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Abstract

Bacillus anthracis, the anthrax agent, is a member of the Bacillus cereus sensu lato group, which 

includes invasive pathogens of mammals or insects as well as nonpathogenic environmental 

strains. The genes for anthrax pathogenesis are located on two large virulence plasmids. Similar 

virulence plasmids have been acquired by other B. cereus strains and enable the pathogenesis of 

anthrax-like diseases. Among the virulence factors of B. anthracis is the S-layer-associated protein 

BslA, which endows bacilli with invasive attributes for mammalian hosts. BslA surface display 

and function are dependent on the bacterial S-layer, whose constituents assemble by binding to the 

secondary cell wall polysaccharide (SCWP) via S-layer homology (SLH) domains. B. anthracis 
and other pathogenic B. cereus isolates harbor genes for the secretion of S-layer proteins, for S-

layer assembly, and for synthesis of the SCWP. We review here recent insights into the assembly 

and function of the S-layer and the SCWP.
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ORIGINS OF ANTHRAX AND ANTHRAX-LIKE DISEASE-CAUSING 

ISOLATES

Bacillus anthracis is an aerobic, spore-forming, gram-positive bacterium (139). Spores are 

the causative agent of anthrax, an infectious disease that is fatal to mammalian species (68). 

Herbivores are frequent hosts, ingesting spores that contaminate the environment (140). 

Spores germinate within the host, and their vegetative forms invade and replicate within all 

organ tissues, eventually with a lethal outcome (140). Vegetative bacilli sporulate in 

decaying carcasses so that dormant spores can again contaminate the environment, thereby 

completing the B. anthracis life cycle (68). Phylogenetic studies reveal that B. anthracis is a 

member of the Bacillus cereus sensu lato (s.l.) group, which includes the insect pathogen 

Bacillus thuringiensis and the soil microbe Bacillus cereus (53). Members of the B. cereus 
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s.l. group are described as common inhabitants and symbionts of the invertebrate gut (56). 

Only occasionally do specific isolates of B. cereus s.l. enter into a pathogenic life cycle, 

infecting suitable hosts and multiplying without restraint (56). Multiple-locus sequence 

typing as well as 16S RNA and whole-genome sequencing of different B. cereus s.l. isolates 

demonstrate their relatedness: a core of 1,750 genes is found in every isolate, and an 

extended core of another 2,150 genes is present in almost every genome (24, 112, 114, 137, 

152). Most members of B. cereus s.l. are classified into one of two clades yet carry few 

clade-specific genes (152). A third clade encompasses outliers including environmental 

isolates with significant gene decay (152). Three additional species, Bacillus mycoides, 

Bacillus pseudomycoides, and Bacillus weihenstephanensis, have been added to the B. 
cereus s.l. classification (112, 152). The pathogenic attributes of B. anthracis, B. 
thuringiensis, and B. cereus isolates are encoded on virulence plasmids, which are acquired 

via horizontal transfer (55, 66, 67, 115). Extensive genome analysis of B. anthracis isolates 

from many different geographic locations demonstrates the clonal relationship of this 

species (72). Keim & Wagner (60) proposed that members of the B. cereus s.l. group 

represent “hopeful monsters”: following acquisition of toxin-containing plasmids, successful 

clones rapidly expand and spread around the globe, aided by the mobility of humans.

VIRULENCE PLASMIDS OF B. ANTHRACIS

B. anthracis acquired two large plasmids, pXO1 and pXO2 (107). A key feature of the ∼182-

kb pXO1 plasmid is the presence of three toxin genes (pag, lef, cya) whose secreted 

products [protective antigen (PA), lethal factor (LF), and edema factor (EF)] assemble into 

lethal toxin (LT) and edema toxin (ET) (76, 120, 144) (Figure 1). PA binds to the anthrax 

toxin receptors, TEM8 (ANTRX1) and CMG2 (ANTRX2), on the surface of mammalian 

host cells (14, 130). The host protease furin cleaves PA (49), generating mature 63-kDa PA, 

which then oligomerizes into an octameric structure (65, 97). Oligomerization provides for 

PA association with B. anthracis LF and EF (98). The assembled LT (PA+LF) and ET (PA

+EF) are endocytosed by clathrin-coated vesicles; acidification of the endosomes promotes 

membrane insertion of PA and translocation of LF and EF across the endosomal membrane 

(73, 151). Once translocated into the cytoplasm of target cells, LF exerts zinc protease 

activity to cleave mitogen-activated protein (MAP) kinase and NLRP1 (31, 77). EF 

associates with calmodulin, a calcium-regulated host factor, to acquire adenylate cyclase 

activity, converting ATP into cyclic AMP messenger molecules (76). Both toxins make 

important contributions to the life cycle of B. anthracis, disabling innate and adaptive 

immune functions of the host and promoting the lethal outcome of anthrax infections (3, 

100). The ∼95-kb pXO2 plasmid carries the capBCADE operon, which provides for the 

synthesis of the poly-D-γ-glutamic acid (PDGA) capsule (17, 18, 20, 50). The PDGA 

capsule endows vegetative bacilli with resistance to opsonization by host complement and 

opsonophagocytosis by granulocytes and macrophages; PDGA capsulation is an essential 

virulence determinant of B. anthracis (30, 111). Temperature shift to 37°C and increased 

environmental CO2, as occur following B. anthracis entry into mammalian tissues, induce 

the expression of toxin and capsule genes (45, 119). The transcriptional response to CO2 

requires the trans-acting factor AtxA, whose gene (atxA) is located on pXO1 (9, 51, 69, 141, 

142) (Figure 1). AtxA-mediated regulation of capsulation requires two additional 
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transcription factors, AcpA and AcpB, whose structural genes are located on pXO2 (28, 29) 

(Figure 1). CO2-induced transcriptional activation also encompasses chromosomal genes, 

suggesting that AtxA is a global regulator of B. anthracis (12). Most B. cereus s.l. isolates 

regulate the expression of their secreted products via PlcR, a global transcriptional regulator 

and quorum sensor that is activated by binding to the PapR autoinducer (2, 11) (see sidebar 

titled “Virulence Plasmids of B. cereus Isolates Causing Anthrax-Like Disease”). 

Interference between PlcR and AtxA-mediated gene regulation is thought to have selected 

for the mutation in plcR that inactivates quorum sensing and PlcR-mediated gene regulation 

in B. anthracis (96).

S-LAYER AND S-LAYER PROTEINS OF B. ANTHRACIS

Two surface (S)-layer proteins, Sap and EA1, were identified in the extracellular medium 

and in the bacterial envelope of B. anthracis cultures (37, 38) (Figure 2). Expression of their 

structural genes, sap and eag (EA1), is regulated by CO2 (95). In response to increased CO2, 

the pXO1-encoded virulence regulator AtxA activates transcription of eag via PagR (95), the 

transcriptional regulator of pag expression, in addition to activating the expression of 

capsule genes (51, 94). As a result, encapsulated bacilli produce predominantly EA1 (94), 

while germinating bacilli or vegetative forms replicating at low CO2 produce large amounts 

of Sap and lesser quantities of EA1 (64). When analyzed by electron microscopy, B. 
anthracis variants lacking sap or eag each form two-dimensional crystalline arrays (23). 

Replicating at low CO2, B. anthracis forms Sap S-layers mid-cell and along the cylindrical 

axis of the cell, whereas EA1 S-layers are deposited at cell septa and near future division 

sites (64). PDGA polymers are anchored to the peptidoglycan of B. anthracis (118); electron 

microscopy studies revealed that PDGA polymers traverse the S-layer of bacilli (91) (see 

sidebar titled “Bacterial S-Layers”).

Sequence analysis of sap and eag indicates that both gene products are synthesized as 

precursors (Sap 814 residues, EA1 862 residues) with a cleavable N-terminal signal peptide 

followed by three tandem repeats of ∼55-residue S-layer homology (SLH) domains and a C-

terminal crystallization domain (93). The 29-residue signal peptides differ by a single amino 

acid residue and are substrates for SecA2 (see below), whereas SLH domains display 66% 

identity, which is higher than the sequence identity between SLH domains of B. anthracis S-

layer-associated proteins (BSLs) (63). However, the crystallization domains of Sap and EA1 

contain only 22% amino acid identity (93). As reported for SLH domains in other bacteria, 

three tandem copies of the SLH domains of Sap and EA1 mediate attachment of fusion 

proteins to the envelope of B. anthracis (92). X-ray crystallography experiments show that 

SLH domains of Sap fold into a three-pronged spindle structure, generating binding sites for 

the secondary cell wall polysaccharide (SCWP) of B. anthracis (63). Binding of the SLH 

domains of Sap, EA1 and BSLs to the envelope of B. anthracis and B. cereus G9241 is 

dependent on ketal-pyruvylation of the terminal ManNAc residue at the nonreducing end of 

the SCWP (43, 61, 89, 147). Ketal-pyruvylation is thought to be catalyzed by the product of 

the csaB gene, which is located immediately adjacent to sap and eag on the chromosome of 

B. anthracis and of B. cereus isolates causing anthrax-like disease (89, 147) (Figure 2).
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SECRETION AND ASSEMBLY OF S-LAYER PROTEINS

B. anthracis grows as chains of incompletely separated, rod-shaped cells, a trait contributing 

to its escape from phagocytic clearance (122). Mutations that abrogate expression of sap 
cause B. anthracis to form elongated chains owing to the mislocalization of the murein 

hydrolase BslO (64). Screening libraries of mutant bacilli for variants with increased chain 

length led to the identification of three genes: secA2, slaP, and slaQ (102, 103). These genes 

are located immediately adjacent to the S-layer gene cluster (csaA-csaB-sap-eag) (103) 

(Figure 2). Mutations in all three genes diminish the abundance of Sap and EA1 in the 

bacterial S-layer but do not affect the secretion of other products (102). Mutations in secA2 
and slaP, but not in slaQ, diminish the secretion of mCherry hybrids fused to the N-terminal 

signal peptide and SLH domains of Sap (103). In contrast, mutations in slaQ affect only the 

secretion of mCherry hybrids fused to full-length Sap including the C-terminal 

crystallization domain (103). SecA2 and SlaP are thought to recognize the signal peptides 

and SLH domains of both Sap and EA1, respectively, whereas SlaQ acts on the 

crystallization domain of Sap (103) (Figure 2).

SecA, the canonical secretion ATPase of eubacteria, has been studied extensively in 

Escherichia coli (109, 138). E. coli SecA binds signal peptide–bearing precursors for 

delivery and translocation at the SecYEG translocon, which leads to precursor movement 

across the plasma membrane (34, 35, 78). Following signal peptide cleavage by signal 

peptidase, mature polypeptides are released on the trans side of the membrane (25). 

Auxiliary translocation factors (SecDF, YajC, and YidC) have been shown to increase 

membrane translocation of specific precursor proteins (32, 123, 129). The genome of B. 
anthracis harbors genes for the canonical SecA secretion ATPase and for components of the 

translocation machinery (116). Similar to other gram-positive bacterial pathogens, B. an-
thracis encodes an accessory secretion gene, designated secA2 (15, 126). SecA2, a homolog 

of the canonical bacterial secretion ATPase SecA, is thought to recognize the signal peptide 

of Sap and EA1 and facilitate secretion of large amounts of S-layer proteins during 

vegetative growth (102). SlaP, a peripheral membrane protein of B. anthracis, also facilitates 

secretion of Sap and EA1 (102). Although this has not been tested experimentally, SlaP 

could play a role in the membrane translocation of SLH domains to prevent their premature 

association with SCWP precursors in the cytoplasm. Purified SlaQ assembles into high 

molecular weight structures and promotes Sap S-layer assembly in vitro (103). The secA2, 

slaP and slaQ genes are conserved in B. cereus s.l. isolates expressing S-layer proteins but 

are absent from isolates lacking S-layer proteins (SLPs) (103) (Figure 2).

VIRULENCE PLASMIDS ENCODE S-LAYER-ASSOCIATED PROTEINS

Vegetative forms of B. anthracis, when grown in the presence of increased CO2, display 

adherence to mammalian cells (62). This attribute is associated with the expression of bslA, 

a gene that is located on pXO1 (102) (Figure 1). The predicted 652-residue precursor 

product of bslA encompasses an N-terminal cleavable signal peptide, three SLH domains, 

and a C-terminal domain that, when purified as a recombinant protein, adheres to 

mammalian cells and functions as a competitive inhibitor for the binding of bacilli (102). 

BslA is deposited into the B. anthracis S-layer and displayed on the bacterial surface (102). 
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B. anthracis mutants lacking bslA display a defect in adherence to mammalian cells. When 

analyzed in a guinea pig model of subcutaneous spore challenge and compared to wild-type 

B. anthracis Ames, the bslA mutants show delayed replication and dissemination into host 

tissues and an increase in the spore dose required for lethal disease (102). In a mouse model 

for disseminated anthrax meningitis, bslA mutant bacilli were defective in crossing the 

blood-brain barrier and in establishing anthrax (33). Thus, BslA represents an adhesin and 

virulence factor for B. anthracis. Biochemical experiments suggest that purified BslA binds 

to laminin, an extracellular matrix protein found in basal membranes (145). bslA homologs 

are also present on the pXO1-like plasmids of B. cereus G9241 and B. cereus biovar 

anthracis CI (147) (Figure 1). pXO1 and pXO1-like plasmids carry another gene for a 

secreted precursor with N-terminal SLH domains, designated bslB (147). The gene is 

absolutely conserved among B. anthracis and B. cereus isolates. However, a specific 

function has not yet been assigned to the bslB product.

pXO2 carries the amiA gene (pXO2–42), whose product is a secreted precursor of 503 

amino acid residues with an N-terminal signal peptide, three SLH domains, and a C-terminal 

murein hydrolase domain (N-acetylmuramoyl-L-alanine amidase) (90) (Figure 1). When 

purified as a recombinant protein without the N-terminal signal peptide and SLH domains, 

the C-terminal amidase domain of AmiA cleaves B. anthracis peptidoglycan (90). The in 

vivo contributions of amiA to the life cycle of B. anthracis have, however, not yet been 

studied. amiA is conserved in the pXO2-like plasmids of B. cereus biovar anthracis CI but is 

absent from pBC210 of B. cereus G9241 (66) (Figure 1). The capsule plasmid (pBC210) of 

B. cereus G9241 encodes three genes for precursors bearing signal peptides and three SLH 

domains (54, 147). One of these, bslO2, is a predicted murein hydrolase with a C-terminal 

N-acetylglucosaminidase domain (147). Thus, genes for S-layer-associated murein 

hydrolases are a conserved feature of virulence plasmids with capsule genes, suggesting that 

these enzymes may contribute either to capsule assembly or to controlling the length of 

chains of capsulating bacterial cells with incompletely separated septal peptidoglycan (see 

sidebar titled “S-Layer Regulation of Chain Lengths in B. anthracis”).

B. ANTHRACIS AND B. CEREUS S-LAYER-ASSOCIATED PROTEINS

In addition to Sap and EA1, the chromosomes of B. anthracis and B. cereus G9241 encode 

19 and 18 genes for precursor proteins with SLH domains, respectively (62, 147). 

Collectively these gene products have been designated BSLs (Bacillus S-layer-associated 

proteins) (62). Mutations in bslO cause mutant bacilli to form chains of vegetative forms 

with exaggerated lengths, a phenotype that is complemented when purified BslO protein is 

added in trans (5). In wild-type bacilli, the BslO protein is deposited near cell septa (5). 

BslO localization is dependent on S-layer assembly (64). Further, patA1 and patA2 
(encoding two acetyltransferases that modify the SCWP) and wpaA [whose product belongs 

to the family of Wzy-/WaaL (also known as O-antigen ligase)-like enzymes] are also 

required for proper localization of BslO (83, 105) (Figure 2). Mutations in patA1 and patA2 
affect the deposition of EA1 in the vicinity of cell septa, suggesting that SLP distribution is 

influenced by chemical modifications to the ligand of SLH domains (83). Computational 

simulation suggests that BslO effects a nonrandom distribution of B. anthracis chain lengths, 

implying that all septa are not equal candidates for BslO-mediated cell separation (5). BslS 
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is an N-acetylmuramoyl-L-alanine amidase; its structural gene is located downstream of the 

wpaA gene and the S-layer locus (105). Deposition of BslS and BslT, a homolog of BslS, in 

the S-layer of B. anthracis is perturbed in wpaA mutant bacilli (105).

The bslK gene product carries a NEAT (heme-binding near-iron transporter) domain and 

binds heme-iron, as reported for other NEAT-domain-containing proteins (88, 136). Hal and 

IsdX2, secreted hemophores with NEAT domains, scavenge heme-iron from host 

hemoglobin and transfer the nutrient to BslK (7, 85). Further transport of heme-iron across 

the bacterial envelope involves other NEAT domain proteins, such as IsdX1 and IsdC, which 

is anchored by sortase B to the pep-tidoglycan of B. anthracis (84, 85). Heme-iron is 

imported into the bacterial cytoplasm by the IsdE ATP-binding protein and the IsdF 

membrane transporter (84). A hemoxygenase, IsdG, cleaves the tetrapyrrole of heme, and 

the released iron is incorporated into iron-containing proteins (117, 132).

STRUCTURE AND FUNCTION OF THE SECONDARY CELL WALL 

POLYSACCHARIDE

The ∼10- to 20-kDa SCWP released by hydrofluoric acid treatment from B. anthracis has 

the repeat structure [→4)-β-ManNAc-(1→4)-β-GlcNAc(O3-α-Gal)-(1→6)-α-GlcNAc(O3-

α-Gal, O4-β-Gal)-(1→]6–12 (22) (Figure 3a). B. anthracis CDC684 is an avirulent isolate 

whose SCWP has the same trisaccharide repeat structure as wild-type B. anthracis yet lacks 

all galactosyl modifications (43, 108). NMR spectroscopy of CDC684 polysaccharide 

revealed both ketal pyruvyl (blue in Figure 3a) and acetyl modifications at the distal 

(nonreducing) end of the SCWP (43) (red in Figure 3a). Of note, only some molecules carry 

ketal pyruvyl at O4,O6 of ManNAc at the distal end of the SCWP and acetyl at O3 of the 

penultimate GlcNAc residue (43, 83). B. cereus G9241 and other B. cereus isolates causing 

anthrax-like disease synthesize SCWP with similar size and structure as B. anthracis, 

although wall polysaccharide from these isolates carries an additional α-Gal substitution at 

O3 of ManNAc (44) (Figure 3b). The environmental, nonpathogenic isolate B. cereus ATCC 

10987 synthesizes SCWP with a distinct repeat structure, [→4)-β-ManNAc-(1→4)-β-

GlcNAc-(1→6)-α-GalNAc-(1→]n, and β-Gal substitutions at the O3 of α-GalNAc as well 

as nonstoichiometrical acetylation at O3 of β-ManNAc (75) (Figure 3b). B. cereus ATCC 

14579 SCWP has the same repeat structure and substitutions of β-GlcNAc at O3 of the β-

GlcNAc in addition to β-Glc at O3 and α-ManNAc at O4 of the α-GalNAc residue (19) 

(Figure 3b). The SCWP of B. cereus ATCC 14579 is expressed constitutively, while another, 

structurally dissimilar polysaccharide is synthesized in biofilms but not during planktonic 

growth (19).

The pyruvylated SCWP of B. anthracis and B. cereus G9241 serves as the attachment site 

for the S-layer and its constituents, SLPs and BSLs with three SLH domains (61, 147). 

However, the SCWP is also a ligand for murein hydrolases of bacteriophages, for example, 

PlyG and PlyL (81, 127). PlyG, which is encoded by the γ-phage, binds to the SCWP from 

B. anthracis and B. cereus G9241, but not to the wall polysaccharides of B. cereus ATCC 

10987 and ATCC 14597 (46, 81) (Figure 3b). Synthetic oligosaccharides variable for the 

galactosyl modifications of a single SCWP trisaccharide of B. anthracis revealed that high-
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affinity binding of PlyG and PlyL is dependent on the β-Gal modification at O4 of the α-

GlcNAc residue (99). Thus, the SCWP of B. anthracis and pathogenic B. cereus strains 

functions as the structural determinant for bacteriophage-mediated lysis of bacteria by 

serving as ligand for the carbohydrate-binding domain of bacteriophage lysins (42). 

Furthermore, B. anthracis Sap functions as surface receptor for bacteriophage AP50c (110).

ASSEMBLY OF THE B. ANTHRACIS SECONDARY CELL WALL 

POLYSACCHARIDE

Unlike B. subtilis and Staphylococcus aureus, B. anthracis produces SCWP and lipoteichoic 

acid (LTA) but not wall teichoic acid (WTA) (47, 101). See Figure 4a for a model of SCWP 

assembly and synthesis reactions and Figure 4b for a summary of operons and genes 

involved in SCWP synthesis. B. subtilis and S. aureus synthesize polyribitol-phosphate 

teichoic acid on murein linkage units (GlcNAc-ManNAc) that are linked to undecaprenyl-

pyrophosphate carrier [C55-(PO4)2-GlcNAc-ManNAc] (59, 70, 71). Murein linkage unit 

synthesis requires the products of two genes, tagO and tagA (74, 134). TagO transfers 

GlcNAc-1-phosphate from UDP-GlcNAc onto C55-(PO4)2 to generate C55-(PO4)2-GlcNAc 

(lipid III) (48, 121) (Figure 4a, Reaction 12); this reaction is inhibited by the antibiotic 

tunicamycin (52). TagA transfers N-acetylmannosamine from UDP-ManNAc onto O4 of 

GlcNAc within lipid III, releasing C55-(PO4)2-GlcNAc-ManNAc (26, 48) (Figure 4a, 

Reaction 13). S. aureus tagO mutants cannot synthesize WTA but also display subtle defects 

in peptidoglycan synthesis (40, 52, 148). The B. anthracis genome contains tagO and tagA 
homologs (116). When expressed in S. aureus tagO mutants, B. anthracis tagO restores 

WTA synthesis (61). Tunicamycin treatment or genetic repression of tagO inhibits vegetative 

growth, SCWP synthesis, and S-layer assembly of B. anthracis, causing expansions in size 

and spherical shapes of vegetative forms that can no longer divide (61, 82). These data 

suggest that the SCWP may be synthesized on murein linkage units that are tethered to an 

undecaprenyl-pyrophosphate carrier (Figure 4a). In agreement with this hypothesis, SCWP 

synthesis in B. anthracis also requires the LytR-CpsA-Psr (LCP) family of enzymes (79, 80) 

(Figure 4a). In B. subtilis and S. aureus, LCP enzymes tether teichoic acids to peptidoglycan 

by forming a phosphodiester bond between O6 of N-acetylmuramic acid (MurNAc) in 

glycan strands and O1 of GlcNAc in murein linkage units (21, 58). As expected, expression 

of LCPs is essential for B. anthracis growth and SCWP synthesis, and expression of some, 

but not all, B. anthracis LCP genes restores WTA synthesis in S. aureus mutants lacking 

endogenous LCPs (79). Genes involved in SCWP synthesis appear to be scattered among 

four gene clusters: slc (S-layer cluster), sps (surface polysaccharide), scwp1, and scwp2 
(Figures 2 and 4b). Two of these clusters, sps (128) and scwp2, display variation between B. 
anthracis and various B. cereus isolates. We presume that some of these genes are 

responsible for the galactosylation patterns of B. anthracis and B. cereus SCWP (Figure 3b). 

Some of the genes predicted to be involved in SCWP synthesis are present in duplicate; their 

products often display functional redundancy (105, 106).

Bacteria evolved three biosynthetic pathways for polysaccharide synthesis: synthase, ABC 

transporter, and Wzy-polymerase-dependent assembly (150). Capsular polysaccharides and 

cell wall polysaccharides of gram-positive bacteria are frequently synthesized via the Wzy-
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polymerase-synthesis pathway. This has been extensively studied for the capsule genes of 

Streptococcus pneumoniae (150), and insights from this work informed our bioinformatic 

analysis of the B. anthracis SCWP synthesis pathway. Spratt and coworkers (10) 

characterized S. pneumoniae genes and putative enzymatic activities of their products 

involved in Wzy-dependent capsular polysaccharide (CPS) synthesis. cps genes are clustered 

in a single locus of 17–20 genes (10). S. pneumoniae evolved more than 90 serological 

variants with different CPS structures, and 1,999 genes in all of these variants are 

responsible for the synthesis of various carbohydrates (87). These genes have been classified 

into homology groups. Bioinformatic schemes have been employed to predict the function 

of these gene products, identifying proteins within the same homology group, Pfam family, 

or CAZy glycosyltransferase family. Correlating cps gene content with known CPS 

structures provides tentative assignments of function to the different homology groups: 

regulatory factors, enzymes for synthesis of polysaccharide constituents, polymerases, 

flippases, initial sugar trans-ferases, glycosyltransferases, phosphotransferases, 

acetyltransferases, and pyruvyltransferases (1).

Synthesis of B. anthracis SCWP Units

Wzy pathway synthesis begins with the addition of a UDP-linked sugar to undecaprenyl-

PO4 (C55-PO4) (Figure 4a, Reaction 1). The reaction is catalyzed by the initiating 

glycosyltransferase WchA (WciI homology group), a member of the polyisoprenyl-

phosphate hexose-1-P family (10). In S. pneumoniae 9L/9N CPS, the initial sugar is 

GlcNAc, similar to B. anthracis SCWP (10). Bioinformatic searches of B. anthracis genome 

sequences for WchA (WciI, CpsE9N/L) homologs identified the locus tag GBAA_RS27680 

upstream of acrR in the scwp2 cluster (Figure 4b). B. an-thracis C55-(PO4)2-GlcNAc-

specific glycosyltransferases are expected to extend the product of Reaction 1 first with β-

GlcNAc (Reaction 2) and then with β-ManNAc (Reaction 3). Candidate glycosyltransferases 

for Reactions 2 and 3 are not readily obvious. The identity of the responsible enzymes may 

be guided from the S. pneumoniae CPS database for glycosyltransferases with retaining or 

inverting stereospecificity (α- or β-linkages) (87) and will need to be confirmed with 

biochemical tests. Nonetheless, it is likely that these enzymes are encoded within scwp2 
given their genetic association with wchA- and wzx-like genes in S. pneumoniae CPS 

clusters (87).

UDP-GlcNAc, the substrate for Reactions 1 and 2, is also required for peptidoglycan 

synthesis and supplied by N-acetylglucosamine-1-PO4 uridyltransferase (GlmU). SCWP 

synthesis requires UDP-ManNAc, which is derived from UDP-GlcNAc by UDP-GlcNAc 2-

epimerase. GneZ (encoded in sps) and GneY (encoded in scwp1) have been characterized as 

the corresponding enzymes in B. anthracis (Reaction 7) (128, 146). Galactosyl modifications 

of the SCWP require B. anthracis to synthesize UDP-Gal. The genome of B. anthracis 
encodes two functional UDP-Glc 4-epimerases. One of these genes, galE1, is located in the 

sps cluster (Figure 4b). The second gene is located elsewhere on the chromosome and has 

been shown to be expressed only during sporu-lation; it functions preferentially as UDP-

GlcNAc 4-epimerase to synthesize UDP-GalNAc, a substrate for glycosyltransferases that 

modify BclA (27). BclA is the exosporium glycoprotein of B. anthracis spores (13, 135). 

galE1 is expressed during vegetative growth (128) and is the proposed candidate for UDP-
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GlcNAc 4-epimerase activity in support of SCWP synthesis. RfaB enzymes (COG0438) 

function as UDP-Gal-dependent galactosyltransferases (36). The B. anthracis genome 

harbors several genes for RfaB-type enzymes in sps and scwp2 (Figure 4b). These genes are 

candidate glycosyltransferases for galactosyl transfer to the SCWP trisaccharide repeat 

(Reactions 4–6).

Translocation and Polymerization of SCWP Units

Translocation of the SCWP precursor across the membrane requires Wzx flippase (RfbX) 

(Reaction 9); a candidate for the putative SCWP flippase activity is encoded within the 

scwp2 cluster (Figure 4b). Wzy polymerase/WaaL (Reaction 10) is responsible for 

generating SCWP polymers. WpaA (slc encoded) and WpaB (scwp2 encoded) belong to the 

same clan as members of the Wzy polymerase/WaaL family of proteins. Both genes are 

involved in the synthesis of the SCWP of B. anthracis (105). B. anthracis mutants blocking 

the expression of a single O-antigen ligase–like gene, wpaA or wpaB, cannot synthesize 

SCWP and form misshapen cells without S-layers (105). On the other hand, mutants 

expressing a single gene for Wzy-like/O-antigen ligase–like enzymes display either 

assembly defects for S-layer-associated murein hydrolases BslS and BslT (wpaA mutant) or 

defects in the length of B. anthracis cell chains and in S-layer assembly (wpaB mutant) 

(105). LCP enzymes are thought to transfer SCWP tethered to murein linkage units from 

C55-(PO4) to peptidoglycan, thereby generating phosphodiester bonds with the O6 of 

MurNAc that can be hydrolyzed with hydrofluoric acid and released from the bacterial 

envelope (61). B. anthracis expresses six genes whose products may catalyze this reaction: 

LcpB1, LcpB2, LcpB3, LcpB4 and LcpC, and LcpD (Reaction 11) (79, 80).

PERSPECTIVE

In addition to the secreted toxins and capsules of B. anthracis and pathogenic B. cereus, S-

layer and S-layer-associated proteins are key virulence factors enabling host invasion and 

escape from phagocytic clearance during the pathogenesis of anthrax or anthrax-like 

diseases. However, only some of the S-layer-associated proteins have been studied. Further, 

the mechanisms whereby S-layer proteins and S-layer-associated proteins are deposited into 

the bacterial envelope to exert their functions are still poorly understood. The SCWP of B. 
anthracis and pathogenic B. cereus assumes strain-specific characteristics that affect the 

assembly of S-layers and the function of bacteriophage-encoded murein hydrolases. The 

genes and enzymatic mechanisms of SCWP synthesis and assembly are only beginning to be 

discovered. Additional insights into this field may explain the unique attributes of 

pathogenic B. cereus isolates, their envelope characteristics, the range of their mammalian 

hosts, and the tropism of bacteriophages.
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VIRULENCE PLASMIDS OF B. CEREUS ISOLATES CAUSING ANTHRAX-
LIKE DISEASE

In addition to B. anthracis, many other B. cereus s.l. isolates, including B. cereus biovar 

anthracis CI and B. cereus G9241, have acquired pXO1-like plasmids and with them the 

ability to secrete anthrax toxins (54, 55, 57, 67, 149) (Figure 1). B. cereus G9241 and B. 
cereus biovar anthracis CI, along with B. anthracis, belong to clade 1 of B. cereus s.l. 

(152). B. cereus biovar anthracis CI was isolated from mammals (gorilla, chimpanzee, 

elephant, and goat) with anthrax-like disease in West and Central Africa (6, 67). B. 
cereus G9241 and its close relatives were isolated in North America from humans with 

severe pneumonia or cutaneous anthrax-like disease (55, 86). pXO1-like plasmids of B. 
cereus isolates provide for the expression of hyaluronic acid (HA) capsule via the 

hasACB operon, which is mutated and nonfunctional in B. anthracis (16, 104) (Figure 1). 

B. cereus biovar anthracis CI produces both HA and PDGA capsular material, as these 

strains acquired a pXO2-like plasmid (6, 16, 66). In contrast, B. cereus G9241 

synthesizes HA in addition to another capsular polysaccharide designated BPS (B. cereus 
exo-polysaccharide), which requires the expression of the bpsXABCDEFGH genes 

located on the pBC210 virulence plasmid (104) (Figure 1). B. cereus G9241 and B. 
cereus biovar anthracis CI express atxA and carry an inactivating mutation in their 

chromosomal plcR gene that is distinct from that of B. anthracis (6, 16, 125). pBC210 

carries an atxA-like gene (atxA2) that contributes to the pathogenesis of anthrax-like 

disease in B. cereus G9241 (125). pBC210 also carries pag2 (60% identity with pag) and 

lef 2 (36% identity with lef) (Figure 1); the lef 2 product shows the presence of a putative 

PA binding domain; however, the metalloprotease domain of LF is replaced with an 

ADP-ribosyltransferase domain (41, 143). The lef 2 product, which has been designated 

Certhrax, is translocated by PA2 into host cells, modifies the host factor vinculin, and 

disrupts focal adhesion complexes (131, 143). These features of B. anthracis and B. 
cereus may account for the observed variation in disease severity and geographic spread 

associated with spores causing anthrax or anthrax-like disease.
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BACTERIAL S-LAYERS

Bacterial S-layers are assembled from proteins that form monomolecular, two-

dimensional crystalline arrays on the microbial envelope. S-layer proteins (SLPs) are 

endowed with a crystallization domain that, when purified and examined in isolation, 

promotes self-assembly of crystalline arrays (113, 124). A broad range of bacteria and 

archaea assemble S-layers as their outermost envelope component (4, 39, 133). S-layers 

form a porous mesh from unit sizes of 3–100 nm and pore sizes of 2–10 nm, thereby 

functioning as protective barriers with selective permeability (113). The thickness of S-

layers varies from 5 to 20 nm in eubacteria but may reach 70 nm in archaea (113). In 

archaea, SLPs are tethered to the bacterial membrane via a hydrophobic peptide or lipid 

modification (4). In eubacteria, SLPs are retained on cell surfaces via noncovalent 

interactions with surface polymers, i.e., lipopolysaccharide (LPS) in gram-negative 

bacteria and wall polysaccharides in gram-positive bacteria (113). With nanobodies being 

used to block the formation of two-dimensional crystalline arrays, the structure of the 

crystallization domain of Geobacillus stearothermophilus SbsB was determined via X-ray 

crystallography (8). The crystallization domain comprises six subdomains with 

immunoglobulin-like structure (Pfam 02368) folding into a ϕ -shaped, disk-like 

monomeric unit (8). Interdomain interactions between units are stabilized by calcium ion 

coordination, which serves as a switch for the formation of a condensed quaternary 

structure (8). Pores approximately 30 Å in diameter are formed at the interface between 

three adjacent subunits (8). The crystallization domain of SbsB (residues 202–920) 

displays 22% amino acid identity with the crystallization domain of B. anthracis Sap 

(residues 211–814), suggesting that Sap may fold into a three-dimensional structure 

similar to SbsB.
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S-LAYER REGULATION OF CHAIN LENGTHS IN B. ANTHRACIS

Immediately following germination, B. anthracis emerges as a single vegetative cell that 

begins to elongate and divide, forming chains of 4–16 cells during mid-logarithmic 

growth (5). As B. anthracis vegetative forms approach stationary phase, chain length is 

decreased (2–4 cells) until eventually short chains and single cells predominate (5). 

Increased chain length is an impediment to B. anthracis host cell invasion and protects 

bacilli from phagocytosis by macrophages (147). In addition to SLPs, peptidoglycan 

hydrolases (BslO and BslS) function as determinants of B. anthracis chain length. Thus, 

SLPs and S-layer-associated proteins (BSLs) affect B. anthracis invasion of host cells 

(BslA) and evasion from innate defenses of the mammalian hosts.
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Figure 1. 
B. cereus s.l. isolates causing anthrax and anthrax-like diseases: (a) B. anthracis with its two 

virulence plasmids, pXO1 and pXO2; (b) B. cereus G9241, harboring pBCXO1 and 

pBC210; and (c) B. cereus biovar anthracis CI and plasmids pCI-XO1 and pCI-XO2. B. 
cereus G9241 and biovar anthracis CI have a third small plasmid not shown here. In addition 

to toxin genes (pag, lef, and cya), B. anthracis virulence plasmids pXO1 and pXO2 carry 

genes for poly-D-γ-glutamic acid (PDGA) capsular synthesis (capBCADE) and hyaluronic 

acid (HA) capsular synthesis (hasACB); the hasA gene, however, carries an inactivating 

mutation. The plasmids also carry three genes for B. anthracis S-layer-associated (BSL) 

proteins: bslA, bslB, and amiA. Virulence gene expression is regulated by the product of 

atxA, which activates toxin, bslA, and capBCADE gene expression in response to a host 

signal (increased CO2 concentration). The capBCADE operon is coregulated by acpA and 

acpB. B. cereus G9241 synthesizes HA (intact hasACB gene cluster). pBC210 encodes 

genes for three BSLs (bslO2, bslV, and bslW), the Certhrax toxin (pag2, lef 2), an atxA-like 

regulator (atxA2), and B. cereus exo-polysaccharide (BPS) (bpsXABCDEFG). B. cereus 
biovar anthracis capsulation includes both PDGA and HA.
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Figure 2. 
The S-layer envelope of B. anthracis. (a) Model depicting different layers, including the 

plasma membrane, peptidoglycan, secondary cell wall polysaccharide (SCWP), and S-layer. 

The SCWP and poly-D-γ-glutamic acid strands (capsule) are tethered to the peptidoglycan 

of B. anthracis. (b) Secretion and assembly of S-layer proteins (SLPs), Sap and EA1, and B. 
anthracis S-layer-associated proteins (BSLs). Each protein is synthesized as a precursor with 

an N-terminal signal peptide (SP), three S-layer homology (SLH) domains and a C-terminal 

domain. SecA2 and SlaP contribute to the secretion of Sap and EA1, whereas SlaQ 

contributes to Sap and EA1 S-layer assembly. In Sap and EA1, the C-terminal domain is a 

crystallization domain (CD). (c) S-layer gene cluster (slc) in B. anthracis and other B. cereus 
s.l. isolates. The slc is flanked by sulfate permease and enoyl-CoA hydratase genes, shown 

in gray. The csaA and csaB (ketal pyruvyltransferase) and wpaA [Wzy-/WaaL (O-antigen 

ligase)-like] genes are absolutely conserved in all species and required for SCWP 

modifications that enable SLP or BSL assembly. Strains causing anthrax (B. anthracis) or 

anthrax-like disease (B. cereus G9241 and B. cereus biovar anthracis CI) encode genes for 

Missiakas and Schneewind Page 22

Annu Rev Microbiol. Author manuscript; available in PMC 2018 October 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SLPs (Sap and EA1 with three SLH domains), SLP secretion and assembly (slaQ, slaP, and 

secA2), and SCWP acetylation (patA/patB). The slc of B. cereus ATCC 10987 harbors 

truncated eag and secA2 genes and lacks sap and slaP. The environmental isolate B. cereus 
ATCC 14579 lacks genes for SLPs, SLP secretion and assembly, and SCWP acetylation but 

encodes a murein hydrolase with three SLH domains in place of Sap and EA1. Gene clusters 

were obtained from GenBank using accession numbers AE017334.2 for B. anthracis str. 

Ames Ancestor, CP009590.1 for B. cereus G9241, CP001746.1 for B. cereus biovar 

anthracis CI, AE016877.1 for B. cereus ATCC 14579, and NC_00,3909.8 for B. cereus 
ATCC 10987. Colors of genes were assigned arbitrarily with the exception of flanking genes 

that are not part of the slc and which are shown in gray along with their respective locus 

number.
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Figure 3. 
Structure of the secondary cell wall polysaccharide (SCWP) in B. cereus s.l. isolates. (a) 

Structure of the terminal unit and the repeat unit of B. anthracis SCWP. The ketal pyruvyl 

modification of ManNAc at the nonreducing distal end of the SCWP is in blue. The acetyl 

group of the penultimate GlcNAc residue in the terminal unit is in red. The arrow identifies 

the glycosidic linkage to the next repeat unit. (b) Repeat unit structure of the SCWP from B. 
anthracis, B. cereus G9241, B. cereus ATCC 10987, and B. cereus ATCC 14579.
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Figure 4. 
Model for the biosynthesis of the secondary cell wall polysaccharide (SCWP) in B. 
anthracis. (a) Putative synthesis of undecaprenyl-pyrophosphate-linked SCWP trisaccharide 

subunits that are modified with galactosyl, ketal pyruvyl, or acetyl groups, translocated 

across the membrane by Wzx-like and polymerized by Wzy-like catalysts. The SCWP is 

finally linked to peptidoglycan by LCP enzymes. (b) Gene clusters contributing to SCWP 

synthesis include slc (see Figure 2b) as well as scwp1, scwp2, and sps (surface 

polysaccharide). Genes in gray flank gene clusters but are not part of them. The GenBank 
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identifiers of flanking genes are underneath gray gene symbols. Bracketed numbers in both 

panels indicate putative chemical reactions and enzymes for SCWP synthesis.
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