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A tetrameric SpoVA2 membrane complex is required for DPA 
transport into Bacillus anthracis spores
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ABSTRACT The small molecule dipicolinic acid (DPA) plays a critical role in bacterial 
spore resistance during dormancy and in the exit from quiescence during germination. 
In Bacillus subtilis, the spoVA locus is required for DPA import into the developing spore 
and has been implicated in its release during germination. The SpoVAC (C) and SpoVAEb 
(Eb) proteins form a membrane complex through which DPA transits, and the SpoVAD 
(D) protein binds the cytoplasmic face of the complex, resembling a plug. The human 
pathogen Bacillus anthracis and other members of the Bacillus cereus group have two 
spoVA loci. The spoVA1 operon resembles B. subtilis spoVA, while the spoVA2 locus is more 
distantly related and only shares the three core genes C2, D2, and Eb2. Here, we show 
that spoVA2 is critical for DPA import and spore heat resistance, while either locus is 
sufficient for DPA export during germination. We report that a fourth protein (called NJ2) 
encoded in the spoVA2 locus is part of the C2/D2/Eb2 complex and is predicted to bind 
the extracytoplasmic face of the membrane complex, resembling a cap. We show that 
NJ2 is important for DPA import during B. anthracis sporulation and essential in B. subtilis 
engineered to express spoVA2 in place of its native spoVA locus. Finally, we identified 
an Eb2 mutant that bypasses the requirement for NJ2 in DPA import and show that the 
mutation impairs DPA export, providing additional support for a direct role of SpoVA 
complexes in the release of DPA during germination.

IMPORTANCE Spore resistance and exit from dormancy during germination are central 
to the transmission and pathogenesis of endospore-forming pathogens like Bacillus 
anthracis. Our understanding of the molecular mechanisms underlying these processes 
has principally been informed by studies in the non-pathogenic model Bacillus subtilis. 
Here, we identify and characterize a membrane complex in B. anthracis that is critical 
for spore resistance and spore germination that is absent from B. subtilis. We show that 
this complex is required for the accumulation of dipicolinic acid in the spore core during 
sporulation and functions in its release from the core during germination. A deeper 
understanding of the molecular mechanisms of B. anthracis sporulation and germination 
will facilitate the development of strategies for more effective disease prevention and 
treatment.

KEYWORDS spore resistance, spore germination, dipicolinic acid, YhcN, YlaJ

S pores are the primary infectious form of the human pathogen Bacillus anthracis, 
the etiological agent of anthrax (1). Infection typically begins when spores enter 

the host through skin abrasions, ingestion of contaminated food or water, or inhala­
tion of airborne particles (1–3). Upon entry, spores are recognized and engulfed by 
host macrophages. The spores germinate within the macrophage, eventually escaping 
into surrounding tissues as vegetative bacilli. The transition from a dormant spore to 
an actively replicating cell marks the onset of anthrax pathogenesis and can lead to 
localized cutaneous or systemic infections, including gastrointestinal and inhalational 
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anthrax. Although anthrax is widely recognized due to its potential use in bioterrorism 
and historical weaponization, the majority of human cases are associated with 
occupational or incidental contact with infected animals or their by-products, such 
as hides, wool, or meat (1, 2, 4). More recently, changing environmental conditions 
have begun to reshape the epidemiology of anthrax and other spore-forming patho­
gens. Climate change, deforestation, permafrost thawing, and increased encroachment 
into wildlife habitats due to agriculture and urbanization have all been implicated in 
the resurgence of seasonal anthrax outbreaks and the emergence of novel zoonotic 
pathogens of the Bacillus cereus group that includes B. anthracis (2, 5–9). A deeper 
understanding of the molecular mechanisms of B. anthracis spore resistance and spore 
germination will facilitate the development of new therapeutic interventions.

When nutrients become limiting, B. anthracis and other Bacilli and Clostridia 
differentiate into dormant spores that are resistant to desiccation, heat, irradiation, 
degradative enzymes, predation, and antibiotic treatment (10–13). Bacterial spores can 
remain dormant for decades, yet rapidly germinate and resume growth upon exposure 
to nutrients. Central to both spore resistance and the exit from dormancy is the small 
molecule dipicolinic acid (DPA) (12). DPA accumulates to 10%–15% of the dry weight 
of dormant spores during sporulation, where it displaces water, contributing to core 
dehydration and wet heat resistance. DPA levels scale with heat resistance. A reduction in 
DPA levels reduces spore heat resistance, and spores that lack DPA are fragile and easily 
lyse (14, 15). DPA is equally critical for the exit from dormancy (10, 12). Dormant spores 
germinate upon exposure to nutrient signals (called germinants) that are detected by 
receptors embedded in the spore inner membrane. Recent studies indicate that these 
receptors are ligand-gated ion channels and, in response to germinants, release ions 
from the spore core (16). Ion release, in turn, triggers the release of the large depot 
of DPA (16). As DPA transits the integument layers of the spore, it activates the cell 
wall-degrading enzyme CwlJ (17). CwlJ targets and degrades the specialized peptidogly­
can that encases the spore, called the cortex, enabling core hydration and the resump­
tion of macromolecular synthesis (10, 12). Thus, DPA is both critical for spore resistance 
during dormancy and for germination during the exit from dormancy.

In Bacillus subtilis, DPA is produced in the mother cell that nurtures the developing 
endospore at a late stage in sporulation. Two enzymes, SpoVFA and SpoVFB, catalyze 
the synthesis of DPA from dihydro-dipicolinic acid, an intermediate in the L-lysine and 
meso-diaminopimelate pathways (18). DPA is then transported into the developing 
spore. Transport across the outer spore membrane requires SpoVV, a member of the Gate 
family of concentrative nucleoside transporters (19). SpoVV is located in the outer spore 
membrane, and data suggest it transports DPA across this first membrane. DPA is then 
transported across the inner spore membrane in a manner that depends on the spoVA 
(spo5A or 5A) operon (20, 21). Recent work indicates that three genes in this operon, 
spoVAC (C), spoVAD (D), and spoVAEb (Eb) are essential for DPA accumulation in the 
spore and likely function as the inner membrane DPA transporter (14). The membrane 
proteins C and Eb are predicted to form a membrane complex through which DPA is 
transported. D is a soluble protein that resides in the core and is predicted to interact 
with the C/Eb complex at the inner face of the membrane and occlude the membrane 
channel. Importantly, the 5A proteins are retained in the dormant spore, and evidence 
suggests they function in DPA export during germination (14, 22). Specifically, amino 
acid substitutions in C or D that are predicted to partially disrupt the interaction between 
the subunits in the complex not only impair DPA import during sporulation but also 
more rapidly initiate DPA release during germination (14). Thus, the 5A complex plays 
a central role in the acquisition of spore resistance during development and in the exit 
from dormancy during germination.

Interestingly, Bacillus anthracis and the other members of the B. cereus sensu lato 
group encode two spoVA loci, spoVA1 (5A1) and spoVA2 (5A2) (23). The 5A1 operon has 
the same seven genes as B. subtilis 5A, and the three core proteins (C1, D1, and Eb1) 
are, on average, 75% identical to their 5A(Bs) counterparts. The 5A2 locus also has seven 
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genes, but only C2, D2, and Eb2 are similar to the genes in the 5A1 and 5A(Bs) loci. C2, 
D2, and Eb2 are, on average, 53% identical to their 5A1 paralogs. Here, we investigated 
the roles of the 5A1 and 5A2 loci in B. anthracis. We show that 5A2 is both necessary 
and sufficient for DPA accumulation during sporulation, while either 5A1 or 5A2 supports 
DPA release during germination. We further show that a fourth gene in the 5A2 locus, 
spoVANJ2 (NJ2), encodes a lipoprotein that resides in a complex with C2, D2, and Eb2 
and is predicted to bind to the C2/Eb2 membrane channel on the extracytoplasmic face 
of the membrane. Sporulating cells lacking NJ2 accumulate lower levels of DPA and 
are heat sensitive. Using this heat sensitivity, we screened for spontaneous mutations 
that restore heat resistance and identified a point mutation in Eb2, further implicating 
NJ2 in DPA import. Finally, we show that the Eb2 mutant bypasses the need for NJ2 
in DPA uptake and modestly slows DPA release during germination. The latter finding 
provides additional evidence in support of the model that 5A complexes are involved 
in DPA export during germination. Altogether, our data indicate that the tetrameric 5A2 
complex plays a critical role in DPA import and spore resistance in B. anthracis.

RESULTS

A screen for sporulation genes in Bacillus anthracis identifies the spoVA2 
(5A2) locus

In a transposon-sequencing (Tn-seq) screen aimed at identifying sporulation genes in 
Bacillus anthracis, we discovered that genes in the spoVA2 (5A2) operon, but not the 
spoVA1 (5A1) operon, are important for sporulation (24). Figure 1 shows transposon 
insertion profiles for two regions of the B. anthracis genome that encompass the 5A1 
and 5A2 loci. Transposon insertions in the 5A1 operon that were present at the onset of 
starvation were equally well represented after sporulation, exposure to heat, germina­
tion, and outgrowth (Fig. 1A). By contrast, insertions in several genes in the 5A2 locus 
were significantly underrepresented after the same treatment compared to the onset of 
starvation (Fig. 1B). Based on these findings, we initiated a thorough investigation of the 
role of the two loci in DPA import during sporulation and export during germination.

The 5A2 locus is critical for DPA accumulation in dormant spores

As a first step in our characterization of 5A1 and 5A2 operons, we generated strains with 
deletions of the entire 5A1 or 5A2 locus, as well as a double mutant, and tested them for 
sporulation efficiency. We sporulated the single and double mutants and the wild-type 
parental strain by nutrient exhaustion in PA medium for 30 h. The sporulated cultures 
were then incubated at 65°C for 30 min to kill vegetative cells and sporulating cells 
that failed to achieve heat resistance. The cultures were serially diluted and plated on 
brain-heart infusion (BHI) agar. After germination and outgrowth at 37°C, we enumerated 
the heat-resistant CFUs. Consistent with our Tn-seq results, the sporulation efficiency 
of the ∆5A1 mutant was similar to that of the wild-type (Fig. 2A). By contrast, the 
sporulation efficiency of the ∆5A2 strain was ~15% of wild-type, and the ∆5A1 ∆5A2 
double mutant sporulated at <0.01%. We conclude that the 5A2 locus is important for 
proper spore formation, while the 5A1 locus is not.

Next, we investigated the requirement of each locus for DPA accumulation in 
dormant spores. The strains described above were sporulated on PA agar plates and 
spores were purified on a Histodenz step gradient. Equivalent amounts of phase-bright 
spores were boiled for 30 min to release their contents, and DPA was quantified from 
the supernatant using a TbCl3 fluorescence-based assay. Wild-type and the ∆5A1 spores 
had similar levels of DPA (Fig. 2B). By contrast, the ∆5A2 mutant spores had ~40% of the 
level of DPA found in wild-type. It was difficult to purify phase-bright spores that lacked 
both the 5A1 and 5A2 loci. Accordingly, the purified spores from the double mutant were 
a mixed population of phase-bright and phase-dark spores. These spores had nearly 
undetectable levels of DPA (Fig. 2B). For comparison, we measured the levels of DPA 
in spores lacking the DPA synthase genes dpaA and dpaB that encode homologs of B. 
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subtilis SpoVFA and SpoVFB (18). The mixed population of phase-bright and phase-dark 
∆dpaAB spores had similarly low levels of DPA (Fig. 2B). Collectively, these experiments 
indicate that the 5A2 locus is both necessary and sufficient for the accumulation of 
wild-type levels of DPA.

FIG 1 A transposon-sequencing screen identifies the spo5A2 locus as important for sporulation. Transposon insertion profiles from spo5A1 (A) and spo5A2 

(B) regions of the B. anthracis genome. A mariner-based transposon library was grown in PA medium. At the onset of starvation, a sample was collected. The 

remaining culture was sporulated for 7 h and then incubated at 65°C for 30 min to kill vegetative cells and sporulation-defective mutants. The surviving spores 

were plated on brain-heart infusion agar, and the resulting colonies were pooled. Transposon insertion sites and their abundance in the input and germinated 

and outgrown libraries were determined by deep sequencing and mapped to the reference genome. Each vertical line indicates a transposon insertion site. The 

height of the line reflects the number of sequencing reads at this position. The maximum height for each panel was set to 200 reads.

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-25 4

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

https://doi.org/10.1128/mbio.03777-25


To investigate whether the ∆5A2 mutant produces a mixed population of spores, 
some with wild-type levels of DPA and others with low levels of DPA (25), we took 
advantage of the reduction in heat resistance associated with lower levels of DPA (14, 
15). Incubation of wild-type and ∆5A1 spores at 75°C for 30 min yielded similar heat-
resistant CFUs (Fig. S1). By contrast, virtually all ∆5A2 mutant spores were killed by this 
treatment (Fig. S1). Although this result does not exclude the possibility that ∆5A2 spores 

FIG 2 The B. anthracis 5A2 locus is important for DPA accumulation in dormant spores. (A) Bar graph showing sporulation efficiencies of the indicated strains 

assessed by heat-resistant (65°C for 30 min) CFUs. Data presented are from three biological replicates (mean ± standard deviation). (B) Bar graph showing DPA 

levels in spores of the indicated strains. Spores were purified on a Histodenz step gradient, normalized, and boiled for 30 min to release DPA. The supernatant 

was mixed with TbCl3 and detected by fluorimetry. Data shown are averages of three technical replicates. A second biological replicate can be found in Fig. 

S1B. (C) Representative immunoblot of 5AD1-His and 5AD2-His during a sporulation time course in the indicated strains. Time (in hours) after the onset of 

sporulation is shown above the blot. Red carets indicate 5AD1-His and 5AD2-His bands. A lysate from wild-type (WT) was used to determine cross-reactive 

proteins (asterisks) recognized by the antibody. A portion of a Coomassie-stained gel with the same lysates was used to control for loading. (D) Representative 

immunoblot of 5AD1-His and 5AD2-His from spore lysates of the indicated strains. (E) Representative phase-contrast images of sporulated cells of the indicated 

strains. Scale bar, 5 μm. (F–H) Representative germination assays of the indicated strains. Purified spores were induced to germinate at time 0 (arrows) with 1 mM 

L-alanine and 1 mM inosine. The graph in panel F plots DPA release over time. The graphs in panels G and H plot the percentages of DPA that get released relative 

to the total DPA present in the spores for each strain. Total DPA and biological replicates of the strains in panel H can be found in Fig. S3. WT spores incubated in 

water were used as a control.
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have heterogeneous levels of DPA, the loss of viability of virtually all mutant spores 
argues that ∆5A2 spores have reduced levels of DPA compared to wild-type.

Finally, we used phase-contrast microscopy to visualize the sporulation cultures of 
wild-type and the mutants. As anticipated, the wild-type and ∆5A1 sporulating cultures 
had an abundance of phase-bright spores, a hallmark of DPA accumulation in B. subtilis 
(Fig. 2E). However, unlike B. subtilis, the sporulating cultures of the ∆5A2 single mutant 
and the ∆5A1 ∆5A2 and ∆dpaAB double mutants had a substantial number of phase-
bright spores, given their sporulation efficiencies and levels of DPA. These findings 
indicate that the phase-bright appearance of B. anthracis spores is not a good proxy for 
DPA accumulation.

Evidence that the 5A2 complex is more active than 5A1 in DPA import

One possible explanation for the more critical role of the 5A2 locus in DPA import is that 
the transport complex is produced at higher levels during spore formation than the 5A1 
complex. To investigate this possibility, we compared the levels of the D subunits from 
each locus, using epitope-tagged variants. We appended hexa-histidine tags to the 3′ 
ends of the D1 and D2 genes at their native chromosomal locations. Importantly, both 
fusions were functional, based on sporulation efficiency, heat resistance at 75°C, and 
DPA accumulation (Fig. S2). We collected samples of the two strains over a sporulation 
time course and analyzed the levels of the D paralogs over time. The immunoblot 
in Fig. 2C shows that the D1-His and D2-His variants have similar intensities at each 
time point. Although we cannot exclude the possibility that the two D paralogs have 
different transfer efficiencies onto the PVDF membrane in our immunoblot, these data 
argue that both proteins are produced at similar levels throughout the differentiation 
process. Similarly, the band intensities of 5AD1-His and 5AD2-His in lysates from dormant 
spores harboring both complexes or only one were comparable (Fig. 2D). These findings 
suggest that 5A1 and 5A2 complexes are produced at similar levels and argue that the 
5A2 complex is more active than the 5A1 complex in DPA transport into the developing 
spore.

The 5A1 and 5A2 are both sufficient for DPA release during germination

To investigate whether 5A2 was more critical for spore germination than 5A1, we 
incubated purified spores from WT, ∆5A1, and ∆5A2 with a germinant mixture of 1 mM 
L-alanine and 1 mM inosine and followed DPA release over time. For these assays, we 
did not heat-activate the spores because the ∆5A2 mutant spores were heat-sensitive. 
As can be seen in Fig. 2F and G, wild-type spores released >60% of their DPA within 15 
min of germinant exposure. Spores with only the 5A1 locus (∆5A2) released >50% of their 
DPA at a modestly reduced rate compared to wild-type. By contrast, spores with only 5A2 
(∆5A1) released only 20% of their DPA and did so more slowly. We have previously shown 
that the last gene in the B. subtilis 5A operon, spoVAF (F), encodes an ion channel that, 
with its partner protein FigP, enhances the rate and extent of germination by releasing 
ions in response to ion release by the germinant receptors (26). To investigate whether 
the impaired DPA release from spores harboring only the 5A2 locus (∆5A1) was due to 
the absence of the C1/D1/Eb1 DPA transport complex or the F1/FigP ion channel, we 
performed additional germination assays using mutations of individual genes in the 
operon. As can be seen in Fig. 2H and Fig. S3, spore germination of F1::Tn and figP::Tn 
mutants resembled ∆5A1 germination, while D1::Tn and Eb1::Tn mutants resembled 
wild-type. We conclude that the 5A2 transporter, like the 5A1 transporter, is proficient at 
DPA release during germination and that the F1 and FigP proteins function like their B. 
subtilis orthologs, amplifying the germinant response. Interestingly, the requirement for 
the putative F1/FigP channel in B. anthracis germination is even greater than the F/FigP 
channel in B. subtilis (26). Finally, these data indicate that, unlike B. subtilis, the F1 gene is 
the most important gene for germination in the 5A1 locus in B. anthracis.
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The 5A2 transport complex contains C2, D2, Eb2, and NJ2

We have previously shown that the C1, D1, and Eb1 proteins from Bacillus cereus reside 
in a membrane complex when expressed in Escherichia coli (14). Furthermore, the B. 
subtilis homologs are predicted by AlphaFold to form a high-confidence membrane 
complex that we validated by mutational analysis in vivo (14). Follow-up bioinformatic 
studies by Kilian and Bischofs found that the C/D/Eb trimer forms an even higher 
confidence dimer of trimers (27). We therefore investigated whether C2, D2, and Eb2 
are predicted to interact. As anticipated based on the sequence similarities between 
homologs, AlphaFold 3 predicted a high-confidence dimer of trimers (Fig. 3A through 
C; Fig. S4). We also tested whether the other proteins encoded in the 5A2 locus interact 
with this core complex. Strikingly, AlphaFold 3 predicted a high-confidence interaction 
between the C2/D2/Eb2 membrane complex and the YhcN/YlaJ homolog encoded in 
the 5A2 locus, forming a dimer of tetramers (Fig. 3A through C; Fig. S4). The YhcN/YlaJ 
lipoprotein (28, 29), which we have renamed SpoVANJ2 (NJ2), is predicted to interact 
with the extracytoplasmic face of the C2/Eb2 membrane channel. As can be seen in Fig. 
3A and B, NJ2 is predicted to occlude the channel, resembling a cap.

To experimentally determine whether NJ2 resides in a complex with C2/D2/Eb2, we 
co-expressed epitope-tagged variants of the four proteins in E. coli. For historical reasons, 
we used the B. cereus 5A2 proteins that are ~98% identical to the B. anthracis homologs 
(Fig. S5) (14). E. coli cells were induced to co-express FLAG-C2, D2-His, Eb2-ProteinC 
(ProC), and NJ2-VSVG or a control in which the C2 protein was untagged. Membrane 
preparations were generated from the E. coli lysates, and the membrane proteins were 
solubilized with the nonionic detergent n-dodecyl-β-D-maltoside (DDM). The DDM-solu­
bilized lysates were then incubated with anti-FLAG resin and, after washing, were eluted 
with FLAG peptide. The eluates were then resolved by SDS-PAGE followed by immuno­
blotting. As can be seen in Fig. 3D, D2-His, Eb2-ProC, and NJ2-VSVG all co-purified with 
FLAG-C2. Importantly, these proteins were not found, or barely so, in the eluate of 
the purification from the untagged C2 strain (Fig. 3D). Collectively, these data strongly 
suggest that NJ2 resides in a membrane complex with C2, Eb2, and D2 and supports the 
AlphaFold-predicted model.

NJ2 is important for DPA accumulation and heat resistance

To further explore the requirement of the 5A2 genes in DPA import, we generated strains 
with in-frame deletions of NJ2, C2, D2, or Eb2. We then analyzed sporulation efficiency 
of the individual mutants. Figure 4A shows that sporulating cells lacking C2 or Eb2 
have sporulation efficiencies below 10%, similar to the ∆5A2 mutant. Cells lacking D2 
sporulate at 25%, and cells lacking NJ2 at ~40% efficiency. Importantly, expression of NJ2 
in trans restored sporulation efficiency to wild-type levels, confirming that the defect is 
attributable to loss of NJ2. DPA accumulation in the mutant spores largely mirrored the 
sporulation efficiencies, with the ∆NJ2 mutant accumulating ~60% of the level of DPA 
found in wild-type (Fig. 4B; Fig. S6C). Consistent with the reduced levels of DPA, all four 
single mutants were killed upon exposure to 75°C for 30 min (Fig. S6A).

Next, we combined the single gene deletions with a ∆5A1 operon mutant. The double 
mutants with ∆C2, ∆D2, and ∆Eb2 phenocopied the ∆5A1 ∆5A2 mutant with <0.1% 
sporulation efficiencies (Fig. 4C). Interestingly, the ∆NJ2 ∆5A1 mutant sporulated at ~30% 
efficiency, suggesting that the core complex of C2, D2, and Eb2 retains some DPA 
transport activity in the absence of NJ2 (Fig. 4C). Indeed, quantification of DPA accumu­
lation in the in-frame deletion mutants with ∆5A1 mirrored the sporulation efficiencies, 
with nearly undetectable levels of DPA in the double mutants with ∆C2, ∆D2, or ∆Eb2 and 
~50% DPA levels in the ∆NJ2 ∆5A1 mutant (Fig. 4D; Fig. S6D). These data indicate that 
the core complex of C2, D2, and Eb2 is capable of transporting DPA, albeit at reduced 
efficiency.

Finally, we analyzed DPA release from spores that had an intact 5A2 DPA transport 
complex and ones that lacked NJ2. Specifically, we compared Eb1::Tn and D1::Tn mutants 
with and without NJ2. As can be seen in Fig. 4E and S6E, wild-type and all four mutant 
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strains released similar percentages of their DPA in response to nutrients. However, 
spores that lacked NJ2 released DPA more rapidly than those that contained this subunit 
(Fig. 4E; Fig. S6E). These findings suggest that the presence of the NJ2 “cap” on the 5A2 
complex slows DPA release during germination.

FIG 3 NJ2 resides in a complex with C2, D2, and Eb2. (A)  Side view of the AlphaFold 3-predicted NJ2/C2/D2/Eb2 membrane complex. C2 (cyan) and Eb2 

(pink) are predicted to form a membrane channel with interleaved transmembrane segments. D2 (white) is predicted to bind to the cytoplasmic face of the 

channel with contacts with the N-terminus of C2 in the cytosol. NJ2 (light purple) is predicted to bind the extracytoplasmic face of the C2/Eb2 channel, 

resembling a “cap.” The tetrameric complex is predicted to dimerize and is shown in Fig. S4. The tetramer is shown here for simplicity. (B) View of the complex 

with and without NJ2 from outside of the spore looking in. NJ2 is predicted to occlude the channel. (C) Predicted alignment error (pAE) in Å of all residues 

for the dimer-of-tetramer model. Low error (blue) corresponds to well-defined relative domain positions. The interface predicted template modeling (ipTM) 

score was 0.84. (D) Representative immunoblots of co-purification of the B. cereus NJ2/C2/D2/Eb2 complex. All four proteins were expressed in E. coli, and 

the detergent-solubilized membrane complex was purified on anti-M1 FLAG resin. C2 contains an N-terminal FLAG tag, D2 contains a C-terminal His tag, Eb2 

contains a C-terminal Protein C (ProC) tag, and NJ2 contains a C-terminal VSVG epitope tag. A control strain expressing C2 lacking a FLAG tag was analyzed in 

parallel. For the D2-His and NJ2-VSVG immunoblots, 1/20 and 1/30, respectively, of the load was loaded compared to the FLAG-C2 and Eb2-ProC blots. Molecular 

weight markers (in kDa) are shown on the right of the blots.
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Collectively, our findings argue that the NJ2 subunit of the DPA transport complex is 
not essential for DPA import but contributes to its efficiency. Furthermore, our analysis 
suggests that the NJ2 cap slows, albeit modestly, DPA release during germination.

FIG 4 NJ2 is important for DPA import and impacts DPA export in B. anthracis. (A) Bar graph of sporulation efficiencies of the indicated strains, assessed by 

heat-resistant (65°C for 30 min) CFUs. Data are from two biological replicates (mean ± standard deviation). (B) Bar graph showing DPA levels in purified spores 

of the indicated strains. Spores were isolated on a Histodenz step gradient, normalized, and then boiled to release DPA. Data are averages of three technical 

replicates. (C) Bar graph of sporulation efficiencies of the indicated strains. Data are from three biological replicates (mean ± standard deviation). Sporulation 

efficiencies are shown above the indicated strains. (D) Bar graph showing DPA levels in spores of the indicated strains. Data are averages of three technical 

replicates. (E) Germination assays as monitored by DPA release. Purified spores of the indicated strains were induced to germinate by the addition of 1 mM 

L-alanine and 1 mM inosine (arrows). WT spores (gray circles) incubated with water were used as a control. DPA levels for panels E and 4F and biological replicates 

of panels B, D, and E can be found in Fig. S6.

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-25 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

https://doi.org/10.1128/mbio.03777-25


An Eb2 mutant restores DPA import activity to spores lacking NJ2

To provide more insight into NJ2’s role in DPA transport, we performed a genetic screen 
based on the heat sensitivity of ∆NJ2 spores (Fig. S6A). We enriched for mutants that 
could survive 75°C for 30 min over successive rounds of sporulation, heat treatment, and 
reinoculation into sporulation medium. Fourteen independent cultures were subjected 
to five rounds of enrichment, and all 14 achieved high-level heat resistance. One colony 
from each culture was re-tested for its ability to produce heat-resistant spores. We then 
mapped the mutations from these 14 independent suppressor strains by whole-genome 
sequencing. Eleven strains had a frame-shift mutation in the gerE gene that increased or 
decreased the number of dinucleotide repeats at position 41 of the open reading frame 
(Fig. S7A). Identical loss-of-function mutations in gerE have been previously reported 
to confer heat resistance in Bacillus cereus (30). The other three independently isolated 
suppressors had an identical mutation in the Eb2 gene resulting in a substitution of a 
conserved serine at position 65 to asparagine (S65N) (Fig. 5A; Fig. S7). In the AlphaFold-
predicted model, S65 is present in the lumen of the C2/Eb2 channel near the opening 
that faces the intermembrane space (Fig. 5C). Intriguingly, Chai-1 (31) predicts that 
Ca2+/DPA is present in the C2/Eb2 channel in close proximity to S65 (Fig. 5C). A substi­
tution for asparagine at this position could help stabilize DPA through an interaction 
between the amino group of the carboxamide and one of the carboxyl groups of DPA. 
We rebuilt this mutation by allelic exchange in the wild-type 5A2 locus and in the 5A2 
locus lacking NJ2. The Eb2(S65N) mutant strain sporulated at wild-type levels, produced 
heat-resistant spores, and accumulated wild-type levels of DPA (Fig. 5A and B). The same 
was true for the strain lacking NJ2. Thus, an amino substitution within the predicted 
lumen of the C2/Eb2 channel improves DPA import in a strain lacking NJ2.

Interestingly, we discovered that purified ∆NJ2 spores lacking a functional 5A1 
transporter that harbor the Eb2(S65N) suppressor (called Eb2*) were modestly, but 
reproducibly, delayed in DPA release (Fig. 5D; Fig. S7D). Thus, improving DPA import 
during spore formation reduces the efficiency of export during germination. These 
findings define the first mutation in a 5A gene that is specifically impaired, albeit 
modestly, in DPA export and provide additional support for the model that 5A complexes 
function to release DPA during germination.

NJ2 is essential for DPA accumulation in B. subtilis spores that depend on the 
5A2 operon

We have previously shown that expression of the B. cereus 5A1 or 5A2 locus in B. subtilis, 
fused to the B. subtilis sspB promoter, can compensate for the absence of the native 
5A(Bs) operon (16) (Fig. 6A). To investigate whether NJ2 is required for DPA import or 
export in B. subtilis, we generated in-frame deletions of NJ2, C2, D2, and Eb2 in the 
B. subtilis complementation strain and tested the mutants for sporulation efficiency. 
Sporulating cells lacking any of these B. cereus genes, including NJ2, were unable to 
form dormant spores in the absence of the native 5A locus (Fig. 6A). In all cases, the 
vast majority of spores in the sporulated cultures were phase-dark, a hallmark of a 
failure to accumulate DPA and inappropriate activation of SleB (14, 32) (Fig. 6B and 
C). One possible explanation for the strong sporulation defect in the ∆NJ2 mutant in 
B. subtilis was that sporulating B. subtilis cells activate the GerA germinant receptor 
when DPA levels fail to reach a critical threshold in a timely manner (14, 32). However, 
and importantly, strains lacking gerA did not suppress the sporulation defect or the 
phase-dark appearance of the spores of ∆NJ2 or any of the single mutants (Fig. 6C; Fig. 
S8A and B). Thus, these findings indicate NJ2 is essential for DPA import in B. subtilis.

Importantly, we found that the sporulation defect and failure to accumulate DPA in 
the ∆NJ2 mutant was fully suppressed by the Eb2(S65N) suppressor (Fig. 6A through C). 
These findings provide additional support for NJ2’s role in DPA import. Finally, we tested 
whether spores with Eb2(S65N) are impaired in DPA release during germination, as we 
found in B. anthracis. Purified spores harboring the wild-type B. cereus 5A2 locus or the 
5A2 locus with the Eb2(S65N) allele were induced to germinate with 1 mM L-alanine, and 
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DPA release was monitored over time. As can be seen in Fig. 6D and Fig. S8C, there was 
a modest but reproducible delay in DPA release when spores contained the Eb2(S65N) 
mutant.

DISCUSSION

Here, we have shown that the B. anthracis 5A2 operon is critical for DPA transport into 
dormant spores, while either 5A1 or 5A2 is sufficient for its release during germination. 
AlphaFold predictions and our experimental validation established that the 5A2 DPA 
transport complex is tetrameric and contains both a cytoplasmic “plug” (D2) and an 

FIG 5 Eb2(S65N) bypasses the requirement for NJ2. (A) Bar graph of spore viability after exposure to 75°C for 30 min, as assayed by heat-resistant CFUs. Data 

represent two biological replicates (mean ± standard deviation). (B) Bar graph showing DPA levels in spores of the indicated strains. Spores were isolated on a 

Histodenz step gradient, normalized, and then boiled to release DPA. Data are averages of three technical replicates. (C) Predicted structure of the C2-Eb2(S65N) 

membrane complex with Ca2+/DPA, modeled using Chai-1. DPA is colored green, Ca2+ in blue, and S65N in green. (D) Spore germination in the indicated strains in 

response to 1 mM L-alanine and 1 mM inosine, as assayed by DPA release. Germinants were added at time 0 (arrow), and DPA release was monitored over time. 

The Eb2(S65N) (Eb2*) mutation modestly but reproducibly delayed DPA release. WT spores were incubated with water as a control. Biological replicates of panels 

B and D can be found in Fig. S5.
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extracytoplasmic “cap” (NJ2). Sporulating cells lacking NJ2 are impaired in DPA import, 
resulting in reduced DPA accumulation and decreased heat resistance. We hypothesize 
that DPA transport across the inner forespore membrane by the 5A2 complex involves 
an alternating access mechanism (33), in which continuous rounds of uncapping and 

FIG 6 NJ2 is required for DPA accumulation and spore heat resistance in B. subtilis. (A) Table of sporulation efficiencies of the indicated B. subtilis strains 

as assayed by heat-resistant (80°C for 20 min) CFUs. Data represent two biological replicates (mean ± standard deviation). The 5A2(Bc) locus from B. cereus 

complements a deletion of the native 5A(Bs) operon. (B) Bar graphs showing DPA levels in spores of the indicated strains. Eb2(S65N) (Eb2*) restores WT DPA 

levels. Data are averages of three technical replicates. Spores in the left panel were purified by incubation with lysozyme followed by SDS. Spores in the right 

panel were purified on a Histodenz step gradient. (C) Representative phase-contrast images of sporulated cultures of the indicated strains (scale bar, 5 μm). 

(D) Spore germination in response to L-alanine as assayed by release of DPA in the indicated strains. Spores were induced to germinate with 1 mM L-alanine at 

time zero (arrow), and DPA release was monitored over time. WT spores (gray circles) incubated with water were used as a control. The Eb2(S65N) spores released 

DPA more slowly than Eb2+. See Fig. S8 for two biological replicates of panel D.
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re-capping, and unplugging and re-plugging of the C2/Eb2 membrane channel by NJ2 
and D2, help prevent a fully open channel conformation that would allow DPA to flow 
down its concentration gradient. This and other models for how DPA is moved across the 
inner spore membrane await structural and functional studies in the future.

The B. subtilis 5A locus, as well as the B. anthracis 5A1 and Clostridioides difficile 
5A operons, all lack a gene encoding an NJ2 homolog, suggesting that these DPA 
transporters function without a cap. Interestingly, B. subtilis encodes four NJ2 paralogs, 
YhcN, YlaJ, YutC, and CoxA, that are all expressed during sporulation in the forespore 
compartment (34, 35). However, these paralogs are not predicted to interact with the 
C/D/Eb transport complex (Fig. S9). Furthermore, deletions of these genes do not impact 
DPA accumulation (28, 29). In addition, we have previously shown that expression of the 
C. difficile 5A locus in a B. subtilis strain lacking its native 5A operon is sufficient for DPA 
transport (16), further arguing that a cap is not required for 5A transport activity. In these 
cases, we hypothesize that conformational changes in the C/Eb membrane channel act 
with the D plug to prevent a fully open conformation.

It is noteworthy that in B. anthracis and the other B. cereus sensu lato family members, 
the gene encoding the cortex lytic enzyme SleB, which degrades the specialized cell wall 
during germination, is present in an operon with an NJ2 homolog (called ylaJ) and its 
putative inhibitor ypeB (29). Recent work in B. cereus indicates that spores lacking ylaJ are 
impaired in germination in a manner that depends on SleB (36). Furthermore, AlphaFold 
predicts that YlaJ resides in a complex with SleB and YpeB (36). These findings have led 
to the hypothesis that this lipoprotein contributes to the stability or activation of SleB. 
Thus, distinct NJ2 paralogs function with the 5A2 DPA transport complex and the cortex 
lytic enzyme SleB in the B. cereus sensu lato group. By contrast, B. subtilis contains four 
NJ2 homologs (YhcN, YlaJ, YutC, CoxA), none of which is encoded in the 5A or sleB-ypeB 
operons. Furthermore, the B. subtilis homologs are not directly involved in either DPA 
transport or SleB activity (28, 29). The specialization of the NJ2 homologs in the B. cereus 
group, or the loss of this specialization in B. subtilis, represents a noteworthy difference 
between sporulation and germination in these endospore formers. Notably, B. anthracis 
also contains YutC and CoxA homologs, but their functions have not been investigated.

This study and our previous work on DPA transport (16) highlight both the strengths 
and limitations of trans-species complementation experiments. In previous studies, we 
showed that expression of the 5A1 or 5A2 operons from B. cereus, or the 5A locus from 
C. difficile, in a B. subtilis strain lacking its native 5A operon is sufficient for DPA import 
into spores (16). The 5A1 operon from B. anthracis and B. cereus are ~98% identical, and 
it is likely that the B. anthracis 5A1 locus would also function in B. subtilis. Yet, the data 
presented here indicate that B. anthracis cells that lack 5A2 and rely on 5A1 for DPA 
import fail to accumulate wild-type levels of this metabolite in dormant spores. In this 
case, we suspect that the discrepancy can be explained by the strong promoter (PsspB) 
that we fused to the 5A1 operon to express it in B. subtilis. However, the data presented 
here reveal a second example where the phenotype in the pathogen is different from 
the trans-complemented model. In B. anthracis, the absence of NJ2 impairs, but does 
not abolish, DPA accumulation. By contrast, we found that NJ2 is absolutely essential 
for the function of 5A2 transport complex in B. subtilis. In its absence, the spores fail to 
accumulate DPA, and the mutant phenotype is virtually indistinguishable from deletions 
of C2, D2, or Eb2. We cannot account for the different requirements for NJ2 in the two 
systems, but these findings emphasize the importance of investigating gene function in 
the native organism.

Finally, our study provides an additional argument that 5A complexes function in 
DPA release during germination. Since 5A complexes are essential for DPA transport 
into spores, it has been challenging to establish whether they also function in DPA 
release. We have previously shown that amino acid substitutions in the B. subtilis C and 
D proteins that are predicted to weaken their interaction are impaired in DPA import. 
Purification of the mutant spores that achieved wild-type levels of DPA revealed that 
these spores initiate DPA release more rapidly in response to germinants (14). The 
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germination phenotypes were modest but provided support for the idea that the 5A 
complex is directly involved in DPA release during germination. Here, we show that a 
point mutation in Eb2 that bypasses the requirement for NJ2 accumulates wild-type 
levels of DPA but is impaired, albeit modestly, in DPA release. This represents the first 
example of a mutant in a 5A complex that is specifically impaired in DPA export. Thus, 
these findings add to the growing body of genetic evidence that 5A complexes function 
in DPA release during germination.

Conclusion

We have shown that the 5A2 locus encodes a DPA transport complex in which the C2 
and Eb2 subunits are predicted to form a membrane channel, and D2 and NJ2 bind to 
the cytoplasmic and extracytoplasmic faces of the membrane complex. Our data add 
to the growing body of evidence that these complexes import DPA into the developing 
spore during sporulation and release it during germination. The challenges for the future 
include testing this model in vitro in a reconstituted system and establishing how the 
5A complexes are activated in response to ion release by the germinant receptors. We 
note that AlphaFold predicts that 5A2 tetramers, like the 5A1 (and 5A) trimers, dimerize 
(27), forming adjacent transport complexes. The function of dimerization is currently 
unknown, but it could relate to sensing ion release or to mechano-sensation that triggers 
channel opening during germination.

MATERIALS AND METHODS

Bacterial strains and media

All Bacillus anthracis strains in this study were derived from BaR1, the plasmid-free 
non-pathogenic Sterne derivative B. anthracis 9131 (37). B. anthracis cells were cultured in 
BHI broth or agar. When required, BHI medium was supplemented with chloramphenicol 
(5 µg/mL), erythromycin (5 µg/mL), kanamycin (25 µg/mL), or spectinomycin (300 µg/
mL). Sporulation of B. anthracis was induced at 37°C by nutrient exhaustion in phage 
assay (PA) medium (38). All Bacillus subtilis strains in this study were derived from B. 
subtilis 168 (39). B. subtilis strains were grown in Luria-Bertani (LB) broth or agar. When 
required, LB medium was supplemented with chloramphenicol (5 µg/mL), erythromycin 
(1 µg/mL) plus lincomycin (25 µg/mL), or spectinomycin (100 µg/mL). Sporulation of B. 
subtilis was induced at 37°C by nutrient exhaustion in supplemented Difco Sporulation 
Medium (DSM) (40). Sporulation efficiency was determined in 30 h cultures as the 
total number of heat-resistant (B. anthracis: 65°C or, where indicated, 75°C for 30 min, 
and B. subtilis: 80°C for 20 min) CFUs compared to wild-type heat-resistant CFUs. B. 
anthracis transposon-insertion mutants were from the ordered Tn library generated by 
Ramirez-Guadiana et al. (24). B. subtilis insertion-deletion mutants were from the Bacillus 
knock-out (BKE) collection (41) or were generated by direct transformation of plasmids 
into B. subtilis. Tables of strains (Table S1), plasmids (Table S2), and oligonucleotide 
primers (Table S3) and a description of plasmid constructions can be found in Supple­
mental methods.

CP51-mediated phage transduction in B. anthracis

A temperature-sensitive mutant of the generalized transducing phage CP51 was used to 
transduce antibiotic-marked alleles (38) into B. anthracis strains. Briefly, the donor strain 
was grown in BHI supplemented with 0.5% glycerol, then mixed with phage CP51 and PA 
soft agar. The mixture was poured onto nutrient broth/yeast extract/glycerol agar plates 
and incubated overnight at 30°C. The transducing lysate was prepared by collecting the 
soft agar and resuspending it in BHI supplemented with 0.5% glycerol, 10% dimethyl 
sulfoxide, and 20 mM MgSO4, followed by filtration through a 0.45 μm filter. The recipient 
strain was grown in BHI supplemented with 0.5% glycerol, mixed with the transducing 
lysate, and incubated with constant agitation at 37°C for 45 min. The mixture was then 
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plated on BHI agar plates supplemented with the appropriate antibiotic and incubated 
overnight at 37°C. Transductants were confirmed by PCR.

Electroporation

Transposon and allelic exchange plasmids, prepared from the E. coli strain SC110 (dam-, 
dcm-), were transformed into B. anthracis by electroporation. Electrocompetent cells 
were prepared by growing B. anthracis in BHI with 0.1% glucose (BHIG) and 0.005 µg/mL 
tunicamycin. Low concentrations of tunicamycin increase transformation efficiency 
~30-fold, likely due to the partial inhibition of TagO, the committing enzyme for the 
synthesis of secondary cell wall polysaccharides (42, 43). Cells were harvested at an 
OD600 of 0.3, chilled on ice, and washed four times in cold electroporation buffer (0.5 
M sucrose, 10% glycerol). One hundred microliters of cells (concentrated 1,000-fold) was 
mixed with ~2 µg plasmid DNA and transferred to a cold 1 mm electroporation cuvette. 
The electroporator settings were 25 µF, 200 Ω, 1.85 kV. Immediately after electropora­
tion, cells were resuspended in 1 mL recovery medium (BHIG supplemented with 20 
mM MgCl2 and 2 mM CaCl2) and incubated with constant agitation for 2 h at 30°C. 
The culture was plated on BHI agar supplemented with the appropriate antibiotic and 
incubated overnight at 30°C.

Allelic exchange

Deletions, His6-fusions, and integration of transgenes at neutral chromosomal loci were 
generated by allelic exchange using pMiniMAD3 (a gift from Daniel Kearns) or pFR50, 
both derived from pMAD (44). The pMiniMAD3 vector carries a thermosensitive origin 
of replication and a spectinomycin resistance cassette for Bacilli. The pFR50 vector 
carries the same thermosensitive origin, an erythromycin resistance cassette for Bacilli, 
and mCherry fused to the B. subtilis veg promoter. DNA fragments of 1 kb flanking 
the deletion or insertion site were subcloned into these vectors, with or without a 
second antibiotic resistance cassette between them. The plasmids were prepared in E. 
coli strain SC110 and electroporated into B. anthracis followed by selection on BHI agar 
supplemented with spectinomycin or erythromycin. A colony was then grown in 5 mL 
BHI-spec or BHI-erm at 30°C. After 10 h of growth, the culture was serially diluted and 
plated on BHI-spec or BHI-erm plates, and incubated overnight at 42°C to select for cells 
with a single crossover integration (loop-in). A single colony was then grown without 
selection in 5 mL BHI at 30°C for 24 h. The culture was serially diluted and plated on BHI 
agar or BHI supplemented with the second antibiotic. Plates were incubated overnight 
at 37°C. Colonies were screened for loop-out by their sensitivity to spectinomycin or 
erythromycin. Allelic exchange was confirmed by PCR.

Transposon library construction and transposon-insertion sequencing

Tn-seq was performed as described previously (45–47) with modifications described 
below. The B. anthracis transposon library was generated using the transposon delivery 
plasmid pFR38. This E. coli-Bacillus shuttle vector contains a temperature-sensitive 
replicon for Bacilli, an erythromycin resistance cassette, the mariner-Himar1 transposase 
C9, and a spectinomycin resistance cassette flanked by inverted repeats recognized 
by the transposase. One of the two inverted repeats contains an MmeI endonuclease 
restriction site. pFR38 was introduced into the B. anthracis wild-type strain BaR1 via 
electroporation. Transformants were selected at 30°C on BHI agar supplemented with 
erythromycin. Ten test tubes with 4 mL of BHI supplemented with spectinomycin were 
each inoculated with four transformants and grown at 22°C for 16 h. The cultures 
were pooled, and transposants were selected on BHI agar plates supplemented with 
spectinomycin at 42°C. Approximately 1,000,000 transposant colonies were pooled, 
diluted to an OD600 of 5, distributed into 500 µL aliquots, and frozen in 15% glycerol 
at −80°C.

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-2515

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

https://doi.org/10.1128/mbio.03777-25


A frozen aliquot (500 µL) of the Tn-library was thawed, washed twice in PA medium, 
and diluted into 50 mL PA medium to an OD600 of 0.05. The culture was grown at 37°C, 
and growth was monitored by OD600 over time. An aliquot was harvested at the onset 
of starvation (input), and the rest of the culture was sporulated for 7 h. Spores from the 
BaR1 strain are less adherent to culture tubes after 7 h of sporulation, and the maximum 
number of heat-resistant CFUs can be recovered. The sporulated sample was incubated 
at 65°C for 30 min to kill vegetative cells and sporulation-defective mutants and plated 
on BHI agar. Approximately 1,000,000 heat-resistant colonies were pooled (output). 
gDNA was isolated from the input and output samples and digested with MmeI, followed 
by barcoded adaptor ligation. The transposon-chromosome junctions were amplified in 
18 PCR cycles using a universal primer that binds the adaptor and a primer that binds 
within the transposon. The PCR product was gel-purified and sequenced on the Illumina 
HiSeq platform using TruSeq reagents (Tufts University Core Facility [TUCF]). The reads 
were mapped to the B. anthracis BaR1 genome, tallied at each TA site, and genes in 
which reads were statistically underrepresented were identified using the Mann-Whitney 
U-test. Visual inspection of transposon insertion profiles was performed with the Sanger 
Artemis Genome Browser and Annotation Tool (48).

Spore purification

Strains were grown in liquid sporulation medium (PA for B. anthracis; DSM for B. subtilis) 
at 37°C to an OD600 of 0.6 and then spread on PA or DSM agar plates and incubated 
for 96 h at 30°C. Spores were harvested and washed three times with ddH2O. The 
spore pellet was resuspended in 20% Histodenz (Sigma-Aldrich), and 350 µL of the 
suspension was layered on top of 1 mL of 50% Histodenz. The step gradient was 
subjected to centrifugation at 15,000 rpm for 30 min at 4°C. The spore pellet was 
collected and washed four times with ddH2O. Except where indicated, the pellet fraction 
contained >95% phase-bright spores as assayed by phase-contrast microscopy. Spores 
were imaged and assayed on the same day they were purified.

DPA quantification

Purified spores were normalized to an OD600 of 1 in 350 µL of ddH2O and incubated for 
30 min at 100°C to release DPA. After centrifugation (15,000 rpm for 5 min), 75 μL of the 
supernatant was added to a black flat-bottom 96-well plate, with 75 μL of 100 μM TbCl3. 
The fluorescence signal was measured at 545 nm with excitation set at 272 nm using an 
Infinite M Plex plate reader (Tecan). Each sample was analyzed in technical triplicates and 
compared with a standard curve to determine the DPA concentration.

DPA release in response to germinants

Purified spores were normalized to OD600 of 1 in ddH2O. B. subtilis spores were heat-acti­
vated for 30 min at 70°C, followed by incubation for 15 min on ice. Because B. anthracis 
5A2 mutant spores are heat-sensitive, B. anthracis spores were not heat-activated prior 
to the germination assay. Seventy-five microliters of spore suspension was transferred 
to a black, flat-bottom, 96-well plate. An equal volume of ddH2O or germinant (2 mM 
L-alanine + 2 mM inosine for B. anthracis; 2 mM L-alanine for B. subtilis) containing 100 
µM TbCl3 was added to initiate germination. The fluorescence was monitored at 545 nm 
with excitation at 272 nm every 2 min for 3 h in an Infinite M Plex plate reader (Tecan). 
The 96-well plate was maintained at 30°C and agitated between measurements. All spore 
samples and conditions were tested in technical triplicate and compared with a standard 
curve to determine DPA release.

Microscopy

Purified spores and sporulation cultures were concentrated by centrifugation and then 
immobilized on 1.5% agarose pads. Phase-contrast microscopy was performed using 
a Nikon Ti2-E inverted microscope equipped with a Plan Apo 100×/1.45 Oil Ph3 
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objective and Hamamatsu ORCA-Flash4.0 V3 Digital CMOS camera. The exposure times 
for phase-contrast were 200 ms. Image analysis and processing were performed using Fiji 
software.

Enrichment screen for ∆NJ2 suppressors

Independent B. anthracis colonies were separately sporulated in 14 × 2 mL PA medium 
for 24 h at 37°C. The sporulated cultures were incubated at 75°C for 30 min (cycle 1), 
and then 500 µL were diluted into 2.5 mL fresh PA medium and incubated at 37°C for 
24 h. After germination, outgrowth, and sporulation, the culture was again incubated at 
75°C for 30 min (cycle 2), and then 500 µL were diluted into 2.5 mL fresh PA medium and 
incubated at 37°C. After five cycles, the cultures were serially diluted and plated on BHI 
agar plates. All 14 cultures achieved wild-type levels of heat resistance. A single colony 
from each culture was re-tested for heat resistance at 75°C, and the suppressor mutations 
were mapped by whole-genome sequencing.

Immunoblot analysis

For sporulating cultures, 1 mL of the cultures was collected by centrifugation and the 
cell pellets were incubated with 50 µL of lysis buffer (20 mM Tris pH 7.5, 10 mM EDTA, 
10 mM MgCl2, 1 mg/mL lysozyme, 10 μg/mL DNase I, 100 μg/mL RNase A, and 1 mM 
PMSF) for 10 min at 37°C followed by the addition of 50 µL of 2× sample buffer (4% SDS, 
250 mM Tris pH 6.8, 20% glycerol, 10 mM EDTA, and Bromophenol blue) containing 10% 
β-mercaptoethanol. For Histodenz-purified spores, spores (OD600=20) were resuspended 
in 500 µL of 1× PBS supplemented with 1 mM PMSF and transferred to 2 mL tubes 
containing Lysing Matrix B (MP Biomedicals). The spores were lysed using a FastPrep 
(MP Biomedicals) with 6.5 m/s for 60 s, followed by incubation on ice. An equal volume 
of 2× sample buffer containing 10% β-mercaptoethanol was immediately added to 
the lysate. After centrifugation (5,000 rpm for 5 min), the supernatant was collected, 
and total protein was determined using a noninterfering protein assay (G-Biosciences). 
Protein concentrations were normalized, samples were heated at 95°C, and resolved by 
SDS-PAGE on 17.5% polyacrylamide gels and transferred to an Immobilon-P membrane 
(Millipore). A second gel containing the same samples was stained for 1 h with 
InstantBlue Coomassie (ISB1L) to control for loading. The membrane was blocked in 5% 
nonfat milk in 1× PBS with 0.5% Tween-20 (PBST) and probed with anti-His (1:4,000; 
GenScript) diluted in 3% BSA in PBST. The primary antibodies were detected with 
anti-mouse (1:10,000) secondary antibodies coupled to horseradish peroxidase (Bio-Rad) 
and detected using Western Lightning ECL reagent (PerkinElmer).

Structural modeling

Structural modeling was performed using AlphaFold 3.0 (49) and Chai-1 (31). pAE plots 
were generated using https://thecodingbiologist.com/tools/pae.html.

Co-purification of B. cereus FLAG-C2, NJ2-VSVG, D2-His, and Eb2-ProC

Plasmids pYG702 (kan) and pYG084 (amp) or pYY057 (amp) were co-transformed into E. 
coli BL21(DE3) containing pAM174 (cat) (50). The resulting expression strains were grown 
in 1 L Terrific broth supplemented with 0.4% glycerol, 0.1% glucose, 1 mM MgCl2, 100 
μg/mL ampicillin, 25 μg/mL kanamycin, and 20 μg/mL chloramphenicol at 37°C with 
agitation until an OD600 of 0.2. The cultures were then transferred to a 20°C shaking 
incubator. When the OD600 reached 0.7, IPTG (0.5 mM final) and arabinose (0.1% final) 
were added. Eighteen hours after induction, cells were harvested by centrifugation at 
8,000 × g for 15 min at 4°C. The cell pellet was resuspended in 45 mL of lysis buffer (50 
mM HEPES at pH 7.6, 150 mM NaCl, 20 mM MgCl2, 0.5 mM DTT) with 5 U/L benzonase 
(Sigma E1014), and lysed by two passages through a cell disruptor (Constant Systems) 
at 25,000 psi. The lysate was subjected to ultracentrifugation at 35,000 rpm for 1 h at 
4°C. The membrane pellet was homogenized in solubilization buffer (20 mM HEPES at 
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pH 7.6, 150 mM NaCl, 20% glycerol, 1% n-dodecyl-β-D-maltopyranoside [DDM; Thermo 
Fisher]) and rotated for 1 h at 4°C. The mixture was subjected to ultracentrifugation at 
35,000 rpm for 1 h at 4°C, and the supernatant was collected and supplemented with 
2 mM CaCl2. The DDM-solubilized proteins were loaded on M1 α-Flag antibody resin (1 
mL bed volume). Bound proteins were washed with 25 column volumes (CVs) of wash 
buffer (20 mM HEPES at pH 7.6, 150 mM NaCl, 20% glycerol, 2 mM CaCl2, 0.1% DDM), and 
then eluted from the column with five CVs of elution buffer (20 mM HEPES at pH 7.6, 150 
mM NaCl, 0.1% DDM, 5 mM EDTA pH 8.0, 0.2 mg/mL FLAG peptide). The eluted proteins 
were resolved by SDS-PAGE on a 17.5% polyacrylamide gel and visualized by InstantBlue 
Coomassie staining (ISB1L) or immunoblot as described above. Prior to SDS-PAGE, 
samples were incubated at 95°C for 5 min when probing for D2-His and NJ2-VSVG, 
and 50°C for 15 min when probing for FLAG-C2 and Eb2-ProC. Primary antibodies were 
anti-His (1:2,000; GenScript), anti-VSVG (1:1,000; Sigma), anti-FLAG (1:5,000; Sigma), and 
anti-Protein C (1:1,000; Sigma).

ACKNOWLEDGMENTS

We thank all members of the Bernhardt-Rudner supergroup for helpful advice, discus­
sions, and encouragement, especially Josh Cofsky for technical and intellectual input; 
Daniel Kearns for pMiniMAD vectors; the MicRoN Core for advice on microscopy; and 
James Kirby, Steve Leppla, Terri Koehler, Roger Plaut, Anne Moir, and David Popham for 
sharing strains, protocols, and invaluable advice.

Support for this work comes from the National Institutes of Health grants 
R01AI164647 and R21AI171308 and from Harvard University (D.Z.R.).

AUTHOR AFFILIATION

1Department of Microbiology, Harvard Medical School, Boston, Massachusetts, USA

PRESENT ADDRESS

Yongqiang Gao, Institute of Microbiology, Chinese Academy of Sciences, Beijing, China

AUTHOR ORCIDs

Yuanchen Yu  http://orcid.org/0000-0002-1179-0840
Fernando H. Ramírez-Guadiana  http://orcid.org/0000-0002-2814-5274
David Z. Rudner  http://orcid.org/0000-0002-0236-7143

FUNDING

Funder Grant(s) Author(s)

National Institute of Allergy and Infectious Diseases R01AI164647 David Z. Rudner

National Institute of Allergy and Infectious Diseases R21AI171308 David Z. Rudner

AUTHOR CONTRIBUTIONS

Yuanchen Yu, Conceptualization, Data curation, Formal analysis, Funding acquisition, 
Investigation, Methodology, Project administration, Supervision, Validation, Writing – 
original draft | Fernando H. Ramírez-Guadiana, Conceptualization, Formal analysis, 
Investigation, Methodology, Supervision, Validation, Writing – original draft, Writing – 
review and editing | Yongqiang Gao, Investigation, Methodology, Supervision, Writing – 
review and editing | David Z. Rudner, Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Project administration, Supervision, Writing – original 
draft, Writing – review and editing

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-2518

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

http://orcid.org/0000-0002-1179-0840
http://orcid.org/0000-0002-2814-5274
http://orcid.org/0000-0002-0236-7143
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100000060
https://doi.org/10.1128/mbio.03777-25


DIRECT CONTRIBUTION

This article is a direct contribution from David Z. Rudner, a Fellow of the American 
Academy of Microbiology, who arranged for and secured reviews by Anne Moir, 
University of Sheffield, and Graham Christie, University of Cambridge.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental Information (mBio03777-25-S0001.pdf). Supplemental methods, 
figures, and tables.

REFERENCES

1. Dixon TC, Meselson M, Guillemin J, Hanna PC. 1999. Anthrax. N Engl J 
Med 341:815–826. https://doi.org/10.1056/NEJM199909093411107

2. Ehling-Schulz M, Lereclus D, Koehler TM. 2019. The Bacillus cereus group: 
Bacillus species with pathogenic potential. Microbiol Spectr 7. https://do
i.org/10.1128/microbiolspec.GPP3-0032-2018

3. Goel AK. 2015. Anthrax: a disease of biowarfare and public health 
importance. World J Clin Cases 3:20–33. https://doi.org/10.12998/wjcc.v
3.i1.20

4. Inglesby TV, O’Toole T, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, 
Friedlander AM, Gerberding J, Hauer J, Hughes J, McDade J, Osterholm 
MT, Parker G, Perl TM, Russell PK, Tonat K, Working Group on Civilian 
Biodefense. 2002. Anthrax as a biological weapon, 2002: updated 
recommendations for management. JAMA 287:2236–2252. https://doi.o
rg/10.1001/jama.287.17.2236

5. Carlson CJ, Kracalik IT, Ross N, Alexander KA, Hugh-Jones ME, Fegan M, 
Elkin BT, Epp T, Shury TK, Zhang W, Bagirova M, Getz WM, Blackburn JK. 
2019. The global distribution of Bacillus anthracis and associated anthrax 
risk to humans, livestock and wildlife. Nat Microbiol 4:1337–1343. https:/
/doi.org/10.1038/s41564-019-0435-4

6. Hoffmaster AR, Hill KK, Gee JE, Marston CK, De BK, Popovic T, Sue D, 
Wilkins PP, Avashia SB, Drumgoole R, Helma CH, Ticknor LO, Okinaka RT, 
Jackson PJ. 2006. Characterization of Bacillus cereus isolates associated 
with fatal pneumonias: strains are closely related to Bacillus anthracis 
and harbor B. anthracis virulence genes. J Clin Microbiol 44:3352–3360. h
ttps://doi.org/10.1128/JCM.00561-06

7. Klee SR, Brzuszkiewicz EB, Nattermann H, Brüggemann H, Dupke S, 
Wollherr A, Franz T, Pauli G, Appel B, Liebl W, Couacy-Hymann E, Boesch 
C, Meyer F-D, Leendertz FH, Ellerbrok H, Gottschalk G, Grunow R, 
Liesegang H. 2010. The genome of a Bacillus isolate causing anthrax in 
chimpanzees combines chromosomal properties of B. cereus with B. 
anthracis virulence plasmids. PLoS One 5:e10986. https://doi.org/10.137
1/journal.pone.0010986

8. Leendertz FH, Lankester F, Guislain P, Néel C, Drori O, Dupain J, Speede 
S, Reed P, Wolfe N, Loul S, Mpoudi-Ngole E, Peeters M, Boesch C, Pauli G, 
Ellerbrok H, Leroy EM. 2006. Anthrax in Western and Central African 
great apes. Am J Primatol 68:928–933. https://doi.org/10.1002/ajp.20298

9. Maksimovic Z, Cornwell MS, Semren O, Rifatbegovic M. 2017. The 
apparent role of climate change in a recent anthrax outbreak in cattle. 
Rev Sci Tech 36:959–963. https://doi.org/10.20506/rst.36.3.2727

10. Moir A, Cooper G. 2015. Spore germination. Microbiol Spectr 3. https://d
oi.org/10.1128/microbiolspec.TBS-0014-2012

11. Piggot PJ, Coote JG. 1976. Genetic aspects of bacterial endospore 
formation. Bacteriol Rev 40:908–962. https://doi.org/10.1128/br.40.4.908
-962.1976

12. Setlow P. 2014. Spore resistance properties. Microbiol Spectr 2. https://d
oi.org/10.1128/microbiolspec.TBS-0003-2012

13. Swick MC, Koehler TM, Driks A. 2016. Surviving between hosts: 
sporulation and transmission. Microbiol Spectr 4. https://doi.org/10.112
8/microbiolspec.VMBF-0029-2015

14. Gao Y, Barajas-Ornelas RDC, Amon JD, Ramírez-Guadiana FH, Alon A, 
Brock KP, Marks DS, Kruse AC, Rudner DZ. 2022. The SpoVA membrane 
complex is required for dipicolinic acid import during sporulation and 
export during germination. Genes Dev 36:634–646. https://doi.org/10.11
01/gad.349488.122

15. Magge A, Granger AC, Wahome PG, Setlow B, Vepachedu VR, Loshon CA, 
Peng L, Chen D, Li YQ, Setlow P. 2008. Role of dipicolinic acid in the 
germination, stability, and viability of spores of Bacillus subtilis. J 
Bacteriol 190:4798–4807. https://doi.org/10.1128/JB.00477-08

16. Gao Y, Amon JD, Artzi L, Ramírez-Guadiana FH, Brock KP, Cofsky JC, 
Marks DS, Kruse AC, Rudner DZ. 2023. Bacterial spore germination 
receptors are nutrient-gated ion channels. Science 380:387–391. https://
doi.org/10.1126/science.adg9829

17. Paidhungat M, Ragkousi K, Setlow P. 2001. Genetic requirements for 
induction of germination of spores of Bacillus subtilis by Ca2+-dipicoli­
nate. J Bacteriol 183:4886–4893. https://doi.org/10.1128/JB.183.16.4886-
4893.2001

18. Daniel RA, Errington J. 1993. Cloning, DNA sequence, functional analysis 
and transcriptional regulation of the genes encoding dipicolinic acid 
synthetase required for sporulation in Bacillus subtilis. J Mol Biol 
232:468–483. https://doi.org/10.1006/jmbi.1993.1403

19. Ramírez-Guadiana FH, Meeske AJ, Rodrigues CDA, Barajas-Ornelas RDC, 
Kruse AC, Rudner DZ. 2017. A two-step transport pathway allows the 
mother cell to nurture the developing spore in Bacillus subtilis. PLoS 
Genet 13:e1007015. https://doi.org/10.1371/journal.pgen.1007015

20. Errington J, Mandelstam J. 1984. Genetic and phenotypic characteriza­
tion of a cluster of mutations in the spoVA locus of Bacillus subtilis. J Gen 
Microbiol 130:2115–2121. https://doi.org/10.1099/00221287-130-8-2115

21. Tovar-Rojo F, Chander M, Setlow B, Setlow P. 2002. The products of the 
spoVA operon are involved in dipicolinic acid uptake into developing 
spores of Bacillus subtilis. J Bacteriol 184:584–587. https://doi.org/10.112
8/JB.184.2.584-587.2002

22. Vepachedu VR, Setlow P. 2004. Analysis of the germination of spores of 
Bacillus subtilis with temperature sensitive spo mutations in the spoVA 
operon. FEMS Microbiol Lett 239:71–77. https://doi.org/10.1016/j.femsle.
2004.08.022

23. Berendsen EM, Boekhorst J, Kuipers OP, Wells-Bennik MHJ. 2016. A 
mobile genetic element profoundly increases heat resistance of 
bacterial spores. ISME J 10:2633–2642. https://doi.org/10.1038/ismej.201
6.59

24. Ramírez-Guadiana FH, Brogan AP, Yu Y, Midonet C, Sher JW, Schmid EW, 
Roney IJ, Rudner DZ. 2025. Identification of sporulation genes in Bacillus 
anthracis highlights similarities and significant differences with Bacillus 
subtilis. PLoS Biol 23:e3003521. https://doi.org/10.1371/journal.pbio.300
3521

25. Huang S, Chen D, Pelczar PL, Vepachedu VR, Setlow P, Li Y. 2007. Levels 
of Ca2+-dipicolinic acid in individual bacillus spores determined using 
microfluidic Raman tweezers. J Bacteriol 189:4681–4687. https://doi.org/
10.1128/JB.00282-07

26. Gao Y, Amon JD, Brogan AP, Artzi L, Ramírez-Guadiana FH, Cofsky JC, 
Kruse AC, Rudner DZ. 2024. SpoVAF and FigP assemble into oligomeric 
ion channels that enhance spore germination. Genes Dev 38:31–45. http
s://doi.org/10.1101/gad.351353.123

27. Kilian M, Bischofs IB. 2023. Co-evolution at protein-protein interfaces 
guides inference of stoichiometry of oligomeric protein complexes by de 
novo structure prediction. Mol Microbiol 120:763–782. https://doi.org/10
.1111/mmi.15169

28. Flores MJ, Duricy K, Choudhary S, Laue M, Popham DL. 2023. A family of 
spore lipoproteins stabilizes the germination apparatus by altering inner 

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-2519

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

https://doi.org/10.1128/mbio.03777-25
https://doi.org/10.1056/NEJM199909093411107
https://doi.org/10.1128/microbiolspec.GPP3-0032-2018
https://doi.org/10.12998/wjcc.v3.i1.20
https://doi.org/10.1001/jama.287.17.2236
https://doi.org/10.1038/s41564-019-0435-4
https://doi.org/10.1128/JCM.00561-06
https://doi.org/10.1371/journal.pone.0010986
https://doi.org/10.1002/ajp.20298
https://doi.org/10.20506/rst.36.3.2727
https://doi.org/10.1128/microbiolspec.TBS-0014-2012
https://doi.org/10.1128/br.40.4.908-962.1976
https://doi.org/10.1128/microbiolspec.TBS-0003-2012
https://doi.org/10.1128/microbiolspec.VMBF-0029-2015
https://doi.org/10.1101/gad.349488.122
https://doi.org/10.1128/JB.00477-08
https://doi.org/10.1126/science.adg9829
https://doi.org/10.1128/JB.183.16.4886-4893.2001
https://doi.org/10.1006/jmbi.1993.1403
https://doi.org/10.1371/journal.pgen.1007015
https://doi.org/10.1099/00221287-130-8-2115
https://doi.org/10.1128/JB.184.2.584-587.2002
https://doi.org/10.1016/j.femsle.2004.08.022
https://doi.org/10.1038/ismej.2016.59
https://doi.org/10.1371/journal.pbio.3003521
https://doi.org/10.1128/JB.00282-07
https://doi.org/10.1101/gad.351353.123
https://doi.org/10.1111/mmi.15169
https://doi.org/10.1128/mbio.03777-25


spore membrane fluidity in Bacillus subtilis spores. J Bacteriol 
205:e0014223. https://doi.org/10.1128/jb.00142-23

29. Johnson CL, Moir A. 2017. Proteins YlaJ and YhcN contribute to the 
efficiency of spore germination in Bacillus subtilis. FEMS Microbiol Lett 
364. https://doi.org/10.1093/femsle/fnx047

30. Khanal S, Kim TD, Begyn K, Duverger W, Kramer G, Brul S, Rajkovic A, 
Devlieghere F, Heyndrickx M, Schymkowitz J, Rousseau F, Broussolle V, 
Michiels C, Aertsen A. 2024. Mechanistic insights into the adaptive 
evolvability of spore heat resistance in Bacillus cereus sensu lato. Int J 
Food Microbiol 418:110709. https://doi.org/10.1016/j.ijfoodmicro.2024.1
10709

31. Boitreaud J, Dent J, McPartlon M, Meier J, Reis V, Rogozhnikov A, Wu K, 
Chai Discovery. 2024. Chai-1: decoding the molecular interactions of life. 
bioRxiv. https://doi.org/10.1101/2024.10.10.615955

32. Ramírez-Guadiana FH, Meeske AJ, Wang X, Rodrigues CDA, Rudner DZ. 
2017. The Bacillus subtilis germinant receptor GerA triggers premature 
germination in response to morphological defects during sporulation. 
Mol Microbiol 105:689–704. https://doi.org/10.1111/mmi.13728

33. Drew D, Boudker O. 2016. Shared molecular mechanisms of membrane 
transporters. Annu Rev Biochem 85:543–572. https://doi.org/10.1146/an
nurev-biochem-060815-014520

34. Arrieta-Ortiz ML, Hafemeister C, Bate AR, Chu T, Greenfield A, Shuster B, 
Barry SN, Gallitto M, Liu B, Kacmarczyk T, Santoriello F, Chen J, Rodrigues 
CDA, Sato T, Rudner DZ, Driks A, Bonneau R, Eichenberger P. 2015. An 
experimentally supported model of the Bacillus subtilis global 
transcriptional regulatory network. Mol Syst Biol 11:839. https://doi.org/
10.15252/msb.20156236

35. Wang ST, Setlow B, Conlon EM, Lyon JL, Imamura D, Sato T, Setlow P, 
Losick R, Eichenberger P. 2006. The forespore line of gene expression in 
Bacillus subtilis. J Mol Biol 358:16–37. https://doi.org/10.1016/j.jmb.2006.
01.059

36. Mustafa A, Al Riyami B, Ow-Young-Villarreal G, Caldbeck R, Pin DCH, 
Yarrow J, Christie G. 2025. Structural and functional analysis of Bacillus 
cereus spore cortex lytic enzymes and YlaJ/YhcN lipoproteins. 
Microbiology (Reading, Engl) 171. https://doi.org/10.1099/mic.0.001591

37. Etienne-Toumelin I, Sirard JC, Duflot E, Mock M, Fouet A. 1995. 
Characterization of the Bacillus anthracis S-layer: cloning and sequenc­
ing of the structural gene. J Bacteriol 177:614–620. https://doi.org/10.11
28/jb.177.3.614-620.1995

38. Thorne CB. 1968. Transduction in Bacillus cereus and Bacillus anthracis. 
Bacteriol Rev 32:358–361. https://doi.org/10.1128/br.32.4_pt_1.358-361.
1968

39. Zeigler DR, Prágai Z, Rodriguez S, Chevreux B, Muffler A, Albert T, Bai R, 
Wyss M, Perkins JB. 2008. The origins of 168, W23, and other Bacillus 
subtilis legacy strains. J Bacteriol 190:6983–6995. https://doi.org/10.1128
/JB.00722-08

40. Schaeffer P, Millet J, Aubert JP. 1965. Catabolic repression of bacterial 
sporulation. Proc Natl Acad Sci USA 54:704–711. https://doi.org/10.1073/
pnas.54.3.704

41. Koo BM, Kritikos G, Farelli JD, Todor H, Tong K, Kimsey H, Wapinski I, 
Galardini M, Cabal A, Peters JM, Hachmann AB, Rudner DZ, Allen KN, 
Typas A, Gross CA. 2017. Construction and analysis of two genome-scale 
deletion libraries for Bacillus subtilis. Cell Syst 4:291–305. https://doi.org/
10.1016/j.cels.2016.12.013

42. Campbell J, Singh AK, Santa Maria JP, Kim Y, Brown S, Swoboda JG, 
Mylonakis E, Wilkinson BJ, Walker S. 2011. Synthetic lethal compound 
combinations reveal a fundamental connection between wall teichoic 
acid and peptidoglycan biosyntheses in Staphylococcus aureus. ACS 
Chem Biol 6:106–116. https://doi.org/10.1021/cb100269f

43. Lunderberg JM, Liszewski Zilla M, Missiakas D, Schneewind O. 2015. 
Bacillus anthracis tagO is required for vegetative growth and secondary 
cell wall polysaccharide synthesis. J Bacteriol 197:3511–3520. https://doi.
org/10.1128/JB.00494-15

44. Arnaud M, Chastanet A, Débarbouillé M. 2004. New vector for efficient 
allelic replacement in naturally nontransformable, low-GC-content, 
Gram-positive bacteria. Appl Environ Microbiol 70:6887–6891. https://do
i.org/10.1128/AEM.70.11.6887-6891.2004

45. Dobihal GS, Flores-Kim J, Roney IJ, Wang X, Rudner DZ. 2022. The WalR-
WalK signaling pathway modulates the activities of both CwlO and LytE 
through control of the peptidoglycan deacetylase PdaC in Bacillus 
subtilis. J Bacteriol 204:e0053321. https://doi.org/10.1128/JB.00533-21

46. Meeske AJ, Rodrigues CDA, Brady J, Lim HC, Bernhardt TG, Rudner DZ. 
2016. High-throughput genetic screens identify a large and diverse 
collection of new sporulation genes in Bacillus subtilis. PLoS Biol 
14:e1002341. https://doi.org/10.1371/journal.pbio.1002341

47. van Opijnen T, Bodi KL, Camilli A. 2009. Tn-seq: high-throughput parallel 
sequencing for fitness and genetic interaction studies in microorgan­
isms. Nat Methods 6:767–772. https://doi.org/10.1038/nmeth.1377

48. Carver T, Harris SR, Berriman M, Parkhill J, McQuillan JA. 2012. Artemis: 
an integrated platform for visualization and analysis of high-throughput 
sequence-based experimental data. Bioinformatics 28:464–469. https://
doi.org/10.1093/bioinformatics/btr703

49. Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, Ronneberger 
O, Willmore L, Ballard AJ, Bambrick J, et al. 2024. Accurate structure 
prediction of biomolecular interactions with AlphaFold 3. Nature 
630:493–500. https://doi.org/10.1038/s41586-024-07487-w

50. Meeske A.J, Riley EP, Robins WP, Uehara T, Mekalanos JJ, Kahne D, 
Walker S, Kruse AC, Bernhardt TG, Rudner DZ. 2016. SEDS proteins are a 
widespread family of bacterial cell wall polymerases. Nature 537:634–
638. https://doi.org/10.1038/nature19331

Research Article mBio

April 2026  Volume 17  Issue 4 10.1128/mbio.03777-2520

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

bi
o 

on
 0

4 
Ju

ly
 2

02
6 

by
 2

09
.6

.1
36

.7
7.

https://doi.org/10.1128/jb.00142-23
https://doi.org/10.1093/femsle/fnx047
https://doi.org/10.1016/j.ijfoodmicro.2024.110709
https://doi.org/10.1101/2024.10.10.615955
https://doi.org/10.1111/mmi.13728
https://doi.org/10.1146/annurev-biochem-060815-014520
https://doi.org/10.15252/msb.20156236
https://doi.org/10.1016/j.jmb.2006.01.059
https://doi.org/10.1099/mic.0.001591
https://doi.org/10.1128/jb.177.3.614-620.1995
https://doi.org/10.1128/br.32.4_pt_1.358-361.1968
https://doi.org/10.1128/JB.00722-08
https://doi.org/10.1073/pnas.54.3.704
https://doi.org/10.1016/j.cels.2016.12.013
https://doi.org/10.1021/cb100269f
https://doi.org/10.1128/JB.00494-15
https://doi.org/10.1128/AEM.70.11.6887-6891.2004
https://doi.org/10.1128/JB.00533-21
https://doi.org/10.1371/journal.pbio.1002341
https://doi.org/10.1038/nmeth.1377
https://doi.org/10.1093/bioinformatics/btr703
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1038/nature19331
https://doi.org/10.1128/mbio.03777-25

	A tetrameric SpoVA2 membrane complex is required for DPA transport into Bacillus anthracis spores
	RESULTS
	A screen for sporulation genes in Bacillus anthracis identifies the spoVA2 (5A2) locus
	The 5A2 locus is critical for DPA accumulation in dormant spores
	Evidence that the 5A2 complex is more active than 5A1 in DPA import
	The 5A1 and 5A2 are both sufficient for DPA release during germination
	The 5A2 transport complex contains C2, D2, Eb2, and NJ2
	NJ2 is important for DPA accumulation and heat resistance
	An Eb2 mutant restores DPA import activity to spores lacking NJ2
	NJ2 is essential for DPA accumulation in B. subtilis spores that depend on the 5A2 operon

	DISCUSSION
	Conclusion

	MATERIALS AND METHODS
	Bacterial strains and media
	CP51-mediated phage transduction in B. anthracis
	Electroporation
	Allelic exchange
	Transposon library construction and transposon-insertion sequencing
	Spore purification
	DPA quantification
	DPA release in response to germinants
	Microscopy
	Enrichment screen for ∆NJ2 suppressors
	Immunoblot analysis
	Structural modeling
	Co-purification of B. cereus FLAG-C2, NJ2-VSVG, D2-His, and Eb2-ProC



