
complex are responsible for electron transfer from NADH to the elec-
trode, and the magnitude of this transfer reduces over time as they 
diffuse into the lipid bilayer (Fig. 4j and Extended Data Fig. 6c). We 
calculated a quinone diffusion constant of 8.2 × 10−4 s−1 from the decay 
rate (Extended Data Fig. 6c), indicating the rate of diffusion between 
Ndh–Ncp and the membrane. Together with our lipidomics analysis 
showing quinone enrichment by Ndh–Ncp, these electrochemical data 
demonstrate that the complex not only sequesters quinones from the 
membrane but also retains them in quantities capable of sustaining Ndh 
catalysis away from the bilayer, providing a mechanism for extending 
respiratory activity beyond the membrane.

Cyclic voltammetry experiments of Ndh–Ncp immobilized on 
a bilayer containing UQ-8 demonstrated that Ndh is selective for 
MK-7, with a much greater onset potential (>0.5 V) observed for UQ-8 
(Fig. 4j and Extended Data Fig. 6c,e). This is consistent with the kinetic 

Fig. 5 | Ndh–Ncp is a recently evolved NDH-2 clade widespread among 

Bacillota. a, Maximum-likelihood phylogenetic tree of NDH-2 from Ndh–Ncp-
encoding Bacillota genomes. Sequences are from a representative subset of 
60 phylogenetically divergent Bacillota species (see Extended Data Fig. 7a 
and Supplementary Data 4 for all Ndh–Ncp-encoding species), highlighting 
the common presence of multiple divergent NDH-2 genes within the same 
organism, which probably mediate different physiological functions. The tree 
was constructed on the basis of 195 amino acid sequences using the LG + I + R10 
model and rooted using sulfide:quinone oxidoreductases (Sqr) as an outgroup. 
Taxonomy of the genomes follows GTDB R09-RS220. Coloured tip labels show 
reference NDH-2/Sqr sequences (red) and the three Bacillus subtilis NDH-2 (blue). 

Branch circles show ultrafast bootstrap support values with 1,000 replicates. 
Diamond labels at the tip denote identifiers of the 60 genomes. The scale bar 
corresponds to the expected number of substitutions per site. b, Chai1-predicted 
structural models for representatives of each NDH-2 clade, coloured to match the 
tree. Membrane interaction regions are coloured in purple. Clade C1: B. subtilis 
Ndh (NC_000964.3_1275) (experimental data), Clade C2: MYW30-H2 sp022818495 
(CP089291.1_2664), Clade D: B. daliensis (NZ_JAJISB010000001.1_475), Clade A:  
B. subtilis YumB (NC_000964.3_3321), Clade B: B. subtilis YutJ (NC_000964.3_3331) 
and Clade E: B. daliensis (NZ_JAJISB010000001.1_165). Model validation is 
provided in Supplementary Fig. 5.
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experiments and further indicates that the MK-8 associated with the 
Ndh–Ncp complex is responsible for facilitating electron transfer in 
the electrochemical experiments in the absence of quinone supple-
mentation in the bilayer.

The Ndh–Ncp complex is widespread throughout Bacillota
To understand the distribution and evolution of Ndh–Ncp in 
Gram-positive bacteria, we performed a comprehensive survey of Ndh 
and Ncp homologues in all 113,104 representative archaeal and bacte-
rial species genomes from the Genome Taxonomy Database (GTDB) 
(Supplementary Data 4)41. The Ndh–Ncp complex is exclusively found 
in the phylum Bacillota, where 8.5% of genes encoding Ndh homologues 
occur directly adjacent to an ncp gene. The 684 Ndh–Ncp-encoding 
species span 30 different families, indicating that this complex is 
widely encoded by taxonomically diverse members of this phylum 
(Extended Data Fig. 7a). Genome-wide metabolic analysis suggested 
that the Ndh–Ncp complex occurs in aerobic or facultatively anaerobic 
lineages but is absent in obligately anaerobic lineages such as Clostridia 
and Negativicutes (Supplementary Data 4). All Ndh–Ncp-encoding 
species co-encode at least one additional, non-Ncp-associated NDH-2 
enzyme (Extended Data Fig. 7b), suggesting distinct physiological 
roles of these enzymes, as exemplified by yumB and yutJ encoded by 
B. subtilis29.

Phylogenetic analysis of Ndh homologues across Bacillota revealed 
three major monophyletic NDH-2 clades (A, B, C) and three smaller 

clades (D, E, F) (Fig. 5a,b, Extended Data Fig. 8a and Supplementary 
Data 4). All Ncp-associated NDH-2 enzymes are contained within clade C 
where Ncp-associated Ndh enzymes form a monophyletic group, which 
we refer to as Clade C1, defined by ndh–ncp synteny and the evolution 
of an Ndh C-terminal domain that mediates the stable interaction inter-
face with Ncp (Fig. 5a, and Extended Data Figs. 8 and 9e). In addition, we 
identify a transitional lineage that we term clade C2. Enzymes in clade 
C2 retain a C terminus widely conserved in the NDH-2 family that medi-
ates direct membrane interaction (Fig. 5a,b and Extended Data Fig. 8). 
Phylogenetic analysis resolves two C2 sub-branches distinguished by 
the presence or absence of a DUF1641-containing gene within their 
genome (Fig. 5a and Extended Data Fig. 8b). The DUF1641-encoding 
genes of this C2 branch lack the strict ndh–ncp synteny that defines 
clade C1, suggesting an intermediate stage in which the ncp progenitor 
was acquired by the ancestral bacterium, possibly forming a complex 
with a different enzyme, but the NDH-2 enzyme continued to interact 
with the membrane directly. From this transitional state, we hypoth-
esize that the Ncp-associated Ndh enzymes in clade C1 emerged via 
spontaneous complex formation with the DUF1641-containing protein, 
followed by co-evolution to form the Ndh–Ncp. The short branch length 
of clade C1 relative to other clades suggests that the complex formation 
with Ncp is a relatively recent evolutionary innovation, but has become 
widely disseminated in Bacillota (Fig. 5a and Extended Data Fig. 8a).

For comparison, clades A and B represent widespread NDH-2 sub-
types that frequently co-occur and genomically co-localize (separated 
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Fig. 6 | A model for quinone transfer and reduction by the Ndh–Ncp complex. 
a, Ndh can interact with the respiratory membrane through the C-terminal 
head region of the Ncp. The Ncp sequesters MK-7 (menaquinone in red) from 
the membrane for delivery to the electron acceptor sites in Ndh, where MK-7 is 
reduced (menaquinol in blue) by electrons from NADH oxidation. b, Ndh–Ncp 
can either remain at the membrane or dissociate using the MK-7 stored in the 

tube. Ndh–Ncp associates with other Ndh–Ncp complexes or directly with the 
membrane using the same interface. c, Ndh–Ncp forms a filament allowing for 
MK-7 to diffuse from the membrane through several Ncp tubes to the associated 
Ndh–Ncp chambers for storage and reduction. Created in BioRender: Kropp, A. 
https://biorender.com/l14erwr (2026).
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by 4–20 genes) across divergent Bacillota species (Fig. 5a,b, Extended 
Data Figs. 8a and 7b, and Supplementary Data 4). Clade A represents 
the canonical monotopic NADH-oxidizing NDH-2, containing yumB 
of B. subtilis and the structurally resolved NDH-2 enzymes from S. 

aureus and C. thermarum (Extended Data Fig. 9a–c). These struc-
tures feature C-terminal helices that anchor NDH-2 at the membrane 
surface, facilitating quinone access (Extended Data Fig. 9a–c)33,34,42. 
Clade B is represented by the biochemically characterized monotopic 
NADPH-oxidizing NDH-2 from S. aureus (NDH-2B)42, in addition to 
yutJ of B. subtilis (Fig. 5a,b, and Extended Data Figs. 8a and 9d). Their 
genomic co-localization suggests ancestral relationships and com-
plementary functions in NADH and NADPH oxidation. Interestingly, 
clade D represents NDH-2 enzymes that associate with the membrane 
through transmembrane helices, with previous work indicating that 
this clade forms a component of an extracellular electron-transport 
system (Extended Data Fig. 9f)43.

Because genomes containing ndh–ncp also typically encode clade 
A and clade B NDH-2 enzymes, we next asked why multiple NDH-2 
subtypes coexist. Transcriptomic data from B. subtilis show that 
ndh (Ndh–Ncp) is expressed primarily during exponential growth, 
when respiratory activity is highest (Extended Data Fig. 7c)44. By 
contrast, yumB (clade A) is expressed during stationary phase and 
sporulation29,44, when energy demand is reduced, and fewer respira-
tory complexes occupy the membrane. yutJ (clade B) shows lower 
expression throughout, consistent with a specialized role in NADPH 
oxidation (Extended Data Fig. 7c)29,44. These complementary modes of 
expression and membrane interaction underscore the distinct physi-
ological roles of Ndh–Ncp and clade A NDH-2, a division of labour that 
appears conserved across Bacillota.

Discussion
Our findings show that B. subtilis Ndh, the primary NADH dehydro-
genase in this organism, forms a stable complex with the DUF1641 
protein Ncp, which enables filament formation and quinone-mediated 
electron transfer to the respiratory chain (Fig. 6). A defining feature of 
this complex is its large internal chamber, which accommodates numer-
ous phospholipids, creating a solvent-excluded hydrophobic lumen 
that mimics the membrane bilayer. We observe Ndh–Ncp filaments of 
up to 13 units, with chambers connected into a continuous hydropho-
bic conduit. This arrangement could allow 52 Ndh subunits to access 
quinones with a membrane footprint similar to a single NDH-2 dimer 
embedded in the bilayer. These pseudomembrane filaments would 
extend NADH-driven quinone reduction into the cytosol, expanding 
metabolic capacity by increasing the surface area available for respira-
tion. This structure provides an elegant solution to the constraint of 
limited membrane surface area1,2. In addition, the ability of Ndh–Ncp 
to sequester quinone may also enable these filaments to function as a 
‘quinone battery’, concentrating quinone for reduction by Ndh, which 
can be exchanged during interaction with the membrane. These fea-
tures distinguish Ndh–Ncp from other DUF1641-containing enzyme 
complexes such as Huc and ForCE, which incorporate few or no observ-
able phospholipids and do not form filaments19,20.

These properties place Ndh–Ncp alongside other strategies to 
expand bioenergetic capacity. Thylakoids, mitochondrial cristae and 
the intracytoplasmic membranes of nitrifying and anammox bacteria 
all expand membrane area to support electron transfer3–5,7–9. Ndh–Ncp 
represents a conceptually distinct solution to this problem, a pro-
tein–lipid filament that substitutes for additional membrane surface 
area, by creating an internal hydrophobic tunnel for quinone transfer. 
This mechanism is structurally similar to electron-transferring redox 
enzyme filaments such as hydrogen-dependent CO2 reductase (HDCR), 
yet functionally more analogous to classical membrane elaborations45.

Consistent with a role in expanding respiratory capacity, Ndh–
Ncp predominates during exponential growth, when respiratory 
demand is highest and the membrane most crowded, whereas the 

membrane-anchored YumB is produced under the lower respira-
tory load of stationary phase and sporulation29,44. The distribution of 
Ndh–Ncp across diverse Bacillota further supports the utility of this 
complex; although recent in evolutionary terms, it has been selected 
as an efficient strategy to enhance respiratory flexibility. Beyond its 
biological role, the Ndh–Ncp complex provides design principles for 
synthetic bioenergetic systems. The ability to sequester and transport 
hydrophobic electron carriers using soluble protein-based filaments 
expands possibilities for building synthetic respiratory systems with 
greater spatial control of electron transfer than classical bilayers.

In summary, the Ndh–Ncp complex expands the conceptual and 
mechanistic framework of respiratory biology. By demonstrating that 
respiratory enzymes can operate through protein-based pseudomem-
brane filaments, this work reveals a mechanism for spatially separating 
respiratory redox chemistry from the membrane. This strategy allevi-
ates the challenge of limited membrane surface area while preserving 
efficient quinone reduction. Future work should determine the qui-
none capacity of these complexes, how their filaments behave in vivo 
and how they integrate with other respiratory systems. Together, our 
results establish Ndh–Ncp as a striking example of how evolution has 
reimagined membrane function, and provide a foundation for engi-
neering synthetic energy-transducing systems.

Methods
Data analysis and visualization
In addition to programs described elsewhere in the manuscript, Micro-
soft Excel 2016, GraphPad Prism 10 and Origin were used for data 
analysis and visualization.

Cloning and mutant construction
The Ndh and ncp genes were amplified from B. subtilis 168 genomic DNA 
(gDNA) as one continuous fragment and subcloned into a pET22b plas-
mid, between BamHI and NheI sites, modified to encode an N-terminal 
twin strep II tag, yielding the expression vector p22b–Ndh–Ncp. To 
generate Ndh–Ncp mutants for recombinant purification, we used 
the Q5 mutagenesis kit (NEB) to add 4 mutations to generate Mutant 1 
(Q14A, Q16A, Q17A, D21A) and Mutant 2 (D21A, Q22A, Q29A, E30A) in 
the p22b–Ndh–Ncp vector. Mutants were confirmed by whole plasmid 
sequencing (Plasmidosaurus).

To generate isogenic deletion mutants, gDNA was isolated from 
the B. subtilis kanamycin gene deletion library strains ΔyjlC::kan (now 
Δncp::kan) and Δndh::kan as previously described46,47. Subsequently, 
our B. subtilis 168ca (trp+) wild-type strain was transformed with the 
isolated gDNA and mutants were selected on kanamycin-containing 
nutrient agar plates46. Colonies were clean streaked on fresh nutrient 
agar–kanamycin plates and stored at −80 °C. Deletions were confirmed 
by PCR and Sanger sequencing. All primers, strains and plasmids are 
listed in Supplementary Table 2.

B. subtilis growth assay
B. subtilis 168ca (trp+) wild-type48 and isogenic mutants Δncp::kan 
and Δndh::kan were routinely grown overnight in lysogeny broth (LB: 
10 g l−1 tryptone, 5 g l−1 yeast extract, 10 g l−1 sodium chloride) at 37 °C 
with aeration, with the addition of kanamycin at a final concentration 
of 5 µg ml−1 for the deletion mutants. The following day, cultures were 
normalized to a starting optical density at 600 nm (OD600) of 0.05 in 
fresh LB and transferred in 200 µl aliquots, in technical triplicate and 
biological duplicate, to a 96-well plate at either 37 °C or 30 °C. Growth 
was subsequently monitored at OD600 every 15 min for 12 h in a BMG 
Spectrostar Nano plate reader. Growth rates were calculated using 
OD600 values between 0.1 and 1.6, equating to bacterial growth during 
exponential phase. The rate of growth was calculated for each replicate 
and plotted as three individual data points. Growth yield experiments 
were carried out in LB + 0.5% glucose to reduce sporulation and yield 
calculated as OD600 reading at 24 h after inoculation.
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Expression of Ndh–Ncp
p22b–Ndh–Ncp and mutants were transformed into E. coli C41 cells 
and grown as a starter culture in LB media until the culture reached 
the stationary phase, ~12–16 h. Large cultures of 500 ml terrific broth 
media (TB: 12 g l−1 tryptone, 24 g l−1 yeast extract, 12.26 g l−1 K2HPO4, 
2.31 g l−1 KH2PO4, 4 g l−1 glycerol) in a 2.5 l flask were inoculated with 
5 ml of the starter culture and grown with shaking at 180 r.p.m. and 
37 °C until they reached ~1.0 OD600. The cultures were then cooled at 
4 °C for 30 min before being returned to an incubator at 20 °C and 
induced with 0.3 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 
The cultures were incubated for a further 16–18 h before collection. 
Cells were collected by centrifugation at 3,500 × g for 20 min at 4 °C 
using a Sorvall high-speed centrifuge. Once pelleted, cells were frozen 
and stored at −80 °C.

Recombinant purification of Ndh–Ncp
Purification occurred in a two-step process, beginning with affin-
ity purification and followed by size exclusion chromatography. Ini-
tially, cells were thawed and resuspended with lysis buffer (50 mM Tris, 
150 mM NaCl, pH 8.0, 1× cOmplete EDTA-free protease inhibitor (Roche, 
11836145001), 1 mg ml−1 DNase and lysozyme) at room temperature. 
Cells were then lysed by two passages through a cell disruptor (Emulsi-
flex C-5), and the lysate was clarified by centrifugation at 30,000 × g for 
20 min at 4 °C. Lysate was then incubated for 5 min with BioLock biotin 
blocking buffer (IBA Lifesciences IBA, 2-0205-050) and loaded onto 
1 ml StrepTrap XT (Cytiva). Once loaded, the column was washed with 
lysis buffer for ~30 column volumes (CV). The protein was eluted with 
elution buffer (50 mM Tris, 150 mM NaCl and 50 mM biotin, pH 8.0) in 
ten 1-ml fractions. Resulting fractions were analysed using SDS–PAGE, 
then pooled and concentrated to 500 µl for SEC using a 4-ml centrifu-
gal concentrator with a 100-kDa molecular weight cut-off (MWCO) 
(Amicon, UFC803008). Concentrated protein was then loaded onto a 
Superose 6 Increase 10/300 GL column (Cytiva, 17517201) in SEC buffer 
(50 mM Tris, 150 mM NaCl, pH 8.0) and eluted in 0.5-ml fractions. Frac-
tions were analysed by SDS–PAGE for peak identification and purity. 
Peaks corresponding to the correct complex were either pooled and 
concentrated for biochemical assays, or individual fractions were 
concentrated to separate each region of the peak for cryo-EM.

Native PAGE and coupled activity stain
Native PAGE was run following manufacturer instructions (Ther-
moFisher Native PAGE Bis-tris). Briefly, either protein or lysate was 
prepared and the concentration determined, then samples were mixed 
with 4× loading dye to a final volume of 20 µl. Samples were loaded onto 
3–12% 10-well gels, along with Native Mark molecular weight marker 
(ThermoFisher), and run in native running buffer (ThermoFisher) at 
150 V for 90 min. Following this, gels were either stained with Coomas-
sie (Bulldog Acqua Stain) or incubated in buffer (50 mM Tris, 150 mM 
NaCl, pH 8.0) containing 500 µM nitrotetrazolium blue (NBT) and 
500 µM NADH. The activity-stained gels were imaged as the colour 
developed upon NBT reduction (to purple) indicating NDH-2 activity.

Fractionation of Ndh–Ncp from B. subtilis

B. subtilis cells were grown overnight at 37 °C in LB media, then the 
following day, 1 l of LB media in 5 l flasks was inoculated to 0.01 OD600. 
Cells were grown for 6 h post-inoculation and then collected by cen-
trifugation and frozen. Cell pellet (3 l) was thawed and resuspended in 
50 mM Tris pH 8.0 until homogeneous, and 2 mg ml−1 of lysozyme was 
added to the resuspended cell solution. The cells were incubated with 
gentle stirring for 30 min at 37 °C. Cells were then further lysed by two 
passages through a cell disruptor (Emulsiflex C-5), and the lysate was 
clarified by centrifugation at 30,000 × g for 20 min at 4 °C. Lysate was 
applied to a QFF HP anion exchange column (Cytiva) and eluted over 
10 CV with a linearly increasing gradient of 1 M NaCl. Eluted fractions 
were tested for activity with a plate-based activity assay (200 µl 500 µM 

NADH and 500 µM NBT in the plate and 2–30 µl protein added to the 
cell, NDH-2 activity confirmed with a purple colour change). Active 
fractions were pooled and subjected to SEC on a Superose 6 column. 
Fractions that were active were subjected to SDS–PAGE, native PAGE 
and negative-stain EM to visualize Ndh–Ncp.

Mass photometry
These measurements were carried out using a Refeyn 2MP mass pho-
tometer. Protein samples and standards were diluted in phosphate 
buffered saline (PBS) for measurements. Initially, standards of apofer-
ritin and BSA were measured to generate a standard curve for molec-
ular weight calculations. Then each protein sample was measured 
at different concentrations (10–100 nM) to determine the optimal 
concentration for accurate reads. At the sample-dependent optimal 
concentration, each sample was measured three times and one repre-
sentative from each sample was used in the figure. Data were analysed 
using Refeyn DiscoverMP software.

Visible-wavelength spectroscopic measurements
These measurements used a SpectraMax ABS Plus (Molecular Devices) 
96-well plate reader fully housed in an anaerobic glovebox (O2 < 3 ppm; 
Belle Technology). A concentration of 85 µM of enzyme was carefully 
deoxygenated, diluted with anaerobic buffer (50 mM Tris-Cl pH 8, 
150 mM NaCl), and spectra were recorded in a quartz cuvette following 
the addition of NADH (0–100 µM). Data were plotted using GraphPad 
Prism 10.6.

Steady-state oxidation of NADH measurements
The oxidation of NADH was measured at 3 40–380 nm 
(ε = 4.81 mM−1 cm−1) in a SpectraMax ABS Plus (Molecular Devices) 
96-well plate reader. The buffer (50 mM Tris-Cl pH 8, 150 mM NaCl) 
contained 0.15% asolectin-CHAPS to provide a hydrophobic phase for 
the short-chain quinones. Menadione reaction kinetics were measured 
with the addition 4 nM Ndh–Ncp at a concentration range of 0–120 µM 
menadione or 0–500 µM NADH. Decylubiquinone was measured with 
the addition of 8 nM Ndh–Ncp over a concentration range of 0–120 µM 
decylubiquinone or 0–500 µM NADH. The data were fit to the Michae-
lis–Menten equation (v = Vmax × [S]/(KM + [S])), with [S] corresponding 
to substrate concentration, using Solver in Microsoft Excel. Data were 
plotted in GraphPad Prism 10.6 for figures.

Negative-stain and cryo-EM imaging and data collection of 
Ndh–Ncp
Negative-stain grids (carbon film 300 mesh, EMS) were prepared using 
first glow discharge for 30 s at 15 mA, and then the protein was applied 
(0.01 mg ml−1) for 1 min, followed by blotting of the excess protein. 
Three rounds of uranyl acetate (1–2%) application followed (two at 30 s, 
the final for 1 min, each followed by blotting). Grids were then imaged 
in a Talos L120C transmission electron microscope (ThermoFisher) at 
×72,000 magnification.

Cryo-EM grids were prepared using a Vitrobot Mark IV vitrification 
device (ThermoFisher) pre-cooled to 4 °C and equilibrated to 100% 
humidity. UltrAuFoil 1.2/1.3 300 mesh grids (Quantifoil) were glow 
discharged for 180 s at 15 mA. Protein (4 µl) was applied at 6 mg ml−1 
concentration to the grid after glow discharge. For the NADH-bound 
structure, Ndh–Ncp (at 6 mg ml−1) was incubated with 5× molar concen-
tration of NADH (~130 µM) 10 min before freezing. The grid was then 
plunge frozen into liquid ethane using the Vitrobot. Grids were immedi-
ately clipped for the autoloader and stored long term in liquid nitrogen.

Samples were initially screened on a Talos Arctica 200 kV transmis-
sion electron microscope, collecting a small dataset (200–300 movies) 
to generate two-dimensional (2D) class averages with cryoSPARC live49. 
Large datasets were collected on a Titan Krios G4 transmission electron 
microscope fitted with a Gatan K3 direct electron detector with energy 
filter (Ndh–Ncp) or a Falcon4i direct electron detector (Ndh–Ncp 
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NADH/quinone bound). Data were collected at ×130,000 magnifica-
tion (0.655 Å pixel−1) with a total dose of 39 e− Å−2, fractionated into 40 
frames for Ndh–Ncp, and ×96,000 magnification (0.808 Å pixel−1) with 
an exposure time of 3 s and a total dose of 50 e− Å−2, fractionated into 50 
frames for Ndh–Ncp NADH/quinone bound. A C2 aperture of 42 µm was 
used with the objective aperture inserted and a defocus range between 
−1.2 µm and −0.6 µm. Data collections were automated using the EPU 
v.3.6 software (ThermoFisher).

Cryo-EM data processing and analysis
Ndh–Ncp. Micrographs (7,876) were grouped into their respective 
optics groups using the Python script AFIS.py, and the grouped micro-
graphs were then motion corrected using UCSF MotionCor3 and con-
trast transfer function (CTF) estimation (CTFFIND-4.1) in Relion (5.0)50. 
The particle coordinates were then determined with crYOLO (1.7.6) 
using a general model and extracted in Relion with a box size of 512 px 
(refs. 50,51). Initial 2D classification was carried out in Relion 5.0, then 
extracted and imported into cryoSPARC v.4.6.0 for ab initio reconstruc-
tion, with one class with C4 symmetry49. Homogeneous refinement of 
483,556 particles was followed by non-uniform refinement with C4 
symmetry. 3D classification followed with 6 classes. Four classes were 
selected containing 389,955 particles and subjected to another round 
of non-uniform refinement with C4 symmetry. This generated a map of 
2.14 Å global resolution which was improved to 2.12 Å resolution with 
local refinement, masking only one unit of the filament. From this, 
helical refinement was carried out with a helical rise of 99.22 Å, twist of 
23.95° and final resolution of 3.09 Å. Alternatively, the particles from 
the local refinement were reclassified with heterogeneous refinement, 
masking one class with ‘bad particles’. The resulting ‘good particles’ 
were reclassified in 2D space, and 356,549 particles were selected for 
local refinement, resulting in maps reaching a global resolution of 
2.11 Å (Supplementary Fig. 2).

Ndh–Ncp NADH/quinone bound. Micrographs (11,418) were grouped 
into their respective optics groups using the Python script AFIS.py, 
and the grouped micrographs were then motion corrected using UCSF 
MotionCor3 in Relion 5.0. The motion-corrected particles.star files 
were transferred to cryoSPARC v.4.6.0 for CTF estimation49,50. Particle 
coordinates were determined initially using Blob Picker to generate 2D 
averages to train Topaz Picking52. Topaz Picking was trained only on the 
2D class of the top view, in an effort to find more of this underrepre-
sented view. Topaz Picking resulted in 5,095,952 particles, which were 
extracted at a 420-pixel box size, binned to 120 px, and 2D classification 
resulted in 2,590,595 particles selected. Ab initio reconstruction was 
carried out with two classes and C4 symmetry, with the largest class 
containing 1,301,383 particles used for homogeneous refinement (C4). 
Homogeneous refinement was followed by heterogeneous refinement 
with two classes, one masked with the ‘junk’ ab initio class, the other 
masked from homogeneous refinement. A total of 797,409 particles 
were used for non-uniform refinement to generate a new model for 
Topaz Picking. A total of 1,894,345 particles resulted and were extracted 
at a 420-pixel box size, binned to 120 px. A total of 1,267,220 particles 
were selected from 2D classification and re-extracted without binning. 
2D classification further resulted in 1,217,300 particles selected and ab 
initio reconstruction was carried out with two classes and C4 symmetry. 
Homogeneous refinement (C4) with 632,082 particles resulted in maps 
to a global resolution of 2.58 Å. Further non-uniform refinement and 3D 
classification using heterogeneous refinement (two rounds) resulted in 
a non-uniform refinement with 341,297 particles to a global resolution 
of 2.52 Å (Supplementary Fig. 3).

Of note, processing of both datasets was also carried out using 
C1 symmetry for 3D refinement; however, maps from C1 processing 
were of lower resolution, displayed anisotropy due to orientation bias, 
and did not reveal additional structural features. As such, subsequent 
processing focused on C4 symmetry.

Model building and visualization
An initial model of the Ndh–Ncp complex was generated with Alpha-
Fold3 (ref. 53), and Ncp and Ndh were then separated into individual 
molecules using Pymol (3.1.8)54. The Ncp tetramer and Ndh enzymes 
were docked separately into the maps generated, using ChimeraX 1.8 fit 
map55. The models were built and refined using Coot 0.9.8.1 and Phenix 
(1.2)56,57. FAD, MK-8 and NADH were modelled into the complexes using 
Coot57. Model quality was validated using MolProbity58. All figures were 
made using ChimeraX (1.8)55.

Mass spectrometric lipid detection and analysis
Ndh–Ncp purified in E. coli was incubated with B. subtilis 168 mem-
branes extracted from 4 l of B. subtilis cultures or left untreated. To 
prepare the membranes, B. subtilis was grown in LB at 30 °C for 24 h, 
then collected by centrifugation at 3,500 × g and frozen at −20 °C. Cells 
were lysed in buffer (50 mM Tris, 150 mM NaCl, 0.5 mM EDTA, pH 7.5) 
and incubated with 1 mg ml−1 lysozyme at 37 °C for 30 min. Cells were 
then incubated with 1× cOmplete EDTA-free protease inhibitor (Roche, 
11836145001) and 1 mg ml−1 DNase for 10 min at room temperature, fol-
lowed by lysis with two passages through a cell disrupter (Emulsiflex 
C-5). The lysate was clarified by centrifugation at 27,000 × g for 20 min 
at 4 °C, and the membranes were then collected by ultracentrifuga-
tion at 100,000 × g for 1 h at 4 °C. Membranes were resuspended in 
50 mM Tris, 150 mM NaCl, pH 7.5 and incubated for 6 h at 4 °C with 
5 mg of Ndh–Ncp, rotating slowly. The membranes were then pelleted 
by ultracentrifugation, and the resulting protein was purified initially 
by affinity chromatography with a StrepXT column (Cytiva), then the 
flow through of unbound samples was purified by SEC on a Superose 
6 Increase 10/300 GL column (Cytiva, 17517201) in SEC buffer (50 mM 
Tris, 150 mM NaCl, pH 8.0). Resulting eluted fractions were pooled, 
concentrated and frozen for mass spectrometry. Samples from each 
fraction were analysed by negative-stain TEM before concentration.

Samples corresponding to 48.6 µg of purified protein (determined 
using absorbance at 280 nM) were prepared for liquid chromatog-
raphy–mass spectrometry (LC–MS) analysis using a modified Folch 
extraction. Briefly, a 100 µl solution of purified protein (~48.6 µg) or 
1 µl of isolated membrane diluted to 100 µl with LC–MS-grade water 
was treated with 2,000 µl of 2:1 chloroform:methanol v/v containing 
50 ng ml−1 of menaquinone-7 (d7) (90%, LGC Standards, TRC-KIT6138) 
and EquiSPLASH (Avanti, 330731-1EA) lipid mixture with each standard 
at 50 ng ml−1, after which the mixture was shaken for 10 min and allowed 
to stand for a further 50 min. Water (400 µl) was added, and the mixture 
was shaken for 10 min, after which the sample was allowed to stand until 
the two phases had completely separated. The lower chloroform-rich 
phase was then transferred to a 1.4 ml total recovery glass microvial 
(ThermoFisher, 6PSV9-CHV1) and the solvent was removed under a 
stream of nitrogen gas. Samples were then reconstituted in 60 µl of 7:3 
LC Solvent A:LC Solvent B (described below). Samples were analysed 
using a Vanquish Horizon ultra-high-performance liquid chroma-
tography platform (ThermoFisher) coupled to an Orbitrap Exploris 
480 MS (ThermoFisher) using a C18 column (Zorbax Eclipse Plus C18 
Rapid Resolution HD, 2.1 × 100 mm, 1.8 µm, Agilent, 959758-902) with 
a binary solvent system: solvent A = 40% isopropanol/60% water and 
solvent B = 98% isopropanol/2% water, both containing 2 mM formic 
acid and 8 mM ammonium formate. Linear gradient time–%B were as 
follows: 0 min–0%, 8 min–35%, 16 min–50%, 19 min–80%, 23 min–100%, 
28 min–100%, 30 min–0%, 32 min–0%. The flow rate was 250 µl min−1, 
the column temperature 50 °C, and the sample injection volume was 
10 µl. Each sample was analysed three times, first at an MS1 level using 
fast polarity switching, then by data-dependent acquisition (DDA) in a 
single polarity, that is, one analysis in positive mode and one analysis in 
negative mode. For the polarity switching analysis, the mass spectrom-
eter operated at a resolution of 120,000 from m/z = 140–2,000 and DDA 
was performed with an MS1 survey scan m/z = 450–2,000 at a resolution 
of 60,000. The resulting data-dependent MS/MS was conducted at a 
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resolution of 15,000 using an isolation window of 1.5 m/z and a stepped 
normalized collision energy of 20, 40 and 60. The method cycled with 
a loop count of 7 and dynamic exclusion of 8.0 s. The following source 
conditions were used in all experiments: spray voltage 3.5 kV (positive), 
2.5 kV (negative); capillary temperature 325 °C; sheath gas 60; aux gas 
15; sweep gas 2 and probe temp 320 °C.

Lipidomic data analysis was performed using untargeted feature 
extraction on the MS1 polarity switching data in mzMine (4.3)59. Briefly, 
this involved untargeted feature extraction from each sample, align-
ment of features, gap filling and identification against those features 
previously identified. Features that did not exceed the signal found in 
the extraction blanks by at least 5-fold were excluded. Lipids were then 
putatively identified by comparison against the lipid identification, 
which was achieved by comparing the MS/MS spectra against the Lipid-
Blast database60 and/or the MSDIAL-TandemMassSpectralAtlas-VS69 
(ref. 61), followed by manual review of the putative annotations. Unas-
signed features were then annotated on the basis of their accurate 
mass against the Lipid Maps structural database62,63 (MS1ID) and/or 
the MycoMass database64. Raw and processed data can be found at 
https://zenodo.org/records/21271664. In addition, the molar amount 
of PE, PG, MK, DMK and CoQ was determined by comparison of each 
lipids’ peak area against that of the isotopically labelled standard of the 
same class for PE and PG, or against the menaquinone-7 (d7) standard 
for MK, DMK and CoQ lipids. Peak integration was performed using 
TraceFinder 5.2 SP3 (ThermoFisher).

To assess enrichment of MK-7 and related quinone species in the 
Ndh–Ncp complex following incubation with B. subtilis membranes, we 
performed a semi-quantitative analysis based on within-sample lipid 
intensity ratios. This analysis was designed to provide a qualitative indi-
cation of quinone enrichment across compositionally distinct samples 
rather than absolute quantification. Lipidomic features (n = 10,387; 
unprocessed output) were filtered to retain a high-abundance, repro-
ducibly detected subset suitable for ratio-based comparisons. Features 
lacking a putative annotation and internal standards were removed. 
Remaining features were ranked by summed intensity across all sam-
ples, and features with a summed intensity below 1 × 108 across all con-
ditions were excluded, retaining approximately the top 6% of detected 
features for downstream analysis. To ensure reliable detection, features 
were required to exceed 3-fold the maximum blank signal in at least 
two replicates within at least one condition. Features were retained 
if they met a coefficient of variation threshold of ≤30% in at least one 
sample group, reflecting the substantial compositional differences 
between sample types (E. coli membranes, B. subtilis membranes and 
purified complexes). Filtered features were consolidated at the lipid 
species level by summing intensities across adducts, yielding 278 
unique lipid species. To define a B. subtilis-specific reference lipid set, 
species were selected that were present in B. subtilis membranes but 
absent or present at <10% relative intensity in the Ndh–Ncp complex 
before membrane incubation, yielding 113 species (excluding MK-7 
itself, which served as the ratio numerator).

Because class-matched internal standards were not available for 
all lipid classes in the reference pool, intensity ratios were calculated 
from unnormalized peak intensities to avoid asymmetric normalization 
between numerator and denominator. The deuterated MK-7 internal 
standard was used to monitor quinone signal stability across samples; 
however, as no equivalent deuterated standard was available for the 
denominator lipid classes, it was not applied to ratio calculations. 
Quinone enrichment was quantified as the ratio of endogenous MK-7 
intensity, or the summed intensity of all detected quinone species, 
to the summed intensity of the B. subtilis-specific reference lipid set 
within each sample. To assess robustness to denominator selection 
and mitigate potential biases arising from class-specific ionization 
or chromatographic effects, analogous ratios were calculated using 
independent reference sets, including a subset putative of dihexosyl-
diacylglycerol (Hex2DG) species (n = 5) and a single abundant putative 

ether-linked diacylglycerol species (DG O-32:2; DG P-14:0/18:1). Con-
sistent enrichment trends across these independent analyses indicate 
that the observed quinone enrichment is not driven by the behaviour 
of a specific lipid class or feature subset65–67.

Molecular dynamics simulations
We performed all-atom classical molecular dynamics (MD) simulations 
on the high-resolution cryo-EM structures of B. subtilis Ndh–Ncp com-
plex with and without MK-7/NADH. Simulations were performed with 
GROMACS (2022.3/4)68 using the CHARMM36m force field for proteins 
and CHARMM36 for lipids, ions, water and redox-active components 
(FAD, MK-7, NADH)69–72. The membrane bilayer was constructed with 
the CHARMM-GUI73 tool, and comprised 950 POPE (~79%) and 259 
POPG (~21%) lipids. The total system size was ~664,000–666,000 atoms 
depending on lipid and substrate arrangements (see more below). In 
total, six simulation setups were constructed (Supplementary Table 3).

Two strategies were applied for lipid placement in the Ndh–Ncp 
complex. In the first (setup 1), lipids were manually embedded into 
Ndh–Ncp interface cavities with VMD’s graphical interface74. The lipid 
head groups were oriented towards the solvent and tails directed 
inward, resulting in 33 POPE and 7 POPG molecules in a tightly packed 
chamber. In the second approach (setup 2), a pre-equilibrated bilayer 
patch was aligned using the ‘psfgen’ plugin74 with Ncp, and only lipids 
inside the chamber were retained, resulting in a total of 20 POPE and 7 
POPG molecules (setups 2, 3, 4, 6, Supplementary Table 3). Lipids near 
the N-terminal region were added similarly.

All membrane-protein model systems were solvated with TIP3P 
water and 150 mM Na+/Cl−, using VMD’s ‘autoionize’ and ‘solvate’ 
plugins74–76. Protonation states were predicted using PROPKA at pH 
7.0 (ref. 77). In all Ndh monomers, His383 was modelled protonated 
in non-substrate-bound setups, whereas Glu168 was protonated only 
in the MK-7/NADH-bound setups. Simulations were performed in the 
isothermal-isobaric (NPT) ensemble (310 K, 1 atm) with semi-isotropic 
pressure coupling. MD equilibration used the V-rescale thermostat 
and C-rescale barostat, followed by production simulations with 
Nosé–Hoover thermostat and Parrinello–Rahman barostat78–82. A 
2-fs timestep was used with the leapfrog integrator, and all covalent 
bonds involving hydrogen atoms were constrained using the LINCS 
algorithm83,84. Non-bonded interactions were applied with a 12 Å cut-off 
and particle-mesh Ewald (PME)85,86 for long-range electrostatics.

The membrane patch was pre-equilibrated for 10 ns by applying 
harmonic position restraints (20,000 kJ mol−1 nm−2) to the phosphate 
groups of all lipids, followed by a 30-ns production run to generate 
a fully equilibrated lipid bilayer. Simulations of membrane-protein 
systems (Supplementary Table 3) began with a 1,000-step energy 
minimization using NAMD (2.14)87,88, with harmonic position restraints 
(force constant of ~41.4 × 103 kJ mol−1 nm−2) applied to all heavy atoms of 
the protein and its substrates. This was followed by a steepest-descent 
minimization in GROMACS 2022.3 with an energy tolerance of 
250 kJ mol−1 nm−1, using restraints (20,000 kJ mol−1 nm−2) on the same 
atoms. Subsequently, equilibrations were performed in the NPT ensem-
ble with identical position restraints for 100 ns to relax the lipids within 
the Ncp tube, followed by a 100-ns equilibration by keeping the same 
harmonic restraints now only on the protein backbone and FAD atoms. 
Three 1-µs production simulation replicates were run per setup, where 
replicates 2 and 3 were generated by extending the last equilibration 
step by 1 and 2 ns, respectively. In addition, in substrate-bound systems, 
weaker restraints (2,000 kJ mol−1 nm−2) were applied to NADH and MK-7 
headgroups during equilibration setups. It is noteworthy that MK-7 
molecules (setup 5), after binding to FAD for ~300 ns, diffused from 
their structural locations. Therefore, in additional simulations (setup 
6, Supplementary Table 3), harmonic distance restraints were applied 
between FAD (N5) and NADH (C5N), and between FAD (N3) and the MK-7 
(OR8) atoms, using the GROMACS pull code with a force constant of 
5,000 kJ mol−1 nm−2 (ref. 68). Volume calculations of solvent accessible 
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surface (SAS) were performed with the MSMS program89 combined 
with the Openstructure software package90.

Synthesis and characterisation of S-cholesterol (for 
electrochemistry membrane bilayer)
Synthesis of ethyl-trioxyethanol-cholesteryl 2. 2-[2-(2-Aminoethoxy)
ethoxy]ethanol 1 (1.08 g, 1.060 ml, 7.22 mmol) was dissolved in anhy-
drous dichloromethane (DCM) (25 ml) and triethylamine (0.82 g, 
1.12 ml, 8.04 mmol) was then added. Separately, cholesteryl chloro-
formate (3.62 g, 8.04 mmol) was dissolved in anhydrous DCM (50 ml). 
The solution of cholesteryl chloroformate was then added dropwise to 
the solution of 2-[2-(2-aminoethoxy)ethoxy]ethanol, and the resultant 
solution was stirred for 48 h at room temperature under N2. After this 
time, the reaction mixture was diluted with additional DCM (100 ml) 
and washed with 1 M HCl (2 ×40 ml), then brine (40 ml). The organic 
layer was dried over MgSO4 and concentrated in vacuo to yield a crude 
residue, which was purified via silica column chromatography (hexane 
→ ethyl acetate) to yield 2 as a colourless oily foam (3.95 g, 97%). Note, 
when performing TLC, that the location of 2 can be visualized with 
permanganate stain (Supplementary Fig. 6a).

Preparation of ethyl-trioxythioacetate-cholesteryl 3. 2 (1.95 g, 
3.47 mmol) was dissolved in anhydrous DCM (50 ml). Triethylamine 
(630 µl, 4.51 mmol) was then added, followed by p-toluenesulfonyl 
chloride (0.860 g, 4.51 mmol). The reaction solution was then stirred 
at room temperature under N2 overnight. After this time, the reaction 
solution was diluted with additional DCM (50 ml) and washed with 
1 M HCl (2 × 20 ml), saturated NaHCO3 (20 ml) and then brine (20 ml). 
The organic layer was dried over MgSO4 and concentrated in vacuo 
to yield the crude tosylate intermediate. The resulting residue was 
then redissolved in anhydrous dimethylformamide (DMF) (20 ml) 
and potassium thioacetate (1.19 g, 10.4 mmol) was then added. The 
resultant solution was then placed under a nitrogen atmosphere and 
stirred at 90 °C for 3 h, during which time a strong brown colour devel-
oped. The reaction solution was then cooled to room temperature 
and the majority of the DMF was removed in vacuo. DCM was then 
added (100 ml) and the resultant solution was transferred to a separat-
ing funnel. The solution was washed with water (2 ×50 ml) and then 
brine (20 ml), and subsequently dried over MgSO4. The product, 3, 
was then isolated via silica column chromatography (10% ethyl acetate 
(EtOAc) in petroleum ether), yielding a deep-brown oil (0.910 g, 42%) 
(Supplementary Fig. 6b).

Synthesis of ethyl-trioxythiol-cholesteryl 4. 3 (0.882 g, 1.42 mmol) 
was dissolved in ethanol (10 ml). Separately, potassium hydroxide 
(169 mg, 3.01 mmol) was dissolved in ethanol (10 ml) and delivered to 
the solution of 3. The reaction mixture was placed under a nitrogen 
atmosphere and stirred at room temperature for 3 h before being 
diluted in DCM (50 ml). The reaction mixture was then transferred 
to a separating funnel. The solution was washed with 1 M HCl (10 ml), 
followed by brine (20 ml), and then dried over MgSO4. Concentration 
in vacuo yielded a crude brown residue, which was further purified via 
silica column chromatography (hexane → ethyl acetate). 4 was isolated 
in resolved fractions as both its free-thiol monomeric form (0.419 g, 
51%) and its corresponding disulfide dimer (0.209 g, 26%) in a combined 
yield of 77% (both the free-thiol and disulfide forms of the product can 
be used identically for self-assembled monolayer (SAM) formation). 
Both forms of 4 were brown in colour (Supplementary Fig. 6c).

Electrode modification
Liposomes were formed from a solution of 5 mg ml−1 soy phospho-
lipids (Sigma Aldrich) in aqueous buffer (20 mM MOPS, 30 mM 
Na2SO4, pH 7.40). This suspension was extruded through an Avanti 
mini-extruder containing a Cytiva 0.1 µm membrane filter 31× to 
generate liposomes. When quinone supplementation was required, 

0.44 mg ml−1 menaquinone-7 (‘MK-7’, Cambridge Bioscience) or 
0.44 mg ml−1 ubiquinone-8 (‘UQ-8’, Merck) was added to the lipid sus-
pension before extrusion.

BASi gold disc electrodes (3 mm diameter) were first mechani-
cally polished in air using alumina slurries of decreasing particle size 
(1, 0.3, then 0.05 µm, Metprep) applied to polishing pads (Beuhler), 
with 2-min polishes used per alumina size followed by sonication for 
3 min in water, then ethanol. The electrodes were then taken into 
a glovebox (in-house construction, Belle Technology purification 
columns, [O2] < 30 ppm) and an electrochemical polish of 50 cyclic 
voltammograms from −1.3 to 0.7 V vs Ag/AgCl at 100 mV s−1 in 0.5 M 
NaOH were followed by 50 cyclic voltammograms from −0.25 to 1.55 V 
vs Ag/AgCl at 100 mV s−1 in 0.5 M H2SO4. Remaining in the glovebox, 
the cleaned electrodes were left to dry and then immersed in 1 ml 
of 2-propanol solution containing 8.9 mM 6-mercaptohexanol and 
1.1 mM EO3-cholesterol (S-cholesterol) for 16 h to form a mixed SAM, 
following previously published procedure40. Following this SAM for-
mation, the electrodes were removed from the glovebox and rinsed 
with ethanol and dichloromethane in the laboratory atmosphere and 
dried under N2. The electrodes were then returned to the glovebox, 
and to form the liposome functionalization, 5 µl liposome was pipetted 
onto the tip of the electrode, and 1 µl 120 mM CaCl2 in the same buffer 
solution was added with gentle mixing using the pipette tip. This was 
left to dry (~30 min), then the same liposome and CaCl2 dropcast plus 
drying process was repeated. Enzyme modification of the electrode 
was then achieved by applying 5 µl 7 mg ml−1 Bacillus subtilis Ndh–Ncp 
in 50 mM Tris, 150 mM NaCl, pH 7.4 to the electrode, and leaving this 
to dry for ~30 min.

Electrochemical set up
All experiments were carried out in a 3-electrode cell containing 10 ml 
buffer solution (20 mM MOPS, 30 mM Na2SO4, pH 7.40), which was 
stirred continuously throughout. The cell used a modified gold disc 
working electrode (see above), a platinum wire counter electrode and 
an Ag/AgCl reference electrode, which was determined to be offset 
from SHE by +0.225 V based on calibration experiments using fer-
ricyanide (Extended Data Fig. 6f)91. All experiments were carried out 
in a glovebox under a nitrogen atmosphere ([O2] < 30 ppm) at 19 °C. 
During a NADH titration experiment, the potential was continuously 
cycled at 10 mV s−1, with aliquots of a concentrated stock solution of 
100 mM NADH added in increments at approximately −0.4 V vs SHE 
during every even scan. Every odd scan is displayed.

Genomic survey, synteny characterization and phylogenetic 
analysis
To profile the distribution and diversity of the Ndh–Ncp complex across 
the prokaryotic tree of life, we retrieved all 113,104 representative 
archaeal and bacterial species genomes from the Genome Taxonomy 
Database (GTDB) release 09-RS220 (ref. 41). Genes were predicted 
using Prodigal (v.2.6.3)92 and functionally annotated against KEGG93 
(accessed 22 November 2021) and Pfam (v.34.0)94 protein databases 
through DRAM (v.1.2.4)95. DUF1641-domain family proteins (includ-
ing Ncp) were identified by searching against the Conserved Domain 
Database (CDD)96 profiles pfam07849 (DUF1641-domain) and COG2427 
(YjgD/ForE, DUF1641-domain protein) using rpsblast (-evalue 1 × 10−5 
-max_hsps 1 -max_target_seqs 5) in BLAST+ (v.2.16.0)97, as well as against 
all entries of DUF1641-domain proteins from UniProt98 using DIAMOND 
(v.2.1.10)99. Hits were cross-compared and manually inspected to filter 
false positives. For further curation and the analysis of genetic context, 
five genes upstream and downstream of DUF1641-domain hits and their 
annotations by DRAM were retrieved. Type II NADH dehydrogenases 
(NDH-2) in the neighbourhood and across genomes were identified 
by matches to KEGG Orthology KO K03885. In total, 43,976 and 5,479 
genomes were found to encode NDH-2 and DUF1641-domain proteins, 
respectively; 684 genomes from exclusively the phylum Bacillota 
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encode the Ndh–Ncp complex wherein ndh and ncp are always genomi-
cally co-located next to each other (Supplementary Data 4).

Genomes and NDH-2 sequences of Bacillota were further ana-
lysed to investigate the potential physiological relevance and evolu-
tion of the Ndh–Ncp complex. The presence of major aerobic and 
anaerobic respiratory enzymes (including complexes I–V and ter-
minal oxidases) in Bacillota genomes was identified on the basis of 
DRAM and KEGG annotation. A phylogenomic tree of the Ndh–Ncp 
encoding Bacillota was constructed by aligning the concatenated 120 
GTDB bacterial marker genes using GTDB-Tk (v.2.4.0)100, followed by 
a maximum-likelihood phylogenetic reconstruction using IQ-TREE 
(v.2.4.0)101 (model: WAG + G20; 1,000 ultrafast bootstrap replicates; 
mid-point rooted). For phylogenetic analysis of Bacillota NDH-2, 
Ncp-associated and non-Ncp-associated sequences with lengths 
over 300 amino acids were respectively clustered at identity thresh-
olds of 80% and 60% using MMseqs2 (ref. 102) (-c 0.7–cov-mode 1 
--cluster-mode 2 -s 7.5). A multiple sequence alignment of NDH-2 clus-
ter representatives, structurally resolved NDH-2 (PDB 5NA4, 4NWZ, 
4G73, 5JWB) and sulfide:quinone oxidoreductases (PDB 3H8L, 3HYV, 
3KPK) was built using the align function of Muscle (v.5.3)103. Using 
ModelFinder103,104 implemented in IQ-TREE v.2.4.0, the best-fit model 
according to Bayesian information criterion (BIC) was determined 
to be LG + I + R10. A maximum-likelihood phylogenetic tree was then 
constructed using IQ-TREE v.2.4.0 (-m LG + I + R10 -B 1000 -bnni) 
and rooted using sulfide:quinone oxidoreductases as outgroups 
(Extended Data Fig. 9). To visualize the common presence of multiple 
copies of NDH-2 of different clades within the same microorganism, 
a maximum-likelihood phylogenetic tree using all NDH-2 sequences 
from a subset of 60 representative and phylogenetically divergent 
Ndh–Ncp encoding Bacillota species was also constructed with the 
same method (Fig. 5 and Supplementary Data 4). All phylogenetic trees 
were visualized using iTOL (v.7)105. Major clades of NDH-2 were defined 
in this study on the basis of phylogeny, structural features (for example, 
transmembrane domain, interaction with Ncp) and reported physi-
ological roles (for example, NADPH/NADH preference, extracellular 
electron transfer). NDH-2 and Ncp sequences, synteny of Ndh–Ncp, 
NDH-2 classification, genome statistics and metabolic annotations 
of the Bacillota genomes are summarized in Supplementary Data 4.

Structural modelling
Modelling was performed on the Chai1 or AlphaFold3 online server53,106. 
Entire sequences were provided along with NADH (or NADPH)/FAD/
MK-7/MK-8/UQ-8 smiles string.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM structures are available in the PDB and EMDB under the 
codes PDB 9PXK, EMD-71972 (Ndh–Ncp with MK-8/NADH), PDB 9PXL, 
EMD-71973 (Ndh–Ncp) and PDB 9PXM, EMD-71974 (Ndh–Ncp filament). 
All phylogenetics sequences and accession numbers are found in Sup-
plementary Data File 4. Raw and processed lipidomics data have been 
deposited in Zenodo at https://doi.org/10.5281/zenodo.21271664 (ref. 
107). Molecular dynamics simulation data have been deposited in 
Zenodo at https://doi.org/10.5281/zenodo.21226551 (ref. 108). Source 
data containing raw and uncropped gels and numerical values for all 
graphs are provided with this paper. All other data are provided with 
the manuscript.
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Extended Data Fig. 1 | B. subtilis Ndh-Ncp purification and characterisation. 
a, A growth curve of WT, Δndh and Δncp B. subtilis 168 strain, grown at 37˚C, 
showing OD600 vs. time (h). b, A growth curve of WT, Δndh and Δncp B. subtilis 168 
strain, grown at 30˚C, showing OD600 vs. time (h). c, The growth yield of WT, Δndh 
and Δncp B. subtilis 168 strain after 24 hours of growth at 30 or 37 ̊ C, measured 
in OD600. Data in panels a, b and c are from three or six biological replicates (n = 3, 
n = 6) with mean ± standard deviation displayed. d, The SEC profile (Superose 
6 10/300) from the purification of Ndh-Ncp with the corresponding SDS-PAGE 
and Native−PAGE gels. Ndh has an expected size of 42 kDa and Ncp 19.4 kDa 
(with strep tag). Raw gel images are shown in the Source Data. e, Representative 
UV-Vis spectra of Ndh-Ncp complex with increasing concentrations of NADH (all 
concentrations shown). f, Michaelis-Menten kinetics of Ndh-Ncp incubated with 

NADH and varying concentrations of MDA. g, Michaelis-Menten kinetics of Ndh-
Ncp incubated with decylubiquinone (DQ) and varying concentrations of NADH. 
h, Michaelis-Menten kinetics of Ndh-Ncp incubated with NADH and varying 
concentrations of DQ. i, An electrostatic surface representation of the cryo-EM 
structure of one Ncp and one Ndh overlayed on the cartoon representation of 
NCP tube showing the interaction interface between one Ncp and one Ndh. Red 
colouring corresponds to negatively charged residues, white neutral, and blue 
positively charged residues. j, Surface representation of the Ndh-Ncp cryo-
EM structure cut down the centre to show the continuous Ncp tube between 
complexes. Data in panels f, g and h are from three independent replicates (n = 3) 
with mean ± standard deviation displayed.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Analysis of the Ndh-Ncp filament interface. a, A cartoon 
view of the Ndh-Ncp complex showing the filament interface (left), with a 
zoomed view of this region, showing the conservation of amino acids forming 
key interface contacts (right). b, A multiple sequence alignment of selected 
diverse Ncp homologues showing highly conserved amino acids at the head 
and tail regions of the filament interface. c, SEC chromatograms of purified WT 

Ndh-Ncp, and Ndh-Ncp with mutations which disrupt the filament interface 
(mutations are detailed in the methods). d, Processed mass photometry data on 
WT and filament interface Ndh-Ncp mutants, showing mutations cause a loss of 
higher order oligomerisation. Data were normalised to WT counts. e-g, Raw mass 
photometry counts for curves depicted in panel d.
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Extended Data Fig. 3 | Extraction of Ndh-Ncp filaments from B. subtilis.  
a, Native-PAGE of WT, Δncp and Δndh B. subtilis cell lysates stained for NADH 
oxidase activity, showing activity attributable to the intact Ndh-Ncp complex 
ranging between the 480 and 720 kDa size markers. One representative gel 
shown from n = 3 replicates. b, An anion exchange chromatography trace of  
B. subtilis cell lysate eluting over an NaCl gradient. The peak containing strong 
NADH oxidase activity is marked by the pink line. c, A SEC chromatogram 
of the pooled NADH oxidase activity fractions from panel b. The fraction 
containing NADH oxidase activity in the size range corresponding to Ndh-Ncp is 
indicated with a star. d, A Coomassie stained Native-PAGE gel of fractions from 

fractionations shown in panels b and c (n = 1). e, NADH oxidase activity staining 
of a duplicate of the gel from panel d (n = 1). The fraction containing activity at a 
size attributable to Ndh-Ncp, which was used for negative-stain EM is indicated 
with a star. f, Regions of Negative stain EM images fractionated B. subtilis lysates 
with NADH oxidase activity, showing particles of a size and shape consistent with 
Ndh-Ncp filaments (left panels), compared to recombinantly produced Ndh-Ncp 
filaments (right panels) (representative particles from n = 50 micrographs). 
g, A cartoon representation of the Ndh-Ncp filament, showing its dimensions 
correspond to the particles in panel f.
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Extended Data Fig. 4 | See next page for caption.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02450-z

Extended Data Fig. 4 | Analysis of recombinant Ndh-Ncp incubated with 

B. subtilis membranes. a, A scheme of the experimental workflow for the 
incubation and re-isolation of recombinantly produced Ndh-Ncp with B. subtilis 
membranes (one representative micrograph is shown from n = 10 (top left) 
or n = 20 (bottom left) micrographs). Aspects of this figure were generated 
with BioRender. b, Negative stain EM and SDS-PAGE of the reisolated Ndh-Ncp 
complex utilised for lipidomic analysis. Data from one representative experiment 
is shown, with three independent experiments conducted to provide material 
for analysis (one representative micrograph shown from n = 10 micrographs). 
c, The relative mass spec peak intensity ratio of MK-7 to a putatively identified 
DG P-14-18:1 species in Ndh-Ncp complex reisolated after incubation with 
B. subtilis membranes compared to the membranes used for incubation. d. 
The relative mass spec peak intensity ratio of MK-7 to putatively identified 
dihexosyldiacylglycerol (Hex2DG) species in Ndh-Ncp complex reisolated 

after incubation with B. subtilis membranes compared to the membranes used 
for incubation. e, The relative mass spec peak intensity ratio of all UQ and MK 
assigned species to DG P-14-18:1 in Ndh-Ncp complex reisolated after incubation 
with B. subtilis membranes compared to the membranes used for the incubation. 
f, The relative mass spec peak intensity ratio of all UQ and MK assigned species to 
Hex2DG species in Ndh-Ncp complex reisolated after incubation with B. subtilis 
membranes compared to the membranes used for the incubation. g, Additional 
negative-stain EM images of Streptactin isolated Ndh-Ncp after incubation 
with B. subtilis membranes, showing attachment to membrane vesicles (one 
representative micrograph shown from n = 20 micrographs). Lipidomics data 
in panels c,d,e and f, are derived from three independent experiments (n = 3) 
for Ndh-Ncp complexes and two independent experiments (n = 2) for B. subtilis 
membrane, with all samples analysed concurrently. Error bars represent ± SD of 
the mean.
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Extended Data Fig. 5 | Molecular dynamic simulation setups. a, Model systems 
constructed in this work. Bottom inset shows the initial lipid arrangement inside 
the Ncp tube for every simulation setup (Table S3), showing the lipids (white) and 
MK-7 (green). b, Tilting of the Ndh-Ncp complex over 100 ns of the simulation 

trajectory. c, The average RMSD (Å) of lipid movement across the simulations 
in setups 1 and 2, showing lipids are more mobile in setup 2. d-f, The number of 
water molecules within the Ncp chamber over the course of the simulations for 
setup 5 (no lipids) and setups 1 and 2.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Cyclic voltammetry of Ndh-Ncp. a, A plot of the current 
values at +0.3 V vs SHE were extracted from the reductive sweeps (from Fig. 4i) 
and plotted against NADH concentration (solid circles), then fit to the Michaelis-
Menten equation (dashed line). b, Cyclic voltammograms of NADH titration in 
the absence of Ndh-Ncp, with MK-7 present c, Cyclic voltammograms of Ndh-Ncp 
associated with the bilayer-coated electrode, recorded at 400 µM NADH from 
-0.675 to +0.625 V vs SHE at 10 mVs−1 in the absence of MK-7 at 4-minute intervals, 
inset of the quinone decay plot calculated from the reductive peak of Extended 
Data Fig. 6d (bottom). d, Cyclic voltammograms of Ndh-Ncp associated with 

the bilayer-coated electrode in the absence of NADH, in the presence (top) and 
absence (bottom) of exogenous MK-7. e, Cyclic voltammograms recorded at 
varying NADH concentrations from -0.675 to +1.225 V vs SHE at 10 mVs−1 in the 
presence of ubiquinone-8. f, Cyclic voltammogram with a clean, blank electrode 
recorded in 0.2 M Tris buffer, pH 7.00 in the presence of 10 mM potassium 
ferricyanide to calibrate the Ag/AgCl reference electrode against the known 
midpoint potential of potassium ferricyanide. The scan was recorded from -0.4 to 
+0.8 V vs Ag/AgCl at 100 mVs−1. All data are derived from a single representative 
experimental, performed after multiple rounds of optimisation.

http://www.nature.com/naturemicrobiology


Nature Microbiology

Article https://doi.org/10.1038/s41564-026-02450-z

8 10 12 14 16 18

0

200

400

600

800

Time (h)

T
ra

n
s
c
ri
p

ts
 p

e
r 

m
ill

io
n

s
 m

a
p

p
e

d
 r

e
a

d
s
 (

T
P

M
)

ncp (yjlC)

ndh

yumB

yutJ

Stationary phaseExponential phase

Paenibacillus sp000316035

Paenibacillus xylanexedens

Paenibacillus xylanexedens_A

Paenibacillus amylolyticus

Paenibacillus amylolyticus_B

Paenibacillus sp001955855

Paenibacillus sp030815985

Paenibacillus polymyxa_E

Paenibacillus sp900101225

Paenibacillus sp024159265

Paenibacillus amylolyticus_E

Paenibacillus sp012912005

Paenibacillus sp026013365

Paenibacillus amylolyticus_A

Paenibacillus xylanexedens_C

Paenibacillus sp002968835

Paenibacillus taichungensis_A

Paenibacillus taichungensis

Paenibacillus sp900110055
Paenibacillus pabuli_B

Paenibacillus marchantiae
Paenibacillus sp000499205
Paenibacillus xylanivoransPaenibacillus pabuli

Paenibacillus sp014844075
Paenibacillus sp001426865Paenibacillus tundrae_APaenibacillus sp003268635Paenibacillus amylolyticus_D

Paenibacillus polysaccharolyticus_APaenibacillus polysaccharolyticusPaenibacillus xylanexedens_BPaenibacillus barcinonensisPaenibacillus silvaePaenibacillus sp017512705Paenibacillus illinoisensisPaenibacillus xylanilyticus_A
Paenibacillus illinoisensis_A
Paenibacillus sp022346995

Paenibacillus xylanilyticus
Paenibacillus sp927798175
Paenibacillus sp009870785

Paenibacillus sp030263935

Paenibacillus sp018403285

Paenibacillus gallinarum

Paenibacillus sp018310695

Paenibacillus sp001955535

Paenibacillus urinalis

Paenibacillus sp900116105

Paenibacillus sp023715865

Paenibacillus terrae_B

Paenibacillus terrae_A

Paenibacillus maysiensis

Paenibacillus terrae_C

Paenibacillus polymyxa_B

Paenibacillus polymyxa_D

Paenibacillus polymyxa_C

Paenibacillus polymyxa

Paenibacillus ottowii

Paenibacillus peoriae

Paenibacillus kribbensis_B

Paenibacillus sp020404765

Paenibacillus brasilensis

Paenibacillus kribbensis

Paenibacillus farraposensis

Paenibacillus massiliensis

Paenibacillus panacisoli

Paenibacillus sp030705605

Paenibacillus sp030580655

Paenibacillus riograndensis

Paenibacillus sonchi

Paenibacillus jilunlii

Paenibacillus graminis

Paenibacillus helianthi

Paenibacillus sp019352175

Paenibacillus sp000374185

Paenibacillus sp000758605

Paenibacillus phytohabitans

Paenibacillus borealis

Paenibacillus sp001955925

Paenibacillus silagei

Paenibacillus trit
ici

Paenibacillus piscarius

Paenibacillus sp000758525

Paenibacillu
s sp001517085

eahpytsullicabineaP

Paenibacillu
s sp029893965

Paenibacillu
s camerounensis

Paenibacillu
s sp000758625

Paenibacillu
s sp927443375

Paenibacillu
s tia

njinensis

Paenibacillu
s ih

uae

Paenibacillu
s auburnensis

Paenibacillu
s sp023520895

Paenibacillu
s te

pidiphilu
s

Paenibacillu
s te

ngchongensis

Paenibacillu
s sp900111565

Paenibacillu
s sp002264395

Paenibacillu
s pseudetheri

Paenibacillu
s etheri

Paenibacillu
s sp000758545

Paenibacillu
s sp030123105

Paenibacillu
s sp000758585

Paenibacillu
s sp002438345

Paenibacillu
s odorife

r

Paenibacil
lus d

okd
onensis

Paenibacil
lus s

p018403225

Paenibacil
lus d

endro
bii

Paenibacil
lus c

hibensis

Paenibacil
lus s

p031254035

Paenibacil
lus a

zo
re

duce
ns

Paenibacil
lus c

ookii

Paenib
acil

lu
s 

ce
llu

lo
sit

ro
phicu

s_
A

Paenib
acil

lu
s 

rh
izo

sp
haera

e

Paenib
acil

lu
s 

sp
002257645

Paenib
acil

lu
s 

pin
i

Paenib
acil

lu
s 

anta
rc

tic
us

Paenib
acil

lu
s 

m
acq

uarie
nsis

Paenib
acil

lu
s 

gla
cia

lis

Paenib
aci

llu
s 

cr
ass

ost
re

ae

Pae
ni

ba
ci
llu

s 
sp

00
09

49
42

5

Pae
ni

ba
ci
llu

s 
sp

00
25

73
71

5

Pae
ni

ba
ci
llu

s 
sp

00
18

60
52

5

Pae
ni

ba
ci
llu

s 
la

ut
us

Pae
ni

ba
ci
llu

s 
la

ut
us

_A

Pae
ni

ba
ci
llu

s 
so

la
ni

Pae
ni
ba

ci
llu

s 
gl
uc

an
ol
yt
ic
us

P
ae

ni
ba

ci
llu

s 
sp

00
13

15
10

5

P
ae

ni
ba

ci
llu

s 
ih
be

ta
e

P
ae

ni
ba

ci
llu

s 
la

ct
is

P
ae

ni
ba

ci
llu

s 
ca

m
pi

na
se

ns
is

P
ae

ni
ba

ci
llu

s 
al

gi
co

la

P
ae

ni
ba

ci
llu

s 
le

m
na

e

P
ae

ni
ba

ci
llu

s 
sp

00
09

87
95

5

P
ae

ni
ba

ci
llu

s 
ul

ig
in

is

P
ae

ni
ba

ci
llu

s 
fa

ec
al

is

P
ae

ni
ba

ci
llu

s 
da

ka
re

ns
is

P
ae

ni
ba

ci
llu

s_
A
 r
hi

zo
ly
co

pe
rs

ic
i

P
ae

ni
ba

ci
llu

s_
A
 m

el
lif

er

P
ae

ni
ba

ci
llu

s_
A
 s

p9
00

76
61

35

P
ae

ni
ba

ci
llu

s_
A
 r
ub

in
fa

nt
is

P
ae

ni
ba

ci
llu

s_
A
 ti

m
on

en
si

s

P
ae

ni
ba

ci
llu

s_
A
 p

ho
ca

en
si

s

P
ae

ni
ba

ci
llu

s_
A
 s

p0
00

15
99

55

P
ae

ni
ba

ci
llu

s_
A
 b

ar
en

go
ltz

ii

P
ae

ni
ba

ci
llu

s_
A
 s

an
gu

in
is

P
ae

ni
ba

ci
llu

s_
A
 s

en
eg

al
im

as
si

lie
ns

is

P
ae

ni
ba

ci
llu

s_
A
 o

ra
lis

P
ae

ni
ba

ci
llu

s_
A
 m

ac
er

an
s_

A

P
ae

ni
ba

ci
llu

s_
A
 m

ac
er

an
s

P
ae

ni
ba

ci
llu

s_
A
 s

p0
02

43
92

85

P
ae

ni
ba

ci
llu

s_
A
 v

in
i

P
a
e
n
ib

a
ci

llu
s_

A
 p

h
a
se

o
li

P
a
e
n
ib

a
ci

llu
s_

A
 f
a
e
ci

s

P
a
e
n
ib

a
ci

llu
s_

A
 a

n
tib

io
tic

o
p
h
ila

P
a
e
n
ib

a
ci

llu
s_

A
 b

re
vi

s

P
a
e
n
ib

a
ci

llu
s_

A
 p

a
n
a
ci

se
g
e
tis

P
a
e
n
ib

a
ci

llu
s_

A
 a

n
a
e
ri
ca

n
u
s

P
a
e
n
ib

a
ci

llu
s_

A
 s

e
g
e
tis

P
a
e
n
ib

a
ci

llu
s_

A
 lu

tim
in

e
ra

lis

P
a
e
n
ib

a
ci

llu
s_

A
 s

p
9
0
0
0
6
9
0
0
5

P
a
e
n
ib

a
ci

llu
s_

A
 s

p
0
3
11

9
9
9
6
5

P
a
e
n
ib

a
ci

llu
s_

A
 a

ce
ti

P
a
e
n
ib

a
ci

llu
s_

A
 y

o
n
g
in

e
n
si

s

P
a
e
n
ib

a
ci

llu
s_

A
 p

h
ys

co
m

itr
e
lla

e

P
a
e
n
ib

a
ci

llu
s_

A
 p

in
is

tr
a
m

e
n
ti

P
a
e
n
ib

a
ci

llu
s_

A
 c

a
u
i

P
a
e
n
ib

a
ci

llu
s_

A
 s

p
0
0
3
0
6
0
8
2
5

P
a
e
n
ib

a
ci

llu
s_

A
 z

e
is

o
li

P
a
e
n
ib

a
ci

llu
s_

A
 s

p
0
2
3
7
0
4
1
7
5

P
a
e
n
ib

a
ci

llu
s_

A
 t
u
a
re

g
i

P
a
e
n
ib

a
ci

llu
s_

A
 s

h
ir
a
ka

m
ie

n
si

s

P
a
e
n
ib

a
ci

llu
s_

A
G

 s
e
d
im

in
is

P
a
e
n
ib

a
ci

llu
s_

B
 a

g
ili

s

M
S

J-
3
4
 s

p
0
1
8
9
1
8
0
0
5

P
ri
st

im
a
n
tib

a
ci

llu
s 

p
a
ri
d
is

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 l
u
te

u
s

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
1
9
5
6
0
9
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
1
2
8
0
8
4
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
1
9
5
6
2
9
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

in
o
p
o
d
o
p
h
y
lli

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 e

n
d
o
p
h
y
ti
c
u
s

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
3
11

5
7
3
1
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
1
6
8
2
8
6
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
1
2
9
3
5
3
2
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
1
4
2
8
2
4
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 c

a
s
ta

n
e
a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 p

ro
s
o
p
id

is

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 a

lk
a
lit

e
rr

a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 h

a
re

n
a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 a

re
n
ili

to
ri
s

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
5
2
2
2
7
0
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 v

ie
tn

a
m

e
n
s
is

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 h

a
re

n
a
e
_
A

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 l
ig

n
o
c
e
llu

lo
ly

ti
c
u
s

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 e

n
d
o
ra

d
ic

is

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 i
n
te

s
ti
n
a
v
iu

m

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 m

o
n
ta

n
it
e
rr

a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 c

a
m

e
lli

a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
9
3
7
8
9
5
3
4
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 n

a
n
e
n
s
is

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
1
1
9
4
7
2
6
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 g

ly
c
a
n
ily

ti
c
u
s

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
4
3
4
5
4
2
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 s

p
0
0
0
0
2
3
5
8
5

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 g

ly
c
a
n
ily

ti
c
u
s
_
B

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 g

ly
c
a
n
ily

ti
c
u
s
_
A

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 c

a
ta

lp
a
e

P
ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 l
u
p
in

i
P

ri
s
ti
m

a
n
ti
b
a
c
ill

u
s
 g

o
ri
lla

e si
ci

d
ar 

s
ulli

c
a

bit
n

a
mit

sir
P

5
8

0
7

3
7

9
0

0
p

s 
s

ulli
c

a
bit

n
a

mit
sir

P

al
o

cit
n

ofir
o

gl
a 

s
ulli

c
a

bit
n

a
mit

sir
P

5
3

0
1

4
7

2
0

0
p

s 
s

ulli
c

a
bit

n
a

mit
sir

P
e

ait
e

at
or

p 
s

ulli
c

a
bit

n
a

mit
sir

P 5
2

2
5

0
1

0
0

9
p

s 
O

_
s

ull
i

c
a

bi
n

e
a

P
it

r
e

br
e

h 
O

_
s

ull
i

c
a

bi
n

e
a

P
A

_
si

s
n

e
n

e
d

a
s

a
p 

O
_

s
ull

i
c

a
bi

n
e

a
P

si
s

n
e

n
e

d
a

s
a

p 
O

_
s

ull
i

c
a

bi
n

e
a

P P
a
e
n
ib

a
c
illu

s
_
O

 a
lb

ic
e
re

u
s

P
a
e
n
ib

a
c
illu

s
_
O

 s
p
0
0
2
2
4
3
3
4
5

P
a
e
n
ib

a
c
illu

s
_
O

 h
u
m

ic
u
s

P
a
e
n
ib

a
c
illu

s
_
T

 c
e
llu

lo
s
ily

tic
u
s

P
a
e
n
ib

a
c
illu

s
_
T

 te
rric

o
la

P
a
e
n
ib

a
c
illu

s
_
T

 k
o
b
e
n
s
is

P
a
e
n
ib

a
c
illu

s
_
T

 x
y
la

n
ic

la
s
tic

u
s

P
a
e
n
ib

a
c
illu

s
_
T

 c
u
rd

la
n
o
ly

tic
u
s

P
a
e
n
ib

a
c
illu

s
_
T

 s
p
0
0
9
7
8
9
1
9
5

P
a
e
n
ib

a
c
illu

s
_
Z

 a
lb

u
s

P
a
e
n
ib

a
c
illu

s
_
Z

 s
p
9
0
0
1
1
0
0
7
5

P
a
e
n
ib

a
c
illu

s
_
Z

 ta
ih

u
e
n
s
is

P
a
e
n
ib

a
c
illu

s
_
Z

 lig
n
ily

tic
u
s

P
a
e
n
ib

a
c
illu

s
_
Z

 s
p
9
0
0
1
0
6
7
4
5

P
a
e
n
ib

a
c
illu

s
_
Z

 m
o
n
ta

n
is

o
li_

A

P
a
e
n
ib

a
c
illu

s
_
Z

 ly
c
o
p
e
rs

ic
i

P
a
e
n
ib

a
c
illu

s
_
Z

 rh
iz

o
v
ic

in
u
s

P
a
e
n
ib

a
c
illu

s
_
Z

 s
a
c
h
e
o
n
e
n
s
is

P
a
e
n
ib

a
c
illu

s
_
Z

 g
ly

c
in

is
P

a
e
n
ib

a
c
illu

s
_
Z

 a
rte

m
is

iic
o
la

P
a
e
n
ib

a
c
illu

s
_
Z

 s
p
0
1
9
4
3
1
3
5
5

P
a
e
n
ib

a
c
illu

s
_
Z

 b
a
e
k
ro

k
d
a
m

is
o
li

P
a
e
n
ib

a
c
illu

s
_
Z

 n
a
s
u
tite

rm
itis

P
a
e
n
ib

a
c
illu

s
_
Z

 m
e
th

a
n
o
lic

u
s

P
a
e
n
ib

a
c
illu

s
_
Z

p
h
y
llo

s
p
h
a
e
ra

e

P
a
e
n
ib

a
c
illu

s
_
Z

 m
e
n
d
e
lii

P
a
e
n
ib

a
c
illu

s
_
Z

 s
p
0
2
4
7
3
4
8
9
5

P
a
e
n
ib

a
c
illu

s
_
Z

 a
ra

c
h
id

is

P
a
e
n
ib

a
c
illu

s
_
D

 p
in

ih
u
m

i

P
a
e
n
ib

a
c
illu

s
_
D

 ro
s
e
u
s

P
a
e
n
ib

a
c
illu

s
_
D

 s
p
0
2
7
6
2
7
4
7
5

P
a
e
n
ib

a
c
illu

s
_
D

 s
p
0
0
4
1
3
4
9
8
5

P
a
e
n
ib

a
c
illu

s
_
I s

a
m

b
h
a
re

n
s
is

P
a
e
n
ib

a
c
illu

s
_
I ta

rim
e
n
s
is

P
a
e
n
ib

a
c
illu

s
_
A

H
 c

is
o
lo

k
e
n
s
is

C
o
h
n
e
lla

 sp
0
1
9
0
9
11

3
5

C
o
h
n
e
lla

 rh
izo

sp
h
a
e
ra

e

C
o
h
n
e
lla

 h
a
sh

im
o
to

n
is

C
o
h
n
e
lla

 sp
9
0
0
11

2
0
6
5

C
o
h
n
e
lla

 g
in

se
n
g
iso

li

C
o
h
n
e
lla

 sp
9
4
8
3
2
9
5
1
5

C
o
h
n
e
lla

 n
a
n
jin

g
e
n
sis

C
o
h
n
e
lla

 sp
0
2
0
7
3
1
2
8
5

C
o
h
n
e
lla

 th
e
rm

o
to

le
ra

n
s

C
o
h
n
e
lla

 lu
b
rica

n
tis

C
o
h
n
e
lla

 xyla
n
ilytica

C
o
h
n
e
lla

 ze
ip

h
ila

C
o
h
n
e
lla

 sp
0
0
3
9
9
0
9
7
5

C
o
h
n
e
lla

 la
e
virib

o
si

C
o
h
n
e
lla

 a
lg

a
ru

m

C
o
h
n
e
lla

 sp
0
2
3
4
1
8
7
5
5

C
o
h
n
e
lla

 sp
0
0
3
0
0
1
6
7
5

C
o
h
n
e
lla

 te
rrico

la

C
o
h
n
e
lla

 lu
p
in

i

C
o
h
n
e
lla

 e
n
d
o
p
h
ytica

C
o
h
n
e
lla

 sp
0
1
9
4
0
0
7
4
5

C
o
h
n
e
lla

 sp
0
2
9
3
6
0
5
8
5

P
a
e
n
ib

a
cillu

s_
A

E
 a

n
tri

P
a
e
n
ib

a
cillu

s_
A

E
 sp

0
3
11

7
7
8
2
5

P
a
e
n
ib

a
cillu

s_
A

E
 sp

0
3
11

8
1
3
2
5

P
aenibacillus_A

E
 sp028745515

P
aenibacillus_A

K
 turpanensis

Insulibacter sp937957685

Insulibacter therm
oxylanivorax

C
A
LK

A
N

01 sp937983035

X
ylanibacillus sp913056365

X
ylanibacillus com

posti

P
aenibacillus_E

 ferrarius

P
aenibacillus_E

 alba

P
aenibacillus_E

 m
archantiophytorum

P
aenibacillus_E

 sp022163125

P
aenibacillus_E

 andongensis

P
aenibacillus_E

 sp008017805

P
aenibacillus_E

 sp010820665

P
aenibacillus_E

 plantarum

P
aenibacillus_E

 qinlingensis

P
aenibacillus_E

 allorhizoplanae

P
aenibacillus_E

 sp001428105

P
aenibacillus_E

 oryzisoli

P
aenibacillus_E

 pectinilyticus

P
aenibacillus_E

 chondroitinus

P
aenibacillus_E

 silvestris

P
aenibacillus_E

 planticolens

P
aenibacillus_E

 aceris

P
aenibacillus_E

 sp028765165

Paenibacillus_E w
hitsoniae

Paenibacillus_E sedim
enti

Paenibacillus_E aestuarii

Paenibacillus_E sp021513275

Paenibacillus_AI eucom
m

iae

Paenibacillus_F sp000411255

Paenibacillus_F chitinolyticus

Paenibacillus_F sp900107975

Paenibacillus_F sp001541095

Paenibacillus_F lutrae

Paenibacillus_AM
 albiflavus

BBFE01 sp001313085

Paenibacillus_L sp007679495

Paenibacillus_L sp018403245

Paenibacillus_L senegalensis

J31TS4 sp018403265

Paenibacillus_V contam
inans

Gorillibacterium
 m

assiliense

Paenibacillus_AN cym
bidii

JAJFM
O01 sp020697475

Paenibacillus_AB mesophilus

Paenibacillus_AB hemerocallicola

Paenibacillus_AB ginsengarvi

Paenibacillus_AB oceani

Paenibacillus_AB flagellatus

Paenibacillus_AA koleovorans

Paenibacillus_G elgii

Paenibacillus_G tyrfis_B

Paenibacillus_G oleatilyticus

Paenibacillus_G tyrfis_A

Paenibacillus_G sp024213375

Paenibacillus_G tianmuensis

Paenibacillus_G tyrfis

Paenibacillus_G sp001399685

Paenibacillus_G ehimensis

Paenibacillus_G sp017833255

Paenibacillus_G naphthalenovorans

Paenibacillus_G puerhi

Paenibacillus_G sp900101595

Paenibacillus_G sp027923405

Paenibacillus_G validus

Paenibacillus_G mucilaginosus

Paenibacillus_G mucilaginosus_A

Paenibacillus_G solanacearum

Paenibacillus_G allorhizosphaerae

Paenibacillus_G sp024704175

Paenibacillus_G filicis

Paenibacillus_G chinjuensis

Paenibacillus_G ginsengihumi

Paenibacillus_S sp001956045

Paenibacillus_S periandrae

Paenibacillus_S sp900114475

Paenibacillus_S foliorum

Paenibacillus_S sp024722015

Paenibacillus_S piri

Paenibacillus_S xerothermodurans

Paenibacillus_S sp000686845

Paenibacillus_S sp030020805

Paenibacillus_S sp002042965

Paenibacillus_S sp022354825

Paenibacillus_S doosanensis

Paenibacillus_AF thalictri

Paenibacillus_AF hamazuiensis

VKM-B-2647 sp000829455

JAEZQY01 sp023441055

Paenibacillus_W thermoaerophilus

JAJZAV01 sp021799255

MYW30-H2 sp022818495

Brevibacillus fortis

Brevibacillus sp000282075

Brevibacillus porteri

Brevibacillus antibioticus

Brevibacillus brevis_D

Brevibacillus sp013284355

Brevibacillus brevis_C

Brevibacillus formosus

Brevibacillus brevis

Brevibacillus reuszeri_A

Brevibacillus sp947502445

Brevibacillus reuszeri

Brevibacillus gelatini

Brevibacillus agri
Brevibacillus parabrevis

Brevibacillus sp029240815
Brevibacillus choshinensis
Brevibacillus centrosporus
Brevibacillus choshinensis_A
Brevibacillus panacihumi_A
Brevibacillus panacihumi
Brevibacillus invocatus
Brevibacillus sp023746555
Brevibacillus_D sp946402065Brevibacillus_D fluminisBrevibacillus_B daliensisLysinibacillus xylanilyticusLysinibacillus sp001275675Lysinibacillus sp006864135Lysinibacillus sp002237755Lysinibacillus sphaericus_ELysinibacillus sp023337795

Lysinibacillus xylanilyticus_A
Lysinibacillus sp030348505
Lysinibacillus agricolaLysinibacillus sphaericus_B
Lysinibacillus parviboronicapiens

Lysinibacillus fusiformis_E
Lysinibacillus contaminans
Lysinibacillus sphaericus_D

Lysinibacillus sphaericus
Lysinibacillus mangiferihumi

Lysinibacillus sp002340205

Lysinibacillus sphaericus_A

Lysinibacillus fusiformis

Lysinibacillus sp001308875

Lysinibacillus cavernae

Lysinibacillus fusiformis_D

Lysinibacillus sp028877475

Lysinibacillus boronitolerans

Lysinibacillus capsici

Lysinibacillus fusiformis_F

Lysinibacillus macroides

Lysinibacillus pakistanensis

Lysinibacillus sp002973635

Lysinibacillus sp026012395

Solibacillus isronensis_B

Solibacillus isronensis_A

Solibacillus silvestris

Solibacillus faecavium

Solibacillus merdavium

Solibacillus sp003073375

Solibacillus sp022549215

Lysinibacillu
s_B odysseyi_A

Caryophanon sp018384745

Caryophanon latum

Caryophanon tenue

Ureibacillu
s sinduriensis

Ureibacillu
s yapensis

Ureibacillu
s halotolerans

Ureibacillu
s galli

Ureibacillu
s te

lephonicus

Ureibacillu
s antri

Ureibacillu
s composti

Ureibacillu
s composti_

A

Ureibacillu
s m

anganicus

Ureibacillu
s acetophenoni

Ureibacillu
s sp031178355

Ureibacillu
s tim

onensis

Ureibacillu
s m

assilie
nsis

Ureibacillu
s sp023168345

Ure
ibacillu

s sp017577605

Ure
ibacillu

s th
erm

ophilu
s

Ure
ibacillu

s te
rre

nus

Ure
ibacil

lus t
herm

osp
haeric

us

Kurth
ia sp

018065935

Kurth
ia si

biric
a

Kurth
ia zo

pfii

Kurth
ia g

ibso
nii

muranillaginitsetni
aihtruK

Kurth
ia h

uaku
ii

Kurth
ia

 m
ass

ilie
nsis

Kurth
ia

 s
enegale

nsis

Rum
m

eliib
acil

lu
s 

sp
003576525

Rum
m

eliib
acil

lu
s 

su
wonensis

Rum
m

eliib
acil

lu
s 

pyc
nus

Rum
m

eliib
acil

lu
s 

st
abekis

ii

Sporo
sa

rc
in

a s
p000586555

Sporo
sa

rc
in

a a
quim

arin
a_A

Sporo
sa

rc
in

a s
p000813425

Spo
ro

sa
rc

in
a 

sp
00

33
84

03
5

Spo
ro

sa
rc

in
a 

ga
llis

te
rc

or
is

Spo
ro

sa
rc

in
a 

sp
02

92
57

43
5

Spo
ro

sa
rc

in
a 

ko
re

en
si
s_

B

Spo
ro

sa
rc

in
a 

sp
02

37
07

98
5

Spo
ro

sa
rc

in
a 

lu
te

ol
a

S
po

ro
sa

rc
in
a 

sp
02

92
63

89
5

P
sy

ch
ro

ba
ci
llu

s 
gl
ac

ie
i

D
om

ib
ac

ill
us

 ro
bi

gi
no

su
s

D
om

ib
ac

ill
us

 s
p0

22
66

88
75

O
ik
eo

ba
ci
llu

s 
pe

rv
ag

us

W
ei

zm
an

ni
a 

co
ag

ul
an

s

W
ei

zm
an

ni
a 

fa
ec

al
is

W
ei

zm
an

ni
a 

ac
id

ila
ct

ic
i

W
ei

zm
an

ni
a 

ac
id

ip
ro

du
ce

ns

W
ei

zm
an

ni
a 

gi
ns

en
gi

hu
m

i

M
ar

ga
lit
ia

 s
ha

ck
le

to
ni

i

M
ar

ga
lit

ia
 c

am
el

lia
e

H
ey

nd
ric

kx
ia

 v
in

i

H
ey

nd
ric

kx
ia

 o
le

ro
ni

a

B
ac

ill
us

_A
E
 a

ci
di

co
la

B
ac

ill
us

_J
 a

nd
re

ra
ou

lti
i

B
ac

ill
us

_J
 h

is
as

hi
i

C
A
LG

Y
Z
01

 s
p9

37
93

46
45

C
al

di
ba

ci
llu

s_
B
 p

as
in

le
re

ns
is

C
al

di
ba

ci
llu

s_
B
 th

er
m

ol
ac

tis

C
A
LG

A
D

01
 s

p9
37

95
19

55

F
er

vi
di

ba
ci

llu
s 

ha
lo

to
le

ra
ns

F
er

vi
di

ba
ci

llu
s 

al
bu

s

C
al

di
ba

ci
llu

s_
A
 ly

co
pe

rs
ic

i

N
ia

lli
a 

ta
xi

N
ia

lli
a
 t
a
xi

_
A

N
ia

lli
a
 c

ir
cu

la
n
s_

B

N
ia

lli
a
 s

p
0
3
11

7
9
9
0
5

N
ia

lli
a
 s

p
0
11

5
2
4
5
6
5

N
ia

lli
a
 c

ir
cu

la
n
s

N
ia

lli
a
 c

ir
cu

la
n
s_

A

N
ia

lli
a
 s

p
0
0
1
0
7
6
8
8
5

N
ia

lli
a
 a

lb
a

N
ia

lli
a
 s

p
0
0
9
1
8
3
4
1
5

V
A
T
K

0
1

sp
0
0
6
5
4
6
9
8
5

C
yt

o
b
a
ci

llu
s 

sp
0
0
1
5
0
9
5
5
5

C
yt

o
b
a
ci

llu
s 

sp
0
1
9
7
4
9
3
7
5

C
yt

o
b
a
ci

llu
s 

d
e
p
re

ss
u
s

C
yt

o
b
a
ci

llu
s 

d
a
fu

e
n
si

s

C
yt

o
b
a
ci

llu
s 

ci
tr
e
u
s

C
yt

o
b
a
ci

llu
s 

so
la

n
i

C
yt

o
b
a
ci

llu
s 

p
ra

e
d
ii

C
yt

o
b
a
ci

llu
s 

m
a
ss

ili
ig

a
b
o
n
e
n
si

s

C
yt

o
b
a
ci

llu
s 

e
is

e
n
ia

e

C
yt

o
b
a
ci

llu
s 

sp
0
2
6
0
11

7
1
5

B
a
ci

llu
s_

B
D

 e
n
d
o
za

n
th

o
xy

lic
a

B
a
ci

llu
s_

B
D

 t
u
a
re

g
i

B
a
ci

llu
s_

B
D

 s
p
0
2
4
4
9
4
4
6
5

N
e
o
b
a
ci

llu
s 

sp
0
0
2
5
8
5
3
0
5

N
e
o
b
a
c
ill

u
s
 c

u
c
u
m

is
_
C

N
e
o
b
a
c
ill

u
s
 s

p
0
1
8
6
1
3
4
1
5

N
e
o
b
a
c
ill

u
s
 d

re
n
te

n
s
is

_
A

N
e
o
b
a
c
ill

u
s
 s

p
0
0
9
9
2
8
4
1
5

N
e
o
b
a
c
ill

u
s
 c

u
c
u
m

is

N
e
o
b
a
c
ill

u
s
 c

u
c
u
m

is
_
A

N
e
o
b
a
c
ill

u
s
 s

p
0
0
0
6
8
6
8
0
5

N
e
o
b
a
c
ill

u
s
 s

p
0
0
0
4
8
2
3
2
5

N
e
o
b
a
c
ill

u
s
 s

a
lip

a
lu

d
is

N
e
o
b
a
c
ill

u
s
 c

u
c
u
m

is
_
B

N
e
o
b
a
c
ill

u
s
 s

p
0
0
1
8
6
6
6
5
5

N
e
o
b
a
c
ill

u
s
 n

ia
c
in

i_
G

N
e
o
b
a
c
ill

u
s
 f
u
m

a
ri
o
li

N
e
o
b
a
c
ill

u
s
 m

e
s
o
n
a
e
_
A

J
A

E
V

L
T

0
1
 s

p
0
3
0
7
0
5
6
6
5

J
A

E
V

L
T

0
1

s
p
0
3
0
9
1
5
3
8
5

J
A

E
V

L
T

0
1
 s

p
0
2
4
4
9
4
3
8
5

J
A

U
Z

P
L
0
1
 s

p
0
3
0
7
0
5
9
5
5

P
e
ri
b
a
c
ill

u
s
 f
ri
g
o
ri
to

le
ra

n
s
_
B

P
e
ri
b
a
c
ill

u
s
 f
ri
g
o
ri
to

le
ra

n
s

P
e
ri
b
a
c
ill

u
s
 s

p
0
0
2
8
3
5
6
7
5

P
e
ri
b
a
c
ill

u
s
 s

p
0
1
4
8
4
4
0
9
5

P
e
ri
b
a
c
ill

u
s
 s

im
p
le

x
_
D

P
e
ri
b
a
c
ill

u
s
 s

p
0
1
8
6
1
3
3
2
5

P
e
ri
b
a
c
ill

u
s
 s

im
p
le

x

P
e
ri
b
a
c
ill

u
s
 s

im
p
le

x
_
A

P
e
ri
b
a
c
ill

u
s
 s

p
0
3
0
3
4
8
9
4
5

P
e
ri
b
a
c
ill

u
s
 s

p
9
1
8
6
9
8
1
1
5

P
e
ri
b
a
c
ill

u
s
 s

im
p
le

x
_
B

P
e
ri
b
a
c
ill

u
s
 m

u
ra

lis
_
A

P
e
ri
b
a
c
ill

u
s
 m

u
ra

lis

P
e
ri
b
a
c
ill

u
s
 b

u
ta

n
o
liv

o
ra

n
s

P
e
ri
b
a
c
ill

u
s
 a

s
a
h
ii

P
e
ri
b
a
c
ill

u
s
 a

s
a
h
ii_

A

P
e
ri
b
a
c
ill

u
s
 m

a
s
s
ili

g
la

c
ie

i5
4

6
0

1
5

1
0

0
p

s 
s

ulli
c

a
bir

e
P

e
air

u
el

e
si

ol 
s

ulli
c

a
bir

e
P

si
s

n
e

u
o

h
zi

u
h 

s
ulli

c
a

bir
e

P
s

u
cit

yl
or

a
h

c
c

a
s

or
h

c
y

s
p 

s
ulli

c
a

bir
e

P

5
2

7
6

6
8

1
0

0
p

s 
s

ull
i

c
a

b i
r

e
P

5
9

4
2

1
1

0
0

9
p

s 
s

ull
i

c
a

bi
r

e
P

si
s

n
e

b
bi

r
k 

I
A

_
s

ull
i

c
a

B
e

all
ir

o
gii

li
s

s
a

m 
D

A
_

s
ull

i
c

a
B

s
ui

x
er

o
n

a
oil

i
s

s
a

m 
D

A
_

s
ull

i
c

a
B

B
a
c
illu

s
_
A

D
 fa

e
c
a
lis

B
a
c
illu

s
_
A

D
 s

p
9
3
4
2
1
5
9
9
5

B
a
c
illu

s
_
A

D
 te

s
tis

P
ra

d
o
s
h
ia

 s
p
0
0
1
6
8
5
0
3
5

B
a
c
illu

s
 s

u
b
tilis

B
a
c
illu

s
 s

te
rc

o
ris

B
a
c
illu

s
 s

p
0
2
6
7
9
0
0
6
5

B
a
c
illu

s
 in

a
q
u
o
s
o
ru

m

B
a
c
illu

s
 c

a
b
ria

le
s
ii

B
a
c
illu

s
 s

p
iz

iz
e
n
ii

B
a
c
illu

s
 ru

g
o
s
u
s

B
a
c
illu

s
 s

u
b
tilis

_
G

B
a
c
illu

s
 v

a
llis

m
o
rtis

B
a
c
illu

s
 te

q
u
ile

n
s
is

B
a
c
illu

s
 s

p
0
1
0
0
9
3
0
8
5

B
a
c
illu

s
 m

o
ja

v
e
n
s
is

B
a
c
illu

s
 h

a
lo

to
le

ra
n
s

B
a
c
illu

s
 s

ia
m

e
n
s
is

B
a
c
illu

s
 v

e
le

z
e
n
s
is

B
a
c
illu

s
 a

m
y
lo

liq
u
e
fa

c
ie

n
s

B
a
c
illu

s
n
a
k
a
m

u
ra

i

B
a
c
illu

s
 s

p
0
1
8
6
1
3
5
3
5

B
a
c
illu

s
 a

tro
p
h
a
e
u
s

B
a
c
illu

s
 p

a
ra

lic
h
e
n
ifo

rm
is

B
a
c
illu

s
 h

a
y
n
e
s
ii

B
a
c
illu

s
 lic

h
e
n
ifo

rm
is

B
a
c
illu

s
 s

o
n
o
re

n
s
is

_
A

B
a
c
illu

s
 g

ly
c
in

ife
rm

e
n
ta

n
s

B
a
c
illu

s
 s

o
n
o
re

n
s
is

B
a
c
illu

s
 s

p
0
1
3
1
5
5
3
8
5

B
a
c
illu

s
 s

p
0
2
7
7
0
6
1
4
5

B
a
c
illu

s
 g

o
b
ie

n
s
is

M
e
ta

b
a
c
illu

s
 s

e
d
im

in
ilito

ris

M
e
ta

b
a
c
illu

s
 rh

iz
o
ly

c
o
p
e
rs

ic
i

M
e
ta

b
a
c
illu

s
 fa

s
tid

io
s
u
s

B
a
cillu

s_
P

 sp
0
3
0
8
1
7
0
5
5

P
rie

stia
 m

e
g
a
te

riu
m

P
rie

stia
 m

e
g
a
te

riu
m

_
C

P
rie

stia
 m

e
g
a
te

riu
m

_
D

P
rie

stia
 a

rya
b
h
a
tta

i

P
rie

stia
 za

n
th

o
xyli

P
rie

stia
 a

rya
b
h
a
tta

i_
B

P
rie

stia
 m

e
g
a
te

riu
m

_
B

P
rie

stia
 a

rya
b
h
a
tta

i_
A

P
rie

stia
 fle

xa

B
a
cillu

s_
B

A
 fe

n
g
q
iu

e
n
sis

B
a
cillu

s_
B

A
 a

b
yssa

lis

B
a
cillu

s_
I e

n
d
o
p
h
ytica

_
A

B
a
cillu

s_
I fila

m
e
n
to

sa

B
a
cillu

s_
I e

n
d
o
p
h
ytica

F
e
rd

in
a
n
d
co

h
n
ia

 tim
o
n
e
n
sis_

A

F
e
rd

in
a
n
d
co

h
n
ia

 sp
0
2
0
7
3
1
3
5
5

F
e
rd

in
a
n
d
co

h
n
ia

 tim
o
n
e
n
sis

F
e
rd

in
a
n
d
co

h
n
ia

 a
cid

ito
le

ra
n
s

F
e
rd

in
a
n
d
co

h
n
ia

 sin
e
sa

lo
u
m

e
n
sis

B
a
cillu

s_
A
 p

se
u
d
o
m

yco
id

e
s_

C

B
a
cillu

s_
A
 sp

0
0
0
3
8
3
2
3
5

B
a
cillu

s_
A
 sp

0
3
0
7
5
6
6
7
5

B
a
cillu

s_
A
 sp

0
2
8
4
0
1
9
5
5

B
acillus_A

 sp900112415

B
acillus_A

 cytotoxicus_A

B
acillus_A

 pseudom
ycoides_B

B
acillus_A

 rhizoplanae

B
acillus_A

 sp030292155

B
acillus_A

 m
anliponensis

E
ctobacillus panaciterrae

E
ctobacillus funiculus

G
ottfriedia endophyticus

O
E
S
V
01 sp900240995

Terribacillus saccharophilus_A

Terribacillus saccharophilus_B

Terribacillus saccharophilus

Terribacillus sp002272135

Terribacillus sp002271665

Terribacillus halophilus

Terribacillus
aidingensis_A

Terribacillus aidingensis

Terribacillus halophilus_A

A
quibacillus_D

 kalidii

A
quibacillus_A salsiterrae

G
racilibacillus sp010993965

H
alobacillus faecis

H
alobacillus sp019599545

H
alobacillus litoralis_E

H
alobacillus litoralis

H
alobacillus litoralis_C

H
alobacillus aidingensis

H
alobacillus karajensis

H
alobacillus dabanensis

H
alobacillus sp001592845

Pullulanibacillus pueri

Pullulanibacillus cam
elliae

Tuberibacillus calidus

KACC-23026 sp029094525

Scopulibacillus darangshiensis

Scopulibacillus_A daqui

M
arseille-P3662 sp900178005

Anaerobacillus_A sp011082085

Anaerobacillus_A hwajinpoensis_C

Anaerobacillus_A sp002563635

Anaerobacillus_A sp009818105

Anaerobacillus_A sp020165985

Anaerobacillus_A sp028610625

Anaerobacillus_A hwajinpoensis_D

Anaerobacillus_A hwajinpoensis_B

Anaerobacillus_A hwajinpoensis_A

Anaerobacillus_A sp017303315

Anaerobacillus_A hwajinpoensis

Fictibacillus_A gelatini

Alkalicoccobacillus plakortidis_A

Alkalicoccobacillus murimartini

Alkalicoccobacillus gibsonii

Alkalicoccobacillus porphyridii

Tree scale: 0.1

Ultrafast

bootstrap

60
70
80
90

100

N
D

H
-1

N
D

H
-2

 (
C

la
d
e
 B

)

N
D

H
-2

 (
C

la
d
e
 A

 &
 C

2
)

N
D

H
-2

 (
C

la
d
e
 E

)
N

D
H

-2
 (
C

la
d
e
 C

)

N
D

H
-2

 (
C

la
d
e
 D

)

N
D

H
-2

 (
O

th
e
r)

Bacillales_B (95)

Brevibacillales (26)

Paenibacillales (370)

Bacillales_H (4)

Bacillales_A (82)

B
acillales_C

 (1)

Bacillales_D
 (21)

Bacillales_K /

Sporolactobacillaceae (7)

Alicyclobacillales (1)

Tumebacillales (1)

Bacillales (64)

Bacillales_G (12)

yutJ (Clade B)yumB (Clade A)

ndh (Clade C)

ncp

(yjlC)

1,298,764

3,301,010 3,309,280

a

b c

Extended Data Fig. 7 | Ndh-Ncp encoding Bacillota are taxonomically 

widespread and co-encode multiple NDH-2 enzymes with distinct 

physiological functions. a, Mid-point rooted maximum-likelihood 
phylogenomic tree of 684 Ndh-Ncp encoding Bacillota species genomes from 
GTDB R09-RS220 using concatenated 120 GTDB bacterial marker genes and 
WAG + G20 model. Outer-rings show the copy numbers of Complex I (NDH-1) 
and various NDH-2 clades encoded by each species. Branch circles show ultrafast 
bootstrap support values with 1000 replicates. The scale bar corresponds to the 

expected number of substitutions per site. b, Canonical genetic arrangement of 
the NDH-2 from clade A (yumB) and NDH-2 from clade B (yutJ), compared to NDH-
2 from clade C (ndh) and Ncp, using B. subtilis as an example. Canonical NADH-
oxidizing NDH-2 (Clade A) and NADPH-oxidizing NDH-2 (Clade B) are commonly 
co-encoded in close genetic proximity (typically 4 – 20 genes apart) in Bacillota 
genomes. Clade C1 NDH-2 is always co-encoded with Ncp in the immediate 
genetic proximity c, Time-course transcriptomic profiling of NDH-2 and Ncp 
expression in B. subtilis grown in lysogeny broth, from Jun et al.52.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Expanded phylogenetic tree of NDH-2 across Bacillota. 
a, Maximum-likelihood tree constructed based on 683 cluster-dereplicated 
NDH-2 amino acid sequences from Bacillota (Ncp-coupled Ndh: 80% identity; 
Other NDH-2: 60% identity) using the LG + I + R10 model and rooted using 
sulfide:quinone oxidoreductases (Sqr) as an outgroup. Taxonomy of the 
genomes follows GTDB R09-RS220. Coloured tip labels show reference  

NDH-2/Sqr sequences (red) and the three Bacillus subtilis NDH-2 (blue). Branch 
circles show ultrafast bootstrap support values with 1000 replicates. The scale 
bar corresponds to the expected number of substitutions per site. b, Zoom of 
clade C NDH-2 with annotations on clade C2 showing Ndh with a DUF1641-domain 
protein present elsewhere in the genome (Y) or absent (N). Those annotated with 
a blue asterisk are outliers.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Membrane interaction modes of NDH-2 from Bacillota. 
a, Overlay of NDH-2 from B. subtilis (Clade C1 Ndh, this study), C. thermarum 
(Clade A, PDB: 5WED) and S. aureus (Clade A, PDB: 5NAI). The side view of the 
key residues for membrane interaction from these helices are shown. S. aureus 
(green) and C. thermarum (blue) have key aromatic residues that are absent in  
B. subtilis Ndh (pink). b, The top view of the structures shows the key residues, 
with the sequence alignment below demonstrating the conservation of these 

residues in the clade A NDH-2. c, Model of clade A NDH-2 (B. subtilis) with 
membrane-interacting region shown in purple d, Model of clade B NDH-2  
(B. subtilis) e, WebLogo of the C-terminus of the Ndh from clade C1 that couple to 
Ncp from Bacillota f, Model showing the membrane-interacting region of clade 
D NDH-2 (B. daliensis). Notably, clade D NDH-2 has transmembrane helices to 
completely integrate into the membrane.
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