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ABSTRACT Polysaccharides (PS) decorate the surface of dormant endospores
(spores). In the model organism for sporulation, Bacillus subtilis, the composition
of the spore PS is not known in detail. Here, we have assessed how PS synthesis
enzymes produced during the late stages of sporulation affect spore surface
properties. Using four methods, bacterial adhesion to hydrocarbons (BATH) as-
says, India ink staining, transmission electron microscopy (TEM) with ruthenium
red staining, and scanning electron microscopy (SEM), we characterized the contri-
butions of four sporulation gene clusters, spsABCDEFGHIJKL, yfnHGF-yfnED, ytdA-
ytcABC, and cgeAB-cgeCDE, on the morphology and properties of the crust, the out-
ermost spore layer. Our results show that all mutations in the sps operon result in
the production of spores that are more hydrophobic and lack a visible crust, pre-
sumably because of reduced PS deposition, while mutations in cgeD and the yfnH-D
cluster noticeably expand the PS layer. In addition, yfnH-D mutant spores exhibit a
crust with an unusual weblike morphology. The hydrophobic phenotype from sps
mutant spores was partially rescued by a second mutation inactivating any gene in
the yfnHGF operon. While spsl, yfnH, and ytdA are paralogous genes, all encoding
glucose-1-phosphate nucleotidyltransferases, each paralog appears to contribute in a
distinct manner to the spore PS. Our data are consistent with the possibility that
each gene cluster is responsible for the production of its own respective deoxy-
hexose. In summary, we found that disruptions to the PS layer modify spore surface
hydrophobicity and that there are multiple saccharide synthesis pathways involved
in spore surface properties.

IMPORTANCE Many bacteria are characterized by their ability to form highly resis-
tant spores. The dormant spore state allows these species to survive even the harsh-
est treatments with antimicrobial agents. Spore surface properties are particularly
relevant because they influence spore dispersal in various habitats from natural to
human-made environments. The spore surface in Bacillus subtilis (crust) is composed
of a combination of proteins and polysaccharides. By inactivating the enzymes re-
sponsible for the synthesis of spore polysaccharides, we can assess how spore sur-
face properties such as hydrophobicity are modulated by the addition of specific
carbohydrates. Our findings indicate that several sporulation gene clusters are re-
sponsible for the assembly and allocation of surface polysaccharides. Similar mecha-
nisms could be modulating the dispersal of infectious spore-forming bacteria.
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olysaccharides (PS) that decorate bacterial cell surfaces have been highlighted for

their importance as the first point of contact in cell-to-cell, cell-to-host, or cell-to-
surface interactions (1-5). The variety and intricacy of these complex sugar polymers
allow for targeted recognition by other cells, for instance, through receptor specificity
(e.g., with lectins). While this is often studied in the context of vegetative cells, we know
that dormant bacterial endospores (spores) are also decorated with PS (6-9). In this
study, we use Bacillus subtilis spores to investigate the contribution of PS synthesis
enzymes to spore surface properties.

B. subtilis is a Gram-positive model organism for endospore-forming bacteria. In a
nutrient-deprived environment, B. subtilis cells undergo an asymmetric division that
results in one compartment forming a forespore, which will mature into a metabolically
dormant spore, while the other, the mother cell, assists in forespore development and
ultimately lyses (10-13). The spore is known for its ability to survive methods of
sterilization, such as bleach or boiling. These resistance properties derive in large part
from the complex architecture of the spore, which includes two structures built during
spore formation, a thick peptidoglycan layer known as the cortex, and a protein coat
made of more than 80 proteins organized in four concentric layers, the basement layer,
inner coat, outer coat, and crust (14-16). Along with at least one spore membrane,
these layers protect a partially dehydrated core that contains the spore chromosome.
The coat layers assemble in a temporal manner and rely on the successive activation of
sigma (o) factors in the mother cell (oF in early sporulation and oX in late sporulation)
(17). The outermost layer of the spore, the crust, is assembled late during sporulation
by proteins under the control of o It is the structure most likely to influence the
spore’s interactions with its environment (18, 19). The crust is composed of structural
proteins that have a propensity to self-assemble (19-22) and is likely adorned by PS (9,
22, 23). The relative contributions of PS to overall spore surface properties are poorly
understood, resulting in a major gap in the knowledge of how spores interact with the
environment and endure harsh conditions.

Studies on the PS composition of the spore surface reveal that there is large
variation between species of sporulating bacteria (6). Two pathogenic species from the
Bacillus cereus group, Bacillus anthracis and Bacillus cereus, produce spores that closely
resemble B. subtilis spores, although they do not have a crust; they are, however,
encircled by an exosporium, a distinct, ballooning layer of proteins and glycoproteins
assembled in a different manner from the coat (14, 24-26). Furthermore, B. anthracis
spores have a surface deoxyhexose unique to the species called anthrose, while B.
cereus has cereose and B. subtilis has quinovose (27-29). While previous studies have
determined pathways for anthrose and cereose, the pathway responsible for the
production of quinovose is still unclear (8, 26). At least one pathway of carbohydrate
production during late sporulation is characterized in B. subtilis and is controlled by the
spore polysaccharide synthesis (sps) operon. The last four genes, spsiJKL, are attributed
specifically to rhamnose production (8, 9). Rhamnose is known to decorate the surface
of B. subtilis and the B. cereus group spores, and oX-dependent operons responsible for
rhamnose synthesis during sporulation have been found in both (8, 26). The spslJKL
gene functions have been conserved and are orthologous to the rm/ACBD operon in the
B. cereus group (26). Still, it is unclear in which PS synthesis pathway(s) the seven
upstream genes in the sps operon, spsABCDEFG, are involved. A second spore polysac-
charide synthesis locus under the control of o, spsM, has been characterized in B.
subtilis (23, 30).

Our previous research identified two additional o®-dependent gene clusters, ytdA-
ytcABC and yfnHGF-yfnED, potentially involved in spore PS synthesis (31). Interestingly,
ytdA and yfnH are paralogous to sps/, and they all encode glucose-1-phosphate nucle-
otidyltransferases. The production of glucose-1-phosphate, using nucleoside triphos-
phates as an energy source, is often the first step in the synthesis of deoxyhexoses from
glucose (32). Since each paralog apparently utilizes a different nucleotide, they may be
involved in pathways producing different deoxyhexoses. It is even possible that one of
these pathways is involved in the synthesis of the B. subtilis-specific deoxyhexose
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quinovose. The molecular composition and the global architecture of the PS that
decorate Bacillus spores are likely to dictate their interaction with the environment.
Therefore, we have analyzed the contributions of these o*-dependent gene clusters to
the B. subtilis spore surface properties. One of our major goals is to understand how
these genes may influence spore dispersal in aqueous environments and, conversely,
persistence in soils or hospital surroundings, extremely important functions of spores in
human-made and natural environments (33). Studies of the B. cereus group have found
that there is variability in spore properties, including hydrophobicity, between species
(34, 35). The degree of hydrophobicity can dictate the level of adherence (36, 37). Since
some pathogenic species might be more hydrophobic than nonpathogenic species,
hydrophobicity might impact infection (28, 38). For example, the exosporium of the B.
anthracis spore appears to contribute to its affinity for soil types grazed by livestock
(39). Given the complexity of PS composition and their ability to dictate charge and
alter other physical and chemical surface properties, the possibility that the PS present
on the spore surface modulate hydrophobicity and adhesion constitutes an important
area of investigation.

In this article, we continue a line of research initiated when we investigated how
spore surface properties were influenced by the structural proteins responsible for
proper crust assembly, focusing on cotO and cotVWXYZ (22). The deletion of these
genes greatly disrupted the crust structure, resulted in perturbations of the PS distri-
bution around the spore, and caused modifications in the hydrophobicity of the spore
surface. Our data also suggested, however, that the crust might not constitute the sole
anchoring point for PS and that there may be a PS layer between the outer coat and
the crust. It remains unclear if the outer coat is an anchor site by default, i.e., solely used
in the absence of the crust, or if wild-type spores bear more than one site for PS
addition. Our previous work also looked at the cgeAB operon because of its potential
role in PS anchoring in B. subtilis spores (22). Roels and Losick originally showed that
cgeAB and cgeCDE are two adjacent operons expressed under the control of ¥ and
GerE that confer specific properties to the outermost layer of the spore, possibly by
glycosylation of coat proteins (40). Here, we show that genes involved in PS synthesis
during sporulation influence the degree of hydrophobicity of B. subtilis spores and that
these genes have distinct and sometimes antagonistic functions on the assembly of the
PS layer. Our data provide insights on the mechanisms used by the spore to dictate its
interactions with the environment and will guide future investigations aimed at iden-
tifying all the carbohydrates decorating the spore surface.

RESULTS

Contributions of the spsA-L operon to spore surface properties. We utilized
three methods of analysis, i.e., bacterial adherence to hydrocarbons (BATH) assays,
negative staining of spore PS with India ink, and transmission electron microscopy
(TEM) with ruthenium red staining, to observe the contributions of the spsA-L operon
to spore surface properties and crust morphology. The BATH assay is a technique where
spores are suspended in a polar aqueous phase (phosphate-buffered saline [PBS])
layered with a nonpolar organic solvent, hexadecane. The percentage of spores re-
maining in the aqueous layer is obtained by comparing the optical densities of the
spore suspension before and after vortexing. All three methods were used recently to
determine the roles played by crust structural proteins in these properties (22). Previous
work has revealed that the last four genes in the spsA-L operon encode enzymes
involved in rhamnose biosynthesis during the late stages of sporulation (8). The rest of
the operon has not been characterized biochemically, even though detailed structural
information is available for many proteins, including the crystal structure of the
nucleotide-diphospho-sugar transferase SpsA (41). Every gene in the spsA-L operon
shows significant homology to genes encoding either glycosyltransferases or enzymes
participating in carbohydrate biosynthesis/modification reactions (Fig. 1; see also Fig.
S1 in the supplemental material). All individual mutants in the operon produce spores
that exhibit a strong hydrophobicity profile by BATH assay (relative to the more-

October 2019 Volume 201 Issue 19 e00321-19

Journal of Bacteriology

jb.asm.org 3


https://jb.asm.org

Shuster et al.

oK
spsC . spsD spsE spsd
— —) ) E—) =)
SpsA  spsB spsG spsK spsL
oF/cK
nG,

—)
. . yfnF yfnE  yfnD
sps: spore polysaccharide synthesis

cge: controlled by GerE

oK
tcB
ytcA ytcC
oK oK K
cgeE : h :I
cgeD cgeC cgeAcgeB spsM/1 SPB prophage spsM/2
(yodU)

(134 kb, 187 ORFs) (ypqP)

mm)  Glycosyltransferase
==) Aminotransferase mm) NDP-glucose dehydratase
=) Acyl-CoA N-acyltransferase =) JTDP-dehydrorhamnose reductase
— Phosphoenolpyruvate — dTDP -4-dehydrorhamnose

-sugar pyruvyltransferase -3,5-epimerase

=)  UDP-glucose dehydrogenase

==  Crust protein =) Phytase
—> Unknown

FIG 1 Gene clusters involved in spore polysaccharide synthesis. Chromosomal regions encoding en-
zymes involved in spore PS synthesis in B. subtilis are shown. Arrows for each gene signal the
transcriptional direction and the colors are associated with respective gene functions. Promoter locations
and sporulation o factor dependencies for each operon are also indicated with arrows (43, 45). Several
of these operons have been partially characterized. The last four genes of the spsA-L operon are involved
in rhamnose synthesis (8). The spsM gene (interrupted by the SPB prophage, which is excised from the
mother cell genome during sporulation) is also known to be necessary for spore PS synthesis (23). The
cgeAB operon encodes a protein component of the spore crust (CgeA) and a putative glycosyltransferase
(CgeB) (20, 40). The glucose-1-phosphate nucleotidyltransferase, Spsl, has two paralogs, YfnH and YtdA,
both expressed during the late stages of sporulation under the control of the mother cell sigma factor
o® (31). Based on sequence homology, adjacent sporulation genes also appear to be involved in PS
synthesis. Putative PS synthesis pathways are detailed in Fig. S1. ORFs, open reading frames.

hydrophilic wild-type spores), with less than 25% of spores remaining in the aqueous
layer after addition of the organic solvent hexadecane and vortexing for 90 s (Fig. 2A
and S2A). For genes specifically implicated in rhamnose production, BATH assays
indicate that only 13% = 2% of Aspsl mutant spores remain in the aqueous layer
(similarly, 15% = 6% remain for Asps) mutant spores, 14% * 2% remain for AspsK
mutant spores, and 11% = 3% remain for AspsL mutant spores). Furthermore, inacti-
vation of any one gene in the operon (as well as deletion of the entire operon) results
in the production of spores devoid of any perceivable halo by negative staining with
India ink, suggesting a major disruption of the PS layer (Fig. 2B and S2B). Previous
research has indicated that ruthenium red staining assists in the visualization of the
spore crust by TEM (7, 19). TEM analysis of sps mutant spores is consistent with the
hypothesis that rhamnose synthesis is necessary for spore PS production, since Asps/
mutant spores differ drastically from wild-type spores in the sense that the crust layer
is barely detectable, whereas the rest of the coat assembles normally (Fig. 2C). Never-
theless, some features alluding to the presence of an outermost layer persist, e.g., an
unstained interspace region between the outer coat and the potential localization of
the crust layer. The observed defect is most likely due to a defect in PS deposition on
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FIG 2 Contributions of the spsA-L operon to spore surface properties. (A) BATH assay of spores with the
following gene deletions: Aspsl (PE2763), AspsJ (PE3348), AspsK (PE3349), and AspsL (PE3350). An inability
to synthesize rhamnose causes an increase in relative hydrophobicity profiles compared to wild-type
(WT) spores (PY79). Deletions of genes upstream of sps/ also result in the production of spores that are
more hydrophobic (Fig. S2A). Experiments were performed in triplicate; error bars represent standard
deviations. (B) India ink staining is a method revealing the presence of a PS layer by negative staining.
Wild-type spores (168) are surrounded by a halo confirming the presence of a PS layer. The following sps
mutant spores exhibit no halo, suggesting disruption of the PS layer: Asps/ (BKE37840), AspsJ (BKE37830),
AspsK (BKE37820), and AspsL (BKE37810). Similar results are obtained with deletions upstream of sps/ or
by deletion of the entire sps operon (Fig. S2B). Scale bars = 2.5 um. (C) Analysis of spore crust
morphology by TEM with ruthenium red staining shows that wild-type spores (PY79) are surrounded by
an electron-dense outer coat layer (Oc, orange arrow) and a crust (Cr, red arrow). Asps/ spores (PE2763)
have a greatly reduced crust (red arrow), while the outer coat remains intact (orange arrow). Scale bars =
200 nm. Analysis of the localization of the crust proteins CotX-GFP, CotY-GFP, CotZ-GFP, and CgeA-GFP
in Aspsl mutant sporulating cells indicates that their localization is unaffected, suggesting that the
deletion of spsl does not interfere with crust protein assembly but prevents PS deposition (Fig. S2C).

the preassembled protein components of the crust, as it does not appear that assembly
of the crust structural proteins is disrupted in the Asps/ mutant. Specifically, green
fluorescent protein (GFP) fusions to crust proteins CgeA, CotX, CotY, and CotZ localize
in a similar manner in wild-type and sps/ mutant spores (Fig. S2C). Taken together, our
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results indicate that the inability to properly synthesize rhamnose (and any carbohy-
drate whose biosynthesis/modification would be controlled by the spsA-L operon)
results in perturbed surface properties and a severe disruption of the PS layer around
the spore. This interpretation agrees with previous work highlighting the importance of
the spsA-L operon or rhamnose synthesis to spore surface properties in B. subtilis and
B. anthracis (6, 9, 38, 42).

Impact of glucose-1-phosphate nucleotidyltransferases on spore surface prop-
erties. B. subtilis contains two Spsl paralogs (YfnH and YtdA) that are also expressed
during late sporulation under the control of o¥ (31). Based on sequence analysis, all 3
enzymes are glucose-1-phosphate nucleotidyltransferases catalyzing the addition of
nucleoside diphosphates to glucose during PS synthesis (Fig. 1). Each of these enzymes,
however, appears to utilize a different nucleoside triphosphate as the substrate, as Spsl
is a thymidylyltransferase, YfnH is a cytidylyltransferase, and YtdA is a uridylyltrans-
ferase. These differences in energy sources suggest that these enzymes could play
distinct roles in PS production, e.g., that they may be involved in the synthesis of
different monosaccharides (Fig. S1). An alternative hypothesis would be that they can
all participate in the same pathway and contribute different forms of activated glucose
substrates. If that were the case, however, these enzymes would likely have partially
redundant functions. We performed BATH assays, India ink staining, and TEM with
ruthenium red staining in order to better understand the roles played by these poorly
characterized enzymes in crust morphogenesis, especially how they may influence the
structure of the PS layer.

As reported above (Fig. 2), Aspsl mutant spores are more hydrophobic than are
wild-type spores by BATH assays and display a severely reduced PS layer in India ink
and TEM evaluations. In contrast, AytdA and AyfnH mutant spores are indistinguishable
from hydrophilic wild-type spores in the BATH assays (31), settling in the aqueous
phase at 94% * 1% and 98% = 2%, respectively (Fig. 3A). However, upon visualization
by India ink staining, AyfnH mutant spores have an expanded PS layer (see Fig. 3B for
a representative image, Fig. 4A for an additional image, and Fig. 4B and S4A for
quantification of the halo areas). It is possible that AytdA mutant spores have a slightly
expanded PS layer, but the increase in width is modest in comparison to wild-type
spores (Fig. 3B and S3A for quantification of the halo area). We also investigated if
genes from the a*-controlled ytcABC operon adjacent to ytdA (Fig. 1) were necessary for
spore PS production but observed no significant difference between wild-type and
mutant spores (Fig. S3H for BATH assays and Fig. S3I for negative staining).

Further analysis by TEM and ruthenium red staining confirms the expanded PS
structure in the AyfnH mutant spores and reveals an unexpected weblike architecture
(Fig. 3C and S3D). Wild-type, Aspsl mutant, and AyfnH mutant spores were also
subjected to scanning electron microscopy (SEM). Images of AyfnH mutant spores
confirmed the presence of an intricate weblike structure. In several spores, this struc-
ture covered the entire spore surface, but in other instances, the weblike structure was
found predominantly at the spore poles (Fig. S3G). Wild-type and Asps/ mutant spores
exhibited a much smoother surface appearance (Fig. 3D and S3E and F). Because the
SEM protocol does not use ruthenium red staining (the traditional osmium tetroxide
stain is used instead), it was unclear whether it would be possible to detect PS on the
spore surface. Yet, the extra PS produced by the AyfnH mutant was clearly visible under
these conditions. Taken together, our observations suggest that yfnH affects the
formation of the PS layer and that it does so in a different manner than the spsA-L
operon, possibly by changing the number or composition of the monosaccharides
added to the protein components of the crust or by affecting the branching of the
saccharide polymers. Importantly, the deletion of yfnH does not appear to perturb the
localization of any crust proteins fused to GFP (Fig. S2C). Analysis by TEM of AytdA
mutant spores does not reveal major differences in morphology with wild-type spores
(Fig. 3C and S3B and Q). The crust is present and more visible than in Asps/ mutant
spores but much less expanded than in AyfnH mutant spores. In summary, our data
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FIG 3 Putative glucose-1-phosphate nucleotidyltransferases expressed during late sporulation play different roles
in spore PS synthesis. The following three o*-dependent sporulation genes encode putative glucose-1-phosphate
nucleotidyltransferases: spsl, yfnH, and ytdA. (A) Analysis by BATH assays. While deletion of sps/ (PE2763) causes a
significant increase in spore hydrophobicity, AyfnH (PE2919) and AytdA (PE2764) mutant spores are indistinguish-
able from wild-type spores (PY79). Experiments were performed in triplicate; error bars represent standard
deviations. (B) Analysis by India ink staining. Asps/ mutant spores (BKE37840) show no halo, AytdA mutant spores
(BKE30850) have halos that are similar in size to wild-type (168) spores, and AyfnH mutant spores (BKE07270) have
expanded halos. Quantification of halo areas for AytdA and AyfnH mutant spores is reported in Fig. S3A and S4A,
respectively. Scale bars = 2.5 um. (C) Imaging of wild-type (PY79), Aspsl mutant (PE2763), AytdA (PE2764), and
AyfnH mutant (PE2919) spores by TEM with ruthenium red staining. Inactivation of yfnH results in the production
of spores surrounded by a large and extensive weblike PS (red arrow) with an intact outer coat (orange arrow).
Scale bars = 200 nm. Additional TEM images can be found in Fig. S3B to D. (D) Scanning electron micrographs of
wild-type (PY79), Asps/ mutant (PE2763), and AyfnH mutant (PE2919) spores. Scale bars = 500 nm. Additional SEM
images can be found in Fig. S3E to G. BATH assays and India ink staining for deletions in the ytcABC operon are
presented in Fig. S3H and |, respectively.

imply that the paralogs of Spsl do not have redundant activities and that YfnH
especially has distinct contributions to the process of spore PS synthesis.

Systematic analysis of the yfnH-D gene cluster. The yfnH gene belongs to a cluster
composed of two operons (Fig. 1), yfnHGF, controlled by a o*-dependent promoter
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FIG 4 Gene deletions in the yfnHGFED cluster result in expansion of the PS layer. (A) Analyses by India ink staining
of a deletion mutant of the entire yfnH-D gene cluster (NY35) and individual gene deletions, as follows: AyfnD
(BKEO7310), AyfnE (BKE0O7300), AyfnF (BKE07290), AyfnG (BKE07280) and AyfnH (BKE07270). All deletion mutants
exhibit an increase in spore halo width compared to wild-type spores (168). Scale bars = 2.5 um. (B) Measurements
of the halo areas (numbers of spores correspond to the number of spores considered for the measurements) for
wild-type (168) and AyfnH-D (NY35) spores. Measurements for AyfnD (BKE07310), AyfnE (BKE07300), AyfnF
(BKE07290), AyfnG (BKE07280) and AyfnH (BKE07270) mutant spores can be found in Fig. S4A. (C) Analyses of spore
surface extracts by gel electrophoresis (5% polyacrylamide, Tris-borate-EDTA [TBE], stained with Stains-All). All
mutants show an increase in size presumably caused by an expansion in PS content. BATH assays for each deletion
mutant in the yfnH-D cluster are displayed in Fig. S4B. (D) Imaging of AyfnE (PE3063), AyfnF (PE3062), and AyfnG
(PE2961) mutant spores by TEM with ruthenium red staining. Mutant spores exhibit extensive weblike PS (red
arrow) with an intact outer coat (orange arrow). Scale bars = 200 nm. TEM images of spore fields can be found in
Fig. S4C to E. (E) Analysis of AyfnF (PE3062) mutant spores by SEM. Scale bar = 500 nm. A larger field of spores is
displayed in Fig. S4F.

upstream of yfnH, and yfnED, under the control of a ¢®- and o*-dependent promoter
upstream of yfnE (43). We confirmed that disruption of the entire cluster or individual
gene deletions all resulted in expansion of the spore PS layer (see Fig. 4A for repre-
sentative images; see Fig. 4B and S4A for quantification of the halo areas). The increase
in size of the PS layer is also detected in electrophoresis of spore surface extracts (Fig.
4Q). This technique had been previously used to confirm the implication of spsM in
spore PS synthesis (23). In 5% native polyacrylamide gels stained with Stains-All (a dye
that reveals PS, nucleic acids, and acidic proteins), spore surface extracts from each of
the individual gene deletions in the yfnH-D cluster migrate at a higher molecular
weight than do extracts from wild-type 168 spores. Consistent with this observation,
evaluation of AyfnE, AyfnF, or AyfnG mutant spores by TEM also revealed that crusts
have largely expanded PS layers with a weblike structure (Fig. 4D and S4C to E). As
expected, in BATH assays, each of the mutants in the yfnH-D cluster produced spores
that are as hydrophilic as wild-type spores (Fig. S4B). Analysis of AyfnF mutant spores
by SEM (Fig. 4E and S4F) confirms the presence of an expanded weblike structure,
although the expansion is more noticeable at the poles than in the center of the spore
surface.
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Partial complementation of the Asps/ phenotype by inactivation of yfnF or
yfnH. The expanded nature of the PS layer in the AyfnH, AyfnF, and AyfnE mutant
spores is in direct contrast with the PS layer reduction in Asps/ mutant spores, leading
us to explore how these operons may interact to contribute to PS distribution and, thus,
modulate spore surface properties. Specifically, we characterized the phenotypes of the
Aspsl AyfnH, Aspsl AyfnF, and Aspsl AyfnE double mutants. In BATH assays (Fig. 5A), we
observe partial complementation of the spore hydrophobicity phenotype of the Asps/
mutant with deletion of yfnH or yfnF (43% = 11% of spores in the aqueous phase for
the Aspsl AyfnH mutant and 34% =+ 7% for the Aspsl AyfnF mutant). Yet, the recovery is
incomplete since double-mutant spores remain more hydrophobic than do wild-type
spores. Furthermore, not every double mutant rescues the spore hydrophobicity
phenotype since inactivation of yfnD or yfnE has no effect (Fig. S5A) (7% = 2% for the
Aspsl AyfnE mutant and 9% = 3% for the Aspsl AyfnD mutant). By negative staining with
India ink, it does not seem that there is a significant difference between the PS layer
morphology of Aspsl mutant spores and double-mutant spores, as neither exhibits a
halo (Fig. 5B). In contrast, by ruthenium red staining in TEM, a technique that might be
more sensitive to certain forms of PS, a significant degree of complementation is
observed in all of the double mutants (Fig. 5C and S5B for the Aspsl AyfnF mutant and
Fig. S5C for the Aspsl AyfnE and Aspsl AyfnH mutants). In Aspsl AyfnF mutant spores, we
detect the presence of a thin crust by TEM (Fig. 5C, bottom, red arrows), while, as
reported above, little to no crust could be detected in Asps/ mutant spores (Fig. 5C, top
right), and an expanded crust is observed in AyfnF spores (Fig. 5C, top left, red arrow).
Similarly, some restoration of the crust structure was observed in Asps/ AyfnH and Asps/
AyfnE mutant spores (Fig. S5C, red arrows). By SEM, however, the Aspsl AyfnF mutant
(Fig. 5D and S5E) and Aspsl AyfnH mutant (Fig. S5D) spores are similar to the Asps/
mutant spores. Taken together, the data collected for the double-mutant spores
suggest partial complementation of the Asps/ phenotype by inactivation of specific
genes in the yfnH-D cluster. This intermediate phenotype is likely a consequence of the
spsA-L operon and the yfnH-D cluster having antagonistic functions in PS assembly,
since deletion of spsA-L causes reduction of the spore PS layer, whereas deletion of
yfnH-D causes expansion of the spore PS layer.

Contributions of the cgeCDE operon to spore crust structure. The cgeABCDE
cluster is composed of two divergently oriented operons expressed during late sporu-
lation under the control of o* and GerE (40). The spsM gene, which is known to be
involved in spore PS synthesis, is in the vicinity of the cge cluster (23) (Fig. 1). Previous
research has shown that both cge operons contribute to spore surface properties (40).
The first operon, cgeAB, has been characterized in more detail. CgeA is a structural
spore crust protein, while CgeB is a putative glycosyltransferase essential for proper
crust morphology (18, 20, 22). The contributions made by the second operon, cgeCDE,
are less well understood, although sequence analyses provide some clues. Notably,
cgeD, which is paralogous to spsA, encodes a putative glycosyltransferase. Similarly,
cgeE is homologous to spsD, and both genes encode putative acetyl-coenzyme A
(acetyl-CoA) acetyltransferases. In contrast, cgeC is a small gene with no sequence
similarity to genes of known function. It is currently not known if CgeC, CgeD, and CgeE
belong to a specific monosaccharide synthesis pathway, but our results imply that they
do play a role in proper formation of the PS layer on mature spores. By BATH assays,
AcgeC and AcgeE mutant spores are as hydrophilic as wild-type spores, both settling at
97% * 1% in the aqueous phase (Fig. 6A). There was, however, a small but consistent
drop in hydrophilicity for AcgeD mutant spores (76% = 3%) (Fig. 6A). By India ink
staining, there is a clear increase in halo width around AcgeD mutant spores, suggesting
an expansion of the PS layer (Fig. 6B and S6A for halo quantification and Fig. S6B for
additional images). The increase is consistent with the analysis of spore surface extracts
by gel electrophoresis, where extracts from AcgeD mutant spores show a distinctly
increased size (Fig. S6C). These observations, however, do not extend to AcgeC or AcgeE
mutant spores, as they appear to be indistinguishable from wild-type spores. It is
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FIG 5 Partial complementation of the Aspsl phenotype by deletion of yfnH or yfnF. (A) By BATH assay, the AyfnH Aspsl
(PE3119) or AyfnF Aspsl (PE3118) double-deletion mutants have a greater percentage of spores remaining in the aqueous
layer than did Asps/ single-mutation spores (PE2763), and fewer spores remaining in the aqueous layer than AyfnH
(PE2919) or AyfnF (PE3062) single-mutation spores, implying partial complementation. BATH assays for AyfnD Asps!
(PE3357) and AyfnE Aspsl (PE3117) mutants are shown in Fig. S5A. Experiments were performed in triplicate; error bars
represent standard deviation. (B) Analysis of the PS layer in double mutants by India ink staining; AyfnH Asps! (PE3119)
and AyfnF Aspsl (PE3118) mutants do not seem to have a larger halo than do Asps/ (BKE37840) mutant spores. Scale
bars = 2.5 um. (C) Close-ups of Asps/ AyfnF mutant spores imaged by TEM and ruthenium red staining. The complete
spores are shown in Fig. S5B. Top left, AyfnF (PE3062) mutant spores have an expanded and weblike PS layer (red arrow)
in relation to the outer coat (orange arrow). Top right, Asps/ (PE2763) mutant spores have thinned and scarcely visible
crust. Bottom, AyfnF Aspsl (PE3118) mutant spores have a more visible crust structure, suggesting partial rescue of the
surface morphology defects observed in Asps/ (PE2763) mutant spores. A similar analysis for AyfnE (PE3063), AyfnH
(PE2919), AyfnE Aspsl (PE3117), and AyfnH Aspsl (PE3119) mutant spores is provided in Fig. S5C. (D) Analysis of AyfnF
(PE3062), Asps! (PE2763), and AyfnF Aspsl (PE3118) mutant spores by SEM. Scale bars = 500 nm. SEM images for AyfnH
(PE2919) and AyfnH Aspsl (PE3119) mutant spores can be found in Fig. S5D. An additional SEM image of a field of and
AyfnF Aspsl (PE3118) mutant spores is provided in Fig. S5E.

interesting to contrast the phenotype of AcgeD mutant spores, which resembles the
phenotype of AyfnH mutant spores, with the phenotype previously characterized for
AspsM spores (23) that showed a drastic reduction of the PS layer, analogous to that
observed for Aspsl mutant spores. However, further inspection of spore ultrastructure
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FIG 6 Analysis of spore surface properties in mutants with deletions in the cgeCDE operon. (A) BATH
assays reveal a slight increase in hydrophobicity in AcgeD spores (PE2918) compared to wild-type spores
(PY79), while AcgeC (PE2917) and AcgeE (PE3065) mutant spores are indistinguishable from the wild type.
Experiments were performed in triplicate; error bars represent standard deviation. (B) By negative
staining with India ink, AcgeD (NY227) mutant spores have a spread and increased width PS layer. The
AcgeC (NY226) and AcgeE (NY228) mutants have no observable change to the PS layer. Scale bars =
2.5 um. Measurements of halo areas for AcgeD (NY227) mutant spores are provided in Fig. S6A and
additional images of spores in Fig. S6B. Analyses of spore surface extracts by gel electrophoresis can be
found in Fig. S6C. Extracts from AcgeD (NY227) mutant spores show an increase in size presumably
caused by an expansion in PS content; the size distribution for extracts from AcgeC (NY226) and AcgeE
(NY228) mutant spores is similar to that observed for wild-type spores (168). (C) TEM with ruthenium red
staining of AcgeD (PE2918) mutant spores reveals elongated crust filaments (red arrow), which can be
attached or balloon away from a speckled outer coat (orange arrow). Scale bars = 200 nm.

by TEM with ruthenium red staining reveals clear differences between AcgeD and AyfnH
mutant spores. While AyfnH mutant spores have normal outer coat morphology, AcgeD
mutant spores have a speckled outer coat. Furthermore, even though AcgeD mutant
spores have an expanded filamentous crust that balloons away from the spore surface
(Fig. 6C), they do not show the weblike crust architecture observed in AyfnH mutant
spores. In addition, while the India ink staining results are reminiscent of the expanded
PS layer in AyfnH or AyfnF mutant spores, inactivation of cgeD does not rescue (even
partially) the phenotype of Asps/ mutant spores (Fig. S6D). Deletion of cgeD also fails to
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rescue the phenotype of AspsM (AypgP) mutant spores (Fig. S6E). Together, these data
suggest that cgeD is also involved in shaping the PS layer, thus contributing to spore
surface properties, but its role is different from the yfnH-D cluster since it is not acting
antagonistically to the spsA-L operon.

DISCUSSION

In this study, we focused on the saccharide synthesis pathways active during spore
formation in B. subtilis. The corresponding enzymes are encoded by four oX-dependent
gene clusters, spsA-L, yfnHGF-yfnED, ytdA-ytcABC, and cgeCDE-cgeAB-phy-spsM (Fig. 1;
also see Fig. S1 in the supplemental material). The spsA-L operon is the best charac-
terized of the four, especially the spslJKL cassette, which was previously shown to be
involved in rhamnose synthesis (8). Our interest in yfnH and ytdA derived from the
observation that these genes are paralogous to spsl, while cgeD is a paralog of spsA (and
cgeE of spsD). The data we report here indicate that most of these previously unchar-
acterized gene regions play a role in spore surface properties. While we are still unsure
of the exact molecular composition and structure of the final saccharide products, our
data imply that the decoration of the spore by a PS layer significantly contributes to
spore surface morphology and hydrophobicity. Based on the different phenotypes of
mutants and combination of mutants uncovered by BATH assays, we believe that
paralogous genes spsl, yfnH, and ytdA are likely all working toward the syntheses of
their own respective monosaccharides and saccharide polymers (Fig. 1 and S1), al-
though it is also possible that any one pathway could further modify the carbohydrates
produced by a different pathway.

Deletion of the entire spsA-L operon, as well as individual disruption of the spsA-L
genes, produces mature mutant spores that are all more hydrophobic than are wild-
type spores, as assessed by BATH assays (Fig. 2A). While we know that spsUKL is
necessary for rhamnose synthesis, it is unclear how spsA-G contributes to monosac-
charide and/or PS synthesis. The corresponding enzymes could act to further modify
the composition of the PS or help their proper transfer to the crust or some other coat
layer. The phenotype of sps/ mutant spores is also quite characteristic when imaged by
India ink and TEM with ruthenium red staining. Both methods show that the morphol-
ogy of the outermost layer of the spore is severely impaired (lack of a halo by India ink,
barely detectable crust by TEM [Fig. 2B and CJ).

The experiments we conducted toward the characterization of the yfnH-D cluster
revealed unexpected phenotypes, since mutants of either the whole cluster or individ-
ual genes displayed an opposite phenotype to the sps/ mutant. Given that a BATH assay
cannot uncover increases in spore hydrophilicity in comparison to wild-type spores, it
did not give us clues to the contribution of yfnH-D genes to PS distribution on the crust
(Fig. S4D). In contrast, yfnH mutant spores stained with India ink or ruthenium red in
TEM both showed a previously unseen expansion of the PS layer. Spores with mutations
in any gene in the yfnH-D cluster are surrounded by a larger halo, and a weblike
expanded crust layer around the spore was observed by TEM (Fig. 4). Structurally, the
PS expansion is very noticeable by TEM, but how each individual mutant achieved this
phenotype is unclear. It could be that without this functional saccharide synthesis
pathway, there is a build-up of the precursors to the final yfnH-D enzymatic PS output.
Knowledge of the monosaccharides synthesized by the yfnH-D cluster will help to
understand how the weblike phenotype is created.

A comparison of the data for the spsA-L mutant spores to the yfnH-D mutant spores
suggests that the pathways of PS production by the two gene groups are somehow
connected. To explore this possibility, we analyzed the phenotypes of spores carrying
mutations in both gene clusters. In the BATH assays, a double mutant of yfnF and sps/
(or of yfnH and spsl) shows a partial rescue of the hydrophobic phenotype (Fig. 5A).
However, mutations in genes located further downstream (yfnD or yfnE) do not cause
this partial rescue (Fig. S5). YfnF, YfnE, and YfnD are all annotated as putative glyco-
syltransferases, but the yfnH-D cluster is composed of two operons (yfnHGF and yfnED),
each controlled by an individual promoter (43). It is thus possible that the functions of
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YfnE and YfnD are not specific to the output of the YfnHGF PS production pathway
(Fig. 1). Furthermore, the promoter of the yfnED operon is also recognized by o¥,
implying that YfnE and YfnD are produced at an earlier stage in sporulation than all the
other PS-synthesizing operons investigated here. In total, data collected for the double-
mutation strains highlight the complicated interaction between the various carbohy-
drate synthesis pathways during sporulation. Future glycomics and biochemical anal-
yses are required to identify the various products, the specific contributions of each
enzyme, and the precise functions of the numerous transglycosylases in this process.

While we were unable to find a clear phenotypic contribution for the ytdA-ytcABC
cluster (Fig. S3), future studies into these genes can help us see how they fit into the
greater scheme of PS synthesis during sporulation. The precise role of the cge cluster
also remains an open question (40). Previous research showed the importance of the
proteins CgeA and CgeB to the structure of the spore crust (20, 22). By India ink
staining, AcgeD mutant spores exhibit an expanded PS layer, but unlike other mutant
spores with a similar phenotype, AcgeD mutant spores are not entirely hydrophilic by
BATH, and inactivation of cgeD cannot rescue the sps/ mutant (Fig. 6 and S6D) nor the
spsM mutant (Fig. S6E). TEM images for AcgeD mutant spores show the presence of a
filamentous crust, instead of the weblike structure seen with the yfnH mutant spores.

Taken together, our data indicate that at least four gene regions are integral to the
proper synthesis and addition of PS to the spore surface in B. subtilis. The PS compo-
sition and organization on the outermost layer of the spore likely dictate how the
spores can interact with specific environments. Furthermore, spore PS may determine
recognition by other cell surfaces. Here, we have found that the previously uncharac-
terized yfnH-D gene cluster plays a key role in regulating proper surface PS production.
Future research will be directed toward the identification of the product(s) of this
enzymatic pathway. Biochemical analyses and glycomic studies will be important next
steps to studying spore PS composition. While there are still many unknowns, it is
evident that control of PS synthesis along with the selection of the structural proteins
of the outermost layer of the spore are required to constitute a surface best adapted
to the environment where spores reside. Modifications in either of the two main
components of the crust (PS or proteins) can drastically alter the spore’s hydrophobicity
and, therefore, its preference for aquatic or nonaquatic environments. Future work will
help us understand how spores of different species evolved to adopt morphologies
best suited to specific ecosystems and by which methods, if any, the cell can adjust
spore surface properties to better survive a given environment.

MATERIALS AND METHODS

Bacterial strains. The strains used in this study are listed in Table S1 in the supplemental material.
The procedures for the deletion of the entire yfnH-D cluster (strain NY35) and the whole spsA-L operon
(strain NY212) are detailed in Fig. S7A and B, respectively. Gene deletions in the cgeA-E cluster are
described in Fig. S7C (strains NY226 and NY227) and Fig. S7D (strain NY228). The primers used are listed
in Table S2.

Sporulation conditions for bacterial adhesion to hydrocarbon assays. Strains were struck out
onto LB plates from frozen glycerol stocks and incubated at 37°C overnight. Single colonies were then
inoculated into 5 ml of Difco sporulation medium (DSM) with nutrients overnight at 37°C, and 200 ul of
the liquid culture was plated onto DSM and left to sporulate for 2 days at 37°C. Spores were scraped off
the agar plates and resuspended into 700 ul of cold distilled water (dH,0). Samples were washed 3 times
in cold dH,0 with each spin down at 16,100 relative centrifugal field for 10 min. The rest of the BATH
procedure was identical to the protocol described in reference 22.

India ink staining. Two microliters of a suspension of spores in dH,O was mixed with an equal
amount of India ink (Daiso Soygo, Japan) and observed by phase-contrast microscopy, as described
previously (23). The area of halo was measured using ImageJ (the bright spore area was subtracted) and
plotted in a box-and-whisker plot.

Transmission electron microscopy. Spores were fixed, stained with ruthenium red, and analyzed by
thin-section TEM, as described before (19).

Scanning electron microscopy. Spores were fixed with 1% paraformaldehyde and 2.5% glutaral-
dehyde in 0.05 M HEPES, adsorbed to carbon-coated and alcian blue-treated coverslips, postfixed with
osmium tetroxide, dehydrated with ethanol, dried by critical-point drying, subjected to sputter coating
with 3 nm gold-palladium, and examined in a field emission SEM (Leo 1530 Gemini; Carl Zeiss Micros-
copy, Germany) at 3 kV using the in-lens secondary electron detector.
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Fluorescence microscopy. Five milliliters of DSM was inoculated from a single colony and grown
18 h at 37°C. Five hundred microliters of sample from the sporulating culture was spun down and
resuspended in 50 ul of 1X PBS, and membranes were stained with 1 ul of 1 ug/ul FM4-64. Images were
collected as described before (44).

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JB
.00321-19.

SUPPLEMENTAL FILE 1, PDF file, 11 MB.
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