
ABSTRACT 

HYMES, JEFFREY. Functional analysis of an S-layer-associated fibronectin-binding 
protein in Lactobacillus acidophilus NCFM. (Under the direction of Drs. Todd 
Klaenhammer and Rodolphe Barrangou). 
 

Bacterial surface layers (S-layers) are crystalline arrays of self-assembling, proteinaceous 

subunits called S-layer proteins (Slps) that comprise the outermost layer of the cell 

envelope. Many additional proteins that are associated with or embedded within the S-

layer have been identified in Lactobacillus acidophilus NCFM, an S-layer-forming 

bacterium which is widely used in fermented dairy products and probiotic supplements. 

One putative S-layer-associated protein (SLAP), LBA0191, was predicted to mediate 

adhesion to fibronectin based on the in silico detection of a fibronectin-binding domain. 

Fibronectin is a multidomain glycoprotein found ubiquitously in human body fluids and 

extracellular matrices (ECM) of a variety of cell types from all human tissues and organs, 

including intestinal epithelial cells. While fibronectin plays a major role in the regulation 

of cell migration, tissue repair, and adhesion, it also serves as a common target for 

bacterial fibronectin-binding proteins (FnBPs) in the gastrointestinal tract. Adhesion to 

intestinal epithelial cells is considered an important trait for probiotic microorganisms 

during transit and potential association with the intestinal mucosa, allowing for molecular 

dialogue with the immune system. To investigate the functional role of LBA0191 

(designated FbpB) in L. acidophilus NCFM, an fbpB-deficient strain was constructed. 

The L. acidophilus mutant with a deletion of fbpB lost the ability to adhere to mucin and 

fibronectin, in vitro. Homologues of fbpB were identified in five additional putative S-

layer-forming species, but no homologues were detected in species outside the L. 

acidophilus homology group. The absence of fbpB homologues outside of L. acidophilus 



and closely related species reinforces the idea that bacteria can possess discrete FnBPs 

unique to a specific clade. These FnBPs likely have great influence in shaping the 

microbial populations of human-associated niches. Future research on the diversity and 

multiplicity of bacterial FnBPs is essential to our understanding of host-specific 

interactions. 
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1.1 Abstract 

 Fibronectin is a multidomain glycoprotein found ubiquitously in human body fluids 

and extracellular matrices (ECM) of a variety of cell types from all human tissues and 

organs, including intestinal epithelial cells. Fibronectin plays a major role in the regulation of 

cell migration, tissue repair, and cell adhesion. Importantly, fibronectin also serves as a 

common target for bacterial adhesins in the gastrointestinal tract. Fibronectin-binding 

proteins (FnBPs) have been identified and characterized in a wide variety of host-associated 

bacteria. Single bacterial species can contain multiple, diverse FnBPs. In pathogens, some 

FnBPs contribute to virulence via host cell attachment, invasion, and interference with 

signaling pathways. Although FnBPs in commensal and probiotic species are not sufficient to 

confer virulence, they are essential for attachment to their ecological niches. Here we 

describe the interaction between human fibronectin and bacterial adhesins by highlighting the 

FnBPs of Gram-positive pathogens and commensals. We provide an overview of the 

occurrence and diversity of FnBPs with a focus on the model pathogenic organisms in which 

FnBPs are most characterized. Continued investigation of FnBPs is needed to fully 

understand their divergence and specificity in both pathogens and commensals. 

 

 

 

 

 

 



 

 3 

1.2 Introduction 

 Fibronectin is a multidomain glycoprotein found ubiquitously in human body fluids 

and extracellular matrices (ECM) of a variety of cell types from all human tissues and 

organs, including intestinal epithelial cells (1, 2) (Figure 1). After secretion, fibronectin 

molecules bind to transmembrane integrins, which facilitate dimerization and cytoskeletal 

coupling (3). The integrin-bound fibronectin is capable of binding to ECM components such 

as collagen and laminin. Human fibronectin plays a major role in the regulation of cell 

migration, tissue repair and adhesion. Fibronectin is also a common target for bacterial 

adhesins in the gastrointestinal tract. 

 After its discovery in the mid-1970s, fibronectin was described as a nonintegral 

glycoprotein that mediates attachment to fibroblasts and hepatocytes (1, 4). In 1978, 

researchers first showed that Staphylococcus aureus binds to fibronectin in vitro (5). In the 

nearly 40 years since the discovery of fibronectin-bacterial affinity, fibronectin-binding 

proteins (FnBPs) have been identified across a diverse range of Gram-positive and Gram-

negative bacteria, including pathogens and commensals. Notably, no common features have 

been identified among the large collection of known FnBPs. To further complicate the 

classification of FnBPs, single bacterial species often contain multiple, diverse FnBPs. In this 

review, we aim to describe the interaction between human fibronectin structures and bacterial 

adhesins by highlighting the FnBPs of Gram-positive pathogens and commensals. We will 

provide an overview of the occurrence and diversity of FnBPs, with a focus on the model 

pathogenic organisms in which FnBPs are most characterized.  
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Figure 1.1 | Schematic diagram of extracellular matrix (ECM) components in the intestinal 
epithelium. The epithelial layer is comprised of simple columnar epithelial cells (pink). 
Goblet cells (blue) secret mucin for cell lubrication and protection. Fibroblasts (dark green) 
synthesize components of the ECM, including fibronectin. The gut microbiota consists of a 
complex community of microorganisms that inhabit the gastrointestinal tract of animals. 
Integrin-binding by fibronectin can mediate cytoskeletal rearrangement.  
 

 

1.3 Fibronectin Structure 

 The active form of fibronectin exists as a heterodimer linked by two C-terminal 

disulfide bonds (6) (Figure 2). Plasma fibronectin is a soluble form of fibronectin produced 

by liver cells before secretion into the bloodstream. Plasma fibronectin is distinct from the 

insoluble, cellular form fibronectin, which is synthesized by fibroblasts, endothelial cells, and  
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Figure 1.2 | Schematic diagram of the multidomain architecture of a cellular fibronectin 
heterodimer, consisting of twelve FN type I repeats (FNI), two FN type II repeats (FNII), and 
fifteen FN type III repeats (FNIII). The lower branch contains splice variants, which can 
include two alternatively spliced FNIII domains (EIIIA/EIIIB) and one FNIII connecting 
segment (IIICS). The presence and arrangement of these domains are responsible for 
interaction with bacterial FnBPs (red) and host proteins (black). 
 

 

other cells. Cellular fibronectin is the form involved in cell adhesion, migration, and the 

deposition of other ECM proteins (7, 8). In general, fibronectin consists of twelve FN type I 

repeats (FNI), two FN type II repeats (FNII), and fifteen FN type III repeats (FNIII). The 

modular structure of cellular fibronectin can include two alternatively spliced FNIII domains 

(EIIIA/EIIIB) and one FNIII connecting segment (IIICS). Notably, plasma fibronectin does 

not contain the EIIIA and EIIIB domains (9, 10). Though both plasma and cellular 

fibronectin are encoded by a single gene, they contain different arrangements of domains due 

to alternative splicing (11). In fact, 20 isoforms of cellular fibronectin have been identified in 

humans (12). The presence and arrangement of these domains are responsible for interaction 
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with other host proteins, including collagen, laminin, integrin, and fibrin (13-17). 

Modifications to subdomain structure have been shown to affect global conformation of 

fibronectin, thus affecting the presentation of domains (18). Changes in loop structures and 

domain availability can alter the intricate and specific interactions of fibronectin with its 

surroundings (19).  

 The N-terminal FNI1-FNI5 modules were the first domains in fibronectin shown to 

interact specifically with bacteria (20). As many FnBPs have since been shown to bind to this 

region, the FNI1-FNI5 modules represent the canonical bacterial binding site on fibronectin. 

These domains are also required for binding to heparin, fibroblasts, and fibrin (17, 21). 

However, the FNI4-FNI5 modules alone are sufficient to bind fibrin (22). The FNI1-FNI5 

modules are required for proper assembly of the ECM (23). Furthermore, these five modules 

are involved in self-interaction with FNIII domains (24).  

 The region immediately downstream of the FNI1-FNI5 modules, consisting of the 

domains FNI6FNII1-2FNI7-9, is necessary for binding collagen (25-27). This region is also a 

non-canonical bacterial binding site for select FnBPs in Streptococcus pyogenes (28). 

Additional non-canonical bacterial binding sites are located at the FNIII12 module and 

FNIII9-FNIII10 modules, which have been shown to bind FnBPs from Staphylococcus 

epidermidis and Clostridium perfringens, respectively (29, 30). The FNIII12-FNIII14 modules 

are necessary for heparin binding, although FNIII13 has been identified as the primary 

binding site (31, 32). A second fibrin-binding site is located at the C-terminal FNI10-FNI12 

modules (33, 34). 
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 Fibronectin attaches to the host cell surface via membrane-spanning α5β1 integrin 

receptor molecules (35). Integrins bind fibronectin at the RGD loop of the FNIII10 module 

and the adjacent PHSRN sequence of the FNIII9 module (15, 36). By this mechanism, 

fibronectin, integrin, and FnBPs form a three-component bridge between host cells and 

bacterial cells. This interaction can lead to recruitment of host cell signaling molecules and 

cytoskeletal rearrangement, often triggering invasion of the host cell (37). 

 

1.4 Fibronectin-binding Proteins 

 In 1978, researchers showed that Staphylococcus aureus binds to fibronectin in vitro 

(5, 38, 39). After a second gene encoding an FnBP was identified in S. aureus, the proteins 

were named FnBPA and FnBPB (40, 41). The two proteins contain N-terminal signal 

peptides with the YSIRK/GS motif that direct the proteins to localize at the cell surface (42, 

43). A C-terminal region containing the LPXTG motif spans the cell membrane and anchors 

both FnBPA and FnBPB to the cell wall (44). Once anchored to the cell wall, an array of 

fibronectin-binding repeats (FnBRs) mediates direct interactions with fibronectin (45). 

Originally, a series of 38-amino acid C-terminal repeats were thought to constitute the 

FnBPA active site (44). However, the active site has since expanded to contain 11 tandem 

repeats in FnBPA and 10 tandem repeats in FnBPB, with each repeat consisting of 30-40 

amino acids (45, 46). These domains bind fibronectin with differing affinities at the N-

terminal five module region (FNI1-FNI5) by a tandem ß-zipper model (47, 48). Recent 

studies examine the crystal structure of FnBPA complexed with fibronectin and reveal the 
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role of each domain in fibronectin attachment (49, 50). These findings suggest multivalent 

binding between a single copy of FnBPA/B and multiple fibronectin molecules.  

 Studies on FnBPA and FnBPB of S. aureus are guided by an interest in virulence 

factors of model pathogenic organisms. However, S. aureus expresses many other FnBPs that 

contribute to the complexity of bacterial adherence to host ligands. The largest of these is 

1.1-MDa Ebh (>10,000 amino acids), a surface protein with 44 imperfect repeats of 126 

amino acids (51). Ebh is tightly associated with the bacterial cell surface despite the absence 

of an LPXTG motif. A region within the central repeat sequence has been identified as the 

active site for fibronectin binding (51). Recent studies on Ebh suggest it plays a major role in 

the cell growth and envelope assembly of S. aureus (52). In the absence of Ebh, 

staphylococci exhibit a drastic increase in cell volume with irregular shape and thickness. An 

additional FnBP in S. aureus, the 15-kDa secreted extracellular adherence protein Eap, 

mediates fibronectin binding using a novel cell wall-anchoring mechanism in which 

externally added protein can bind cells of S. aureus in addition to a variety of ECM proteins 

(53, 54). Eap contains a central MAP domain comprised of an alpha-helix and five-stranded 

beta-sheet that is presumed to be the active site for binding to fibronectin. This domain also 

binds to S. aureus cells and a variety of extracellular proteins (55-57). The ECM-binding 

protein (Emp) also mediates fibronectin-binding in S. aureus (58). Like Ebh, Emp is tightly 

associated with the bacterial cell surface despite the absence of an LPXTG motif. Notably, 

Emp exhibits broad-spectrum affinity for ECM components, including fibronectin, 

fibrinogen, collagen, and vitronectin. This highlights an important problem inherent in the 

study of FnBPs: though they have long been studied with the assumption of single ligand-
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specificity, a multifunctional model of bacterial adhesins is emerging (59, 60). For example, 

FnBPA binds to fibrinogen and elastin (61, 62); Eap binds vitronectin, fibrinogen, and 

prothrombin (56, 57); Aaa binds to vitronectin and fibrinogen (63, 64). Given the limited 

number of cell wall-associated adhesion proteins and their importance in evasion of host 

immune responses, cell invasion and biofilm formation, it is not surprising that FnBPs have 

evolved to bind multiple ligands (60). Furthermore, the apparent functional redundancy of 

FnBPs makes it difficult to attribute definitive adhesion phenotypes. 

 While many of the FnBPs in S. aureus are conserved across staphylococci, other 

Gram-positive bacteria possess an entirely different collection of FnBPs. The human 

pathogen Streptococcus pyogenes, for example, expresses at least 11 additional distinct 

FnBPs (65). Perhaps the most studied of these is a set of homologous proteins, F1 and Sfb1 

(66, 67). As with many of the S. aureus FnBPs, both protein F1 and Sfb1 contain LPXTG 

anchoring motifs. Another shared feature between S. aureus FnBPs and protein F1/Sfb1 is a 

series of central FnBRs similar to those observed in FnBPA/FnBPB (68). Like FnBPA/B, the 

FnBRs of protein F1/Sfb1 bind to fibronectin at the N-terminal five module region (FNI1-

FNI5) (69). In protein F1/Sfb1, a 43-amino acid N-terminal region also binds fibronectin, but 

at modules FNI6-FNI9 (28) (Figure 2).  

 FnBRs similar to those in S. aureus have been found in other FnBPs from S. 

pyogenes, including protein F2, FbaB, Sof, SfbX, and FbaA (65). Protein F2 is similar to 

protein F1, though it lacks the domain for binding modules FNI6-FNI9 (70). FbaB shows 

significant homology to the C-terminal domain of protein F2 (71). Although serum opacity 

factor (SOF) contains functional FnBRs, an additional N-terminal opacity domain is 
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necessary for cell binding (72). SfbX features a C-terminal array of four FnBRs. The sfbX 

gene, which occurs immediately downstream of sof, is found only in sof-positive streptococci 

(73). The dominant theme in this set of FnBPs is the role of FnBRs in binding the N-terminal 

domain of fibronectin (FNI1-FNI5). Furthermore, these proteins contain C-terminal LPXTG 

cell wall anchors. 

 A second subset of FnBPs in S. pyogenes and other streptococci do not possess the 

canonical FnBRs. These include the M1 protein, GAPDH, protein H, Shr, and Scl1. Protein 

M1 anchors to the cell wall by an LPXTG motif binds fibronectin with two N-terminal 

domains (74). Unlike the other FnBPs discussed, protein H binds to FNIII modules instead of 

FNI modules (75). Glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) also shows 

fibronectin-binding activity (76). Shr and Scl1 are relatively new additions to the non-FnBR 

subset of S. pyogenes FnBPs (77, 78). The streptococcal surface enolase (SEN), a glycolytic 

pathway enzyme with plasminogen-binding capability, has been identified as a fibronectin-

binding protein in Streptococcus suis (79, 80).  More recently in S. suis, a putative peptidase 

(Ssa) has been shown to bind fibronectin with high affinity (81). Finally, an endopeptidase 

(PepO) from Streptococcus pneumoniae has been implicated in fibronectin-binding (82). The 

discovery of these novel FnBPs represents a new paradigm in which bacterial proteins, with 

other known functions, double as FnBPs. 

 A 54-kDa protein was originally identified in streptococci and termed Fbp54 after it 

was shown to bind to fibronectin and fibrinogen (83). Interestingly, this protein does not 

contain a secretory peptide, LPXTG anchoring motif, or any typical fibronectin-binding 

sequences. Since the initial characterization of Fbp54, distant homologues have been found 
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among a variety of host-associated bacteria including streptococci, lactococci, lactobacilli, 

clostridia, listeria, pneumococci, enterococci, and bacilli. There has been inconsistency in the 

naming of Fbp54 homologues, such as PavA in Streptococcus pneumoniae, FbpA in 

Streptococcus gordonii, and FbpS is Streptococcus suis (84-86). This has led to confusion 

about the prevalence and identity of this FnBP. The Gram-positive pathogen Clostridium 

perfringens, a common cause of wound-associated infections and food poisoning, also 

expresses an Fbp54 homologue (FbpA). FbpA recognizes a non-canonical FNIII9-FNIII10 

region of fibronectin (87, 88). Despite its ubiquity, little is known about the active site of the 

Fbp54 family of FnBPs in other organisms. 

 

1.5 Host Interactions 

 Binding to fibronectin is an important aspect of virulence behavior, such as host cell 

invasion in pathogenic bacteria (65, 89, 90). The ability to attach and multiply on the surface 

of host cells, followed by entry and proliferation, can lead to severe diseases in humans (91). 

There is a large body of research that demonstrates the role of FnBPs in mediating host cell 

invasion (90, 92).  

 Pathogenic strains of staphylococci are one of the most common causes of skin and 

bloodstream infections in the United States (93-96). The FnBPA/B proteins of S. aureus were 

among the first FnBPs shown to be involved in the internalization of bacteria by epithelial 

cells (37). Bacterial cells use FnBPs to form a three-component bridge between themselves 

and the host cell. The FnBPs are attached to fibronectin molecules, which are further attached 

to α5β1 integrins via the RGD linkage (15, 35). Integrins are embedded in the host cell 
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membrane and linked to the host cell cytoskeleton. The linkage between integrins and the 

bacteria-fibronectin complex brings about the recruitment of cell signaling molecules and a 

rearrangement of the cytoskeleton that facilitates host cell invasion (97). The absence of 

FnBPA/B in S. aureus leads to a nearly 500-fold reduction in the internalization of bacteria 

(98). Importantly, expression of S. aureus FnBPA in non-invasive Lactococcus lactis bacteria 

confers the ability to invade human endothelial cells (99).  

 The same mechanism of host cell invasion via integrin-binding is observed in 

streptococci (100, 101). Protein F1 and Sfb1 of S. pyogenes interact with fibronectin on the 

surface of nonphagocytic cells to trigger bacterial internalization (68, 101, 102). Though not 

as essential as protein F1 and Sfb1, other FnBPs such as FbaA, FbaB, Ssa, and protein M1 

promote cell invasion (65, 81). Because fibronectin interacts with integrin by means of its 

RGD peptide, it is possible that FnBPs with the RGD integrin attachment domain, such as 

FbaB, interact directly with integrin (103). 

 Arguably the most prevalent FnBP, Fbp54 and its homologues (FbpA, FbpS, PavA) 

play an important role in virulence-associated internalization (84). An fbpA-deficient mutant 

of Listeria monocytogenes exhibited a reduced ability to invade hepatocytes (104, 105). A 

pavA-deficient mutant of Streptococcus pneumoniae exhibited a similar decrease in 

adherence and internalization ability (106). Recent evidence suggests that staphylococcal 

FnBPs are also required to form biofilms. A homologue of the 1.1-MDa S. aureus FnBP 

(Ebh) was identified in S. epidermidis and found to be sufficient and necessary for biofilm 

formation (30). The introduction of mutations into fnbpA and fnbpB, encoding FnBPA and 

FnBPB, reduced biofilm formation in multiple methicillin-resistant strains of S. aureus (107). 
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A full deletion of fnbpA and fnbpB from S. aureus also reduced biofilm formation, 

highlighting reduced initial bacterial aggregation as the underlying mechanism (108). Further 

evidence suggests that low-affinity homophilic interactions between FnBPA domains on 

adjacent cells promote cell accumulation and contribute to biofilm formation (109).  

 In addition to exploiting fibronectin as a method of host cell attachment and invasion, 

bacterial FnBPs can modify the signaling activity of human fibronectin. Fragments of 

fibronectin are often found in the blood after injury or infection (110). These fragments are 

important for host cell signaling and have been linked to essential biological functions (111, 

112). Fibronectin fragments of 110 kDa stimulate human macrophages in vitro, significantly 

increasing output of TNF-alpha, FGF-1, IGF-1, and LIF (113). Fibronectin fragments can 

also influence monocyte behavior in HIV-1-infected patients (114). The role of fibronectin 

fragments in biological processes appears to be shaped by the domains present on the 

fibronectin fragment. For example, the alternatively spliced EIIIA domain is associated with 

cell motility and fibrosis. However, the EIIIA domain is nonessential for differentiation of 

hepatic stellate cells and portal fibroblasts to myofibroblasts (115).  

 Smaller sequences within fibronectin domains have also been linked with specific 

biological functions. A 13-residue stretch of fibronectin (FN13) is responsible for inducing 

matrix assembly in cultured cells. In the absence of this peptide, migration of tumorigenic 

cells is inhibited (116). An N-terminal 29-kDa fragment of fibronectin increases 

phosphorylation of ERK1/2, p38 and JNK1/2 protein kinases, leading to enhanced cartilage 

matrix damage (117). Larger fibronectin fragments of 50-kDa and 140-kDa show less kinase 

activation, though all three fragments show significantly more activity than native 
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fibronectin, which is inactive in terms of cartilage degradation (118). In binding these 

fragments, FnBPs may interfere with host cell signaling. A 49-residue sequence of the F1 

protein in S. pyogenes binds the N-terminal 70-kDa region of fibronectin and inhibits matrix 

assembly (119). This interaction illustrates the ability of FnBPs to block the activity of 

fibronectin fragments.  

 It is important to note that because fibronectin is produced at basolateral surfaces, 

bacteria must bypass the epithelial barrier to gain access. However, adenosine, a 

proinflammatory signaling molecule, induces transport of fibronectin to the apical surface 

where it is accessible to bacteria (120). Adenosine-induced apical display was shown to 

facilitate the adherence and consequent invasion of Salmonella enterica. By this mechanism, 

other signaling molecules could induce apical display of fibronectin, providing an ecological 

advantage to species with FnBPs. 

 

1.6 Non-pathogenic FnBPs 

 In both pathogenic and commensal bacteria, host attachment allows access to 

nutrients, suitable environmental conditions, and interaction with the host immune system by 

promoting retention in a particular niche. The diverse array of FnBPs identified in pathogens 

is unparalleled in commensals, though some FnBPs are expressed in both pathogens and 

commensal species. The clearest example is Fbp54, which is found across a variety of host-

associated commensals, as well as the probiotic species Lactobacillus acidophilus, 

Lactobacillus casei, Lactobacillus plantarum, Lactobacillus brevis, and Lactobacillus 

rhamnosus (121-124). Purified FbpA from L. casei exhibits a stronger affinity for 
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immobilized fibronectin than soluble fibronectin — a trend also seen in the FbpA homologue 

of S. pneumoniae (84, 122). In L. acidophilus, a mutant with inactivated fbpA exhibited a 

significant decrease in adhesion to epithelial cells in vitro (125).  

 A subset of lactobacilli forms surface layers (S-layers) that are crystalline arrays self-

assembling, proteinaceous subunits called S-layer proteins (126, 127). S-layer proteins are 

important for protection, cell shape, immunomodulation, and adhesion (125, 126, 128, 129). 

The S-layer protein in L. brevis (SlpA) binds fibronectin, while inactivation of the S-layer 

protein in L. acidophilus (SlpA) reduced binding to epithelial cells (125, 130). Although 

SlpA has not been further investigated for specific fibronectin-binding, the recent 

identification of S-layer-associated proteins (SLAPs) in L. acidophilus has led to the 

implication of an additional FnBP, termed FbpB (131, 132). FbpB contains an FNIII domain, 

which bears homology to the FNIII domain of human fibronectin. This suggests that FbpB 

may interact with the self-binding region of fibronectin (FNI1-FNI5) known to target the 

FNIII domain (24). Strikingly, homologues of FbpB are found only within the S-layer-

forming subset of gut-associated lactobacilli. The unique FnBPs of lactobacilli and other 

non-pathogens may possess distinctive mechanisms to bind fibronectin in competition with 

pathogens. 

 

1.7 Conclusion 

 Though there appear to be fewer FnBPs in commensals than pathogens, it is likely 

due to sampling bias: pathogen “virulence factors” have been studied more often than 

commensal adhesins. Consequently, commensal and probiotic FnBPs are less understood 
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than the FnBPs in pathogenic bacteria. Due to the presence of so-called “virulence factors” in 

commensals, it may be more accurate to refer to bacterial adhesins as “niche factors”, as 

suggested in Hill, 2012 (133). It is proposed that attachment proteins be categorized as niche 

factors because they are found in both pathogens and commensals that occupy an identical 

niche. However, proteins unique to pathogens that play a significant role in pathogenesis, 

such as exotoxins or coagulases, would remain classified as virulence factors. Addressing 

these concerns will be important from a regulatory perspective, as the probiotic potential of 

gut microbes is being increasingly investigated. 

 Bacteria employ adhesins as a means of attachment to their ecological niches. 

Adhesins play an important role in competition between organisms on host cell surfaces. The 

evolution of diverse FnBPs that interact with distinct regions of human fibronectin would 

likely provide an advantage to a bacterial species. Advances in genome sequencing 

technologies will enable extensive characterization of FnBPs in a growing number of 

microorganisms. The continued investigation of FnBPs will enhance our understanding of 

their diversity and specificity. 
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2.1 Abstract 

 Bacterial surface layers (S-layers) are crystalline arrays of self-assembling, 

proteinaceous subunits called S-layer proteins (Slps) that comprise the outermost layer of the 

cell envelope. Many additional proteins that are associated with or embedded within the S-

layer have been identified in Lactobacillus acidophilus NCFM, an S-layer-forming bacterium 

which is widely used in fermented dairy products and probiotic supplements. One putative S-

layer-associated protein (SLAP), LBA0191, was predicted to mediate adhesion to fibronectin 

based on the in silico detection of a fibronectin-binding domain. Fibronectin is a major 

component of the extracellular matrix (ECM) of intestinal epithelial cells. Adhesion to 

intestinal epithelial cells is considered an important trait for probiotic microorganisms during 

transit and potential association with the intestinal mucosa. To investigate the functional role 

of LBA0191 (designated FbpB) in L. acidophilus NCFM, an fbpB-deficient strain was 

constructed. The L. acidophilus mutant with a deletion of fbpB lost the ability to adhere to 

mucin and fibronectin, in vitro. Homologues of fbpB were identified in five additional 

putative S-layer-forming species, but no homologues were detected in species outside the L. 

acidophilus homology group.  
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2.2 Introduction 

 Fibronectin is a glycoprotein which functions as an essential link between cells and 

extracellular matrices (1). Known to play an important role in regulating cell adhesion, 

migration and tissue repair, fibronectin molecules are produced by a variety of cell types, 

including intestinal epithelial cells (2). After secretion by the cell, fibronectin molecules bind 

to transmembrane integrins in the extracellular matrix (ECM) (3). Integrin-binding facilitates 

fibronectin dimerization, allowing fibronectin to bind other extracellular proteins. 

Fibronectin-binding proteins (FnBPs), which bind specifically to fibronectin, are found 

across a wide variety of Gram-positive and Gram-negative bacteria – both pathogens and 

commensals (1, 3). Bacterial species often have multiple, diverse FnBPs. Although distinct 

subgroups of FnBPs have been identified, no common features have been detected among the 

vast array of known FnBPs. The most prevalent subgroups of FnBPs have been characterized 

(1, 4-8).  

 Lactobacilli are Gram-positive, rod-shaped lactic acid bacteria. Many Lactobacillus 

species are indigenous to fermented foods and food-related habitats, including the mucosal 

surfaces of animals. Comparative genomic analyses of similar species from plant, dairy, and 

animal habitats illustrate the ability of the Lactobacillus genera to adapt to diverse 

environments (9). Lactobacilli are normal components of the gut microbiome, with many 

strains considered probiotics (10). Probiotic bacteria have been shown to confer positive 

health benefits to the host through immunomodulation (11-16) and pathogen exclusion (17-

20). Thus, adherence to intestinal epithelial cells, mediated by extracellular proteins, is 

widely regarded as one important feature of probiotic efficacy (21-23). Select species of 
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Lactobacillus are known to form a unique, self-assembling crystalline array of protein on the 

outermost layer of the cell (24, 25). This array, known as a surface-layer (S-layer), is an 

important factor in cell morphology and adhesion to intestinal epithelial cells (26).  

 The S-layer-forming bacterium Lactobacillus acidophilus NCFM has been studied 

extensively as a probiotic (27, 28). The major component of the S-layer in L. acidophilus is 

the 46 kDa protein SlpA (29). Inactivation of SlpA has been shown to drastically reduce 

adhesion to Caco-2 intestinal epithelial cells (30). A protein with significant homology to 

Fbp54 of Streptococcus pyogenes has been identified in L. acidophilus NCFM (1, 31). 

Deletion of FbpA from L. acidophilus NCFM has been shown to reduce adhesion to Caco-2 

epithelial cells by 76% (30). FbpA homologues are widespread in Lactobacillus genomes (1, 

32).  

 A second fibronectin-binding protein in L. acidophilus NCFM, LBA0191, was 

bioinformatically predicted based on the presence of a fibronectin type III domain (FN3). 

FN3 domains are commonly found in a diverse subset of animal and bacterial proteins 

including cell-surface receptors, muscle proteins, and extracellular matrix molecules (33-35). 

The protein also contains a putative signal peptide cleavage site at the N-terminus that marks 

LBA0191 for secretion from the cell, as well as a central collagen-binding domain (36). 

LBA0191 was recently identified as an S-layer-associated protein (SLAP) (37). SLAPs are 

proteins that may be associated with or embedded within the S-layer complex (37). Taken 

together, these observations suggest that LBA0191 may be involved in binding fibronectin. 

 To determine the function of LBA0191, the lba0191 gene was deleted from the 

chromosome of L. acidophilus NCFM using a upp-based counter-selective gene replacement 
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system (38). In the present study, we phenotypically characterize this strain (NCK2393) in 

order to investigate the role of LBA0191 in adhesion to fibronectin, mucin, and collagen. We 

provide evidence that LBA0191, designated FbpB, plays a significant role in adhesion to 

fibronectin and mucin in vitro. Bioinformatic evidence further indicates that the function of 

FbpB may be conserved among homologues in closely-related lactobacilli. 

 

2.3 Materials and methods 

 2.3.1 Bacterial strains and growth conditions. The bacterial strains, plasmids, and 

primers used in this study are listed in Table 2.1. Strains of L. acidophilus were propagated 

statically in de Man-Rogosa-Sharpe (MRS) broth (Difco Laboratories, Inc., Detroit, MI) or 

on MRS agar (1.5% [wt/vol]; Difco) under aerobic conditions at 37°C or 42°C. 

Transformants were selected in the presence of 2 µg/ml of erythromycin (Em) (Sigma-

Aldrich, St. Louis, MO) and/or 2 to 5 µg/ml of chloramphenicol (Cm) (Sigma). Escherichia 

coli was grown in brain heart infusion (BHI) (Difco) medium at 37°C with shaking aeration. 

E. coli EC101 was propagated in the presence of 40 µg/ml of kanamycin (Kn) (39). For upp-

based counter-selective gene replacement procedures, plasmid-free double recombinants 

were selected on a glucose semi-defined agar medium containing 100 µg/ml of 5-fluorouracil 

(5-FU) (Sigma) as previously described (38).  

 2.3.2 DNA manipulation and transformation. Genomic DNA from L. acidophilus 

was isolated using a Zymo Research Fungal/Bacterial DNA MiniPrep kit (Zymo Research). 

Plasmid DNA from E. coli was isolated QIAprep Spin Miniprep kit (Qiagen). Restriction 

enzyme digestions were performed using Roche restriction enzymes (Roche Diagnostics).  
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Table 2.1 | Strains, plasmids, and primers used in this study 
Strain, plasmid, or 

primer Genotype or characteristics Source or reference 

Strains   
L. acidophilus   

NCFM Human intestinal isolate Sanders & 
Klaenhammer, 2001 

NCK1909 NCFM carrying a 315-bp in-frame deletion within the 
upp gene Goh et al., 2009 

NCK1910 NCK1909 harboring pTRK669; host for pORI-based 
counterselective integration vector Goh et al., 2009 

NCK2393 NCK1909 carrying a 1.2 kb in-frame deletion within 
the fbpB gene This study 

E. coli   

EC101 
RepA+ JM101; Kmr; Emr; repA from pWV01 
integrated in chromosome; host for pORI-based 
plasmids  

Law et al., 1995 

   
Plasmids   

pTRK669 Ori (pWV01); Cmr; RepA+; thermosensitive Russell & 
Klaenhammer, 2001 

pTRK935 3.0 kb; pORI28 with a upp expression cassette and 
lacZ’ Goh et al., 2009 

pTRK1095 4.1 kb; pTRK935 integration vector with flanking 
regions of fbpB cloned into BamHI/SacI sites This study 

   
Primers   
0191-1 GTAATAGGATCCAAGCACTTTTGACTGAAGTA This study 

0191-2 TGCCTTTAGCTACATAGTTG This study 

0191-3 CTATGTAGCTAAAGGCAGGTCAACTGTAAAGG
AAGTT This study 

0191-4 TAAAGTAGAGCTCCTTCGTTATGCTTAACTTGT This study 

0191-UP AGCCACTCTGCGTTGTTTCT This study 

0191-DN TGCAAGAGAACATGGTGCTAA This study 

0191-delcon-F AATGACAATGGCACTTGCTG This study 

   
For primers, the 5’-to-3’ sequences are given. Restriction enzyme sites are underlined. 
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Ligations were performed using T4 DNA ligase (New England Biolabs). Polymerase chain 

reaction (PCR) primers were designed based on genomic sequence data and synthesized by 

Integrated DNA Technologies. PCRs were carried out in Bio-Rad MyCycler thermocyclers 

(Bio-Rad Laboratories) using Choice-Taq Blue DNA polymerase (Denville Scientific) for 

screening of recombinants and PfuUltra II fusion HS DNA polymerase (Agilent 

Technologies) for cloning purposes. PCR amplicons were analyzed on 0.8 % agarose gels and 

purified using QIAquick Gel Extraction kits (Qiagen). DNA sequencing was performed by 

Eton Bioscience (Durham, NC).  

 2.3.3 Genomic in silico analysis. Genomes were curated from the genome library of 

the National Center for Biotechnology Information (NCBI accession numbers: 

NC_006814.3, NC_021744.1, NC_014724.1, NC_014106.1). Sequences were compared 

using the BLASTN and BLASTP features of NCBI (40). Signal peptidase cleavage sites for 

protein sequences were predicted using SignalP 4.1 (41). Domains were predicted using the 

NCBI Conserved Domain Database (42). Full genomes and protein sequences were uploaded 

to Geneious 7.1.9 for comparative genomic analyses (43). Alignments of protein sequences 

were performed in Geneious 8.1.7 using ClustalW with the BLOSUM cost matrix, and 

clustering was performed by the neighbor-joining method (44). Protein domains were 

predicted within Geneious using the InterProScan plugin (45).  

 2.3.4 RNA sequence analysis. RNA sequencing analysis was performed on data from 

a previous study (46). Transcriptomes of Lactobacillus acidophilus NCFM, Lactobacillus 

crispatus ST1, Lactobacillus amylovorus GRL1112, and Lactobacillus helveticus CNRZ32 

were analyzed using Geneious v8.0.5 (43). The expression level calculator within Geneious 
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v8.0.5 was used to determine normalized transcripts per million (TPM).  

 2.3.5 Construction of an L. acidophilus ∆lba0191 mutant. A upp-based counter-

selective gene replacement system (38) was used to create an internal deletion of a 1218-bp 

region containing lba0191 (1403 bp) from NCK1909, a upp-deficient background strain of L. 

acidophilus NCFM. First, 442-bp and 592-bp DNA segments flanking the regions upstream 

and downstream of the deletion target, respectively, were amplified using two sets of 

primers. The upstream and downstream regions were amplified with primers (Table 2.1). The 

two purified PCR products were fused using splicing by overlap extension PCR (SOE-PCR) 

and further amplified to construct the ∆lba0191 allele. Two restriction sites, BamHI and SacI, 

were engineered onto the upstream and downstream end of the deletion construct, 

respectively. The construct was digested with BamHI and SacI and ligated into the multiple 

cloning site of a similarly digested integration plasmid, pTRK935. The plasmid containing 

the deletion construct, pTRK1095, was transformed into competent E. coli EC101. The 

resulting recombinant plasmid was electroporated into NCK1910, the L. acidophilus ∆upp 

host strain containing helper plasmid pTRK669. Plasmid-free recombinants were recovered 

as previously described (38). Double recombinants with the ∆lba0191 allele were recovered 

and screened by colony PCR using primers 0191-UP and 0191-DN. Sequence integrity was 

confirmed by sequencing with primers 0191-delcon-F and 0191-DN (Table 1).  

          2.3.6 Stress challenge assays. Strains were grown to early log phase in MRS broth (~3 

h at 37°C to an of OD600 of 0.25 to 0.3) before they were subjected to stress challenges (47). 

Cells were inoculated into a 96-well plate containing 200 µl per well of (i) MRS broth; (ii) 

MRS broth with 10% ethanol (vol/vol); (iii) MRS broth with 0.3% oxgall bile (wt/vol) 
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(Difco); (iv) MRS broth with 2.5% NaCl (wt/vol); or (v) MRS broth with 0.02% sodium 

dodecyl sulfate (SDS) (wt/vol). Growth was measured by OD600 over a 48-h incubation 

period at 37°C using a FLUOStar Optima microtitre plate reader (BMG Labtech, Cary, NC). 

Viable cell counts were determined by diluting and plating onto MRS agar after 1- or 2-h 

incubation periods at 37°C.  

 2.3.7 Exposure to simulated gastric juice. Simulated gastric juice assays were 

performed as described previously (48). Overnight cultures were centrifuged (1,771 × g, 15 

min, room temperature), washed twice, and resuspended in 1.4 ml sterile distilled water. 

Simulated gastric juice (0.5% [wt/vol] NaCl solution with 3 g/L pepsin, pH 2) was prepared 

on the day of the experiment. Six ml of simulated gastric juice was added to the cell 

suspension and viable cell counts were determined by plating in duplicate, at 30-min 

intervals over 90 min. The assay was performed with three independent cultures for each 

strain. 

 2.3.8 Extracellular matrix (ECM) adherence assays. Mucin (type III from porcine 

stomach, Sigma) was dissolved in PBS to a final concentration of 10 mg/ml. Fibronectin 

(from human plasma, Sigma) and collagen (type IV from human cell culture, Sigma) were 

dissolved in 50 mM carbonate-bicarbonate buffer (pH 9.6, Sigma) to a final concentration of 

10 µg/ml. For each assay, a Nunc Maxisorp 96-well microplate was coated with 100 µl/well 

of substrate and incubated at 4°C overnight. The wells were washed twice with PBS to 

remove excess substrate before blocking with 150 µl of 2% bovine serum albumin (BSA) 

solution (Invitrogen) for 2 h at 37°C. Excess BSA was removed by two additional washes 

with PBS.   
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 Bacterial cells were grown in MRS to stationary phase in preparation for the 

adherence assay. Cultures were centrifuged (1,771 × g, 15 min, room temperature), washed 

once, and resuspended in PBS before cell density was adjusted to ~1 x 108 CFU/mL based on 

OD600. Cell suspensions (100 µl) were added to each protein-coated well. Initial cell counts 

were enumerated on MRS plates. After incubation for 1 h at 37°C, the wells were gently 

washed five times with 200 µl/well PBS. Adhered cells were recovered by adding 100 µl of 

0.05% Triton X-100 solution (FisherBiotech, prepared in PBS) to each well and agitating on 

an orbital shaker (200 rpm) for 15 min. Cell suspensions were transferred into 900 µl of 0.1X 

MRS before being further diluted and plated in duplicate on MRS plates. After growth, 

colonies were enumerated and expressed as a percent of relative adherence (mutant 

CFU/parent CFU), where parent CFU were defined as 100%. Adherence assays were 

performed with at least 3 technical replicates and 3 independent cultures per strain. 

 2.3.9 Assay for microbial adhesion to solvents (MATS). The assay for microbial 

adhesion to solvents was performed as described by Bellon-Fontaine et al. with four solvents: 

chloroform (Lewis acid, electron acceptor, polar), hexadecane (nonpolar), ethyl acetate 

(Lewis base, electron donor, polar), and decane (nonpolar) (49). Cultures were grown in 

MRS broth at 37°C to stationary phase and harvested by centrifugation (3220 × g, 15 min, 

room temperature) and washed twice with PBS. Cells were resuspended in PBS to 

approximately 108 CFU/ml and optical density (OD400) was measured. Then, 1.2 ml of each 

cell suspension was mixed with 200 µl of each solvent in a glass round-bottom tube. The 

mixture was agitated for 60 s and incubated at room temperature for 15 min. After complete 

separation of the two phases, the aqueous phase was removed and OD400 was measured. 
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Affinity of the cells to each solvent was calculated with the following equation: 100 x [1-

(A/A0)], where A0 and A represent the OD400 of the cell suspension before and after mixing 

with the solvents, respectively. Assays were performed in biological triplicate.  

 2.3.10 Scanning and transmission electron microscopy (SEM/TEM). Cells were 

grown in MRS (35 ml) to logarithmic and stationary phases. Cells were pelleted by 

centrifugation at 3,166 × g for 15 min at room temperature. Cell pellets were resuspended in 

a fresh 1:1 (vol/vol) fixative mixture of 6% glutaraldehyde and 0.2 M sodium cacodylate (pH 

5.5) and stored at 4°C. Sample processing for scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) was performed by the Center for Electron 

Microscopy at North Carolina State University. SEM samples were viewed with a JEOL JSM 

5900LV scanning electron microscope at 15kV. TEM samples were viewed with a JEOL 

100S transmission electron microscope. Surface layer thickness was measured with a ruler 

(in mm) scaled to the micrograph scale bar (µm or nm) for each image. Sample size ranged 

from 20 to 29 individual cells for each strain at each phase.  

 2.3.11 Extraction of non-covalently bound cell surface proteins. Non-covalently 

bound cell surface proteins, including S-layer proteins (Slps) and S-layer-associated proteins 

(SLAPs), were extracted from L. acidophilus strains (NCK1909 and NCK2393) using LiCl 

denaturing salt, as described previously (37). Briefly, cells were grown in 200 mL MRS to 

stationary phase (16 h), centrifuged (1,771 × g, 10 min, 4°C), and washed twice with 25 ml 

cold PBS, pH 7.4. Cells were agitated for 15 min at 4°C following the addition of 5M LiCl 

(Fisher). Supernatants, containing Slps and SLAPs, were harvested via centrifugation (8,994 

× g, 10 min, 4°C), transferred to a 6,000-8,000 kDa Spectra/Por molecular porous membrane 
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(Spectrum Laboratories), and dialyzed against cold distilled water for 24 h. Precipitate was 

harvested at 20,000 × g for 30 min and agitated for a second time with 1M LiCl for 15 min at 

4°C to dissociate the SLAPs from the Slps. The suspension was centrifuged at 20,000 × g for 

10 min and the SLAP supernatants were separated from the Slp pellet. Remaining suspension 

was transferred to the 6,000-8,000 kDa Spectra/Por molecular porous membrane and 

dialyzed against cold distilled water for 24 h. Finally, the precipitate was harvested via 

centrifugation (20,000 × g, 30 min, 4°C) to pellet the SLAPs. Both Slp and SLAP pellets 

were resuspended in 10% (w/v) SDS (Fisher). Proteins were quantified via bicinchoninic 

acid (BCA) assay kit (Thermo Scientific) and visualized via SDS-PAGE with precast 4-20% 

Precise Tris-HEPES protein gels (Thermo Scientific). Gels were stained using AcquaStain 

(Bulldog Bio) according to manufacturer instructions. 

 

2.4 Results 

 2.4.1 In silico analysis of fbpB. Bioinformatic analysis of L. acidophilus NCFM led 

to the identification of fbpB (lba0191), which was predicted to encode a fibronectin-binding 

protein. This protein was 463 amino acids in length and contained a putative C-terminal 

fibronectin type III domain (FN3, cd00063) with a cytokine receptor motif (Figure 2.1). A 

signal peptidase cleavage site was predicted at residues 24 and 25 (VQA-GT) of the 

hydrophobic N-terminus. The 52 kDa protein has a basic isoelectric point (pI ~9.6) and a 

predicted GRAVY value of -0.589. No transmembrane domains were detected in the protein 

sequence of FbpB from L. acidophilus NCFM.  
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Figure 2.1 | Amino acid sequence alignment of FbpB homologues in Lactobacillus species. 
Colored boxes represent domains predicted by InterProScan 5. The bar graph shows the 
mean pairwise identity across homologues at each position in the amino acid alignment (1-
473). Green bars indicate 100% identity, yellow bars indicate 30-100% identity, and red bars 
indicate less than 30% identity.  
 
 
 
 
Analysis with BlastP shows that fbpB from L. acidophilus shares a high level of sequence 

homology with genes from other species of the L. delbrueckii/L. acidophilus complex (Figure 

1;(50, 51), including L. kitasatonis (84% identity, GenBank accession no. WP_025014788), 

L. gallinarum (83% identity, GenBank accession no. WP_025005703), L. helveticus (79-82% 

identity, GenBank accession no. CP002081), and L. crispatus (79% identity, GenBank 

accession no. NC_014106). Additional sequences with low levels of homology to fbpB are 

found in L. amylovorus (35% identity, GenBank accession no. CP002338).  
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 Three genes immediately upstream of fbpB and one gene immediately downstream of 

fbpB were conserved among all occurrences of homologues (Figure 2.2). In contrast, this 

genomic context was present with no medial fbpB homologue in the genomes of closely-

related lactobacilli, including L. acetotolerans, L. apis, L. gigeriorum, L. hamsteri, L 

helsingborgensis, L. intestinalis, L. kalixensis, L. kimbladii, L. kullabergensis, L. 

kefiranofaciens, L. melliventris, L. pasteurii, and L. ultunensis. In these genomes, no such 

fbpB homologues were present and the tyrosyl-tRNA synthetase gene was located directly 

downstream of the glucan modification gene. GC-content of fbpB was consistent across 

species, ranging from 35.7% to 38.3%. Each of these values varied by less than 1% from the 

overall GC-content of each full genome (34.7% - 38.2%). 

 An unrooted phylogenetic tree was constructed from an alignment of the two known 

fibronectin-binding proteins in the L. acidophilus homology group, FbpA and FbpB (Figure 

2.3). The two distinct clusters in the tree illustrate the low sequence identity between the two 

proteins. For each set of proteins, homologues share identities of at least 75% with the 

exception of FbpB in L. amylovorus. The two groups contain different functional domains for 

binding fibronectin. In FbpA, a fibronectin-binding domain similar to that of Fbp54 in 

Staphylococcus aureus is considered the functional domain involved in binding. This domain 

is unrelated to the FN3 domain found in FbpB. The signal peptide cleavage sequence of 

FbpB in L. acidophilus (VQA-GT) was conserved in L. crispatus, L, kitasatonis, L. 

gallinarum, and L. helveticus. Although the signal peptide cleavage sequence varies in strains 

of L. amylovorus (VNA-AS), the position of the cleavage site was conserved. 
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Figure 2.2 | Conserved genomic context of FbpB homologues in the genomes of closely-
related lactobacilli (top group of species). The transcriptional profile graph shows RNA 
coverage as RPKM (reads per kilobase of transcript per million mapped reads) over the 
contextual region of four species with FbpB homologues (Blue: L. acidophilus NCFM; Red: 
L. amylovorus GRL1112; Green: L. crispatus ST1; Purple: L. helveticus CNRZ32). The 
genome of L. helveticus contains a putative 1.3 kb mobile genetic element* between the 
glucan modification protein and FbpB. The region of transcriptional profile corresponding to 
the mobile genetic element was deleted from L. helveticus CNRZ32 to allow for comparison 
to other species. FbpB is absent from all other lactobacilli, although the genomic context is 
conserved in many species (bottom group of species). Percent identity values indicate amino 
acid sequence similarity of respective ORFs. 
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Figure 2.3 | A neighbor-joining phylogenetic tree based on fibronectin-binding proteins in L. 
acidophilus NCFM and other fbpB-containing lactobacilli. FbpA and FbpB protein sequences 
were aligned and the phylogenetic tree was created in Geneious 8.1.7. 
 
 
 
 2.4.2 Transcriptional analysis of the fbpB operon. Transcriptional data from RNA 

sequencing indicates that fbpB and the downstream tyrosyl-tRNA synthetase, tyrS 

(LBA0192), are transcribed polycistronically. Reads mapped to the L. acidophilus NCFM 

genome showed that transcription levels are maintained throughout the intergenic region 

between fbpB and tyrS (Figure 2.2). RNA sequencing data for L. crispatus ST1, L. 

amylovorus GRL1112, and L. helveticus CNRZ32 also indicate polycistronic transcription. 
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These data suggest the downstream tyrS may operate under the control of fbpB regulatory 

sequences in all four strains. 

 A putative promoter sequence was identified upstream of fbpB. The promoter 

sequence consisted of a -35 element (5’TTGTNT3’) and a -10 element (5’TAAAAT3’). A 

putative ribosomal binding site (5’AGGTGA3’) was located 11 nucleotides upstream of the 

fbpB start codon. Furthermore, the promoter elements and ribosomal binding site were 

located upstream of fbpB homologues in other lactobacilli (Table 2.2). A Rho-independent 

transcription terminator sequence was identified immediately downstream of the tyrS stop 

codon. The predicted terminator sequence featured GC-rich palindromic stems with a 6-nt 

loop located upstream of a 3’ poly T region. 

 
 

Table 2.3 | Conservation of regulatory elements in strains with fbpB homologues 

Strain Name -35 element -10 element* RBS* Predicted SPase  
Cleavage Site** 

L. acidophilus     
NCFM TTGTTT TAAAAT AGGTGA VQA/GT (24-25) 

L. amylovorus     
GRL 1112 TTGTTT TAAAAT AGGTGA VNA/AS (24-25) 

L. crispatus     
ST1 TTGTAT TAAAAT AGGTGA VQA/GT (24-25) 

L. gallinarum      
DSM 10532 TTGTGT TAAAAT AGGTGA VQA/GT (24-25) 

L. helveticus     
CNRZ32 TTGTGT TAAAAT AGGTGA VQA/GT (24-25) 

L. kitasatonis      
DSM 16761 TTAAGT TAAAAT AGGTGA VQA/GT (24-25) 

*RBS and -10 element are 100% conserved 
**Cleavage site is conserved in all strains, except L. amylovorus GRL 1112 
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 2.4.3 Growth and survival of ∆fbpB mutant. Stress challenge assays were performed 

on wild-type and ∆fbpB strains to investigate possible stress-sensitive phenotypes in the 

∆fbpB mutant. Both strains were inoculated and grown for 48 h in MRS, and in MRS with 

0.3% Oxgall, 2.5% NaCl, 10% ethanol, or 0.02% SDS. There were no significant differences 

between the growth rate and survival of the wild-type and mutant strains under these 

conditions. Additionally, both strains were mixed with simulated gastric juice as an in vitro 

assessment of gastrointestinal survival. There were no significant differences in the ability of 

the parent or ∆fbpB mutant to survive in simulated gastric juice.   

 2.4.4 Adhesion ability of ∆fbpB mutant. The ∆fbpB mutant exhibited a statistically 

significant reduction in adherence to fibronectin and mucin in vitro relative to the parent 

strain (Figure 2.4). Adherence of the ∆fbpB mutant to human plasma fibronectin was reduced 

by 72%, and adherence to type III mucin from porcine stomach was reduced by 47%. The 

∆fbpB mutant exhibited no significant reduction in adhesion (7.2%) to type IV collagen.  

 Cell surface properties of both strains were investigated using a microbial adhesion to 

solvents assay (MATS). There were no significant differences between strains in affinity for 

chloroform, hexadecane, ethyl acetate, or decane. Both strains displayed high affinity (80 to 

90%) for the nonpolar solvents, hexadecane and decane. The strains also exhibited high 

affinity (>98%) for the acidic solvent chloroform and low affinity (50%) for the basic solvent 

ethyl acetate. 

 2.4.5 S-layer thickness in ∆fbpB mutant. Examination of cellular morphology by 

transmission electron microscopy (TEM) reveals a significant reduction in S-layer thickness 

in the ∆fbpB mutant (Figure 2.5). At logarithmic phase, the S-layer was thicker in the parent 



 

 54 

 
 

Figure 2.4 | Percent adherence of ∆fbpB mutant (NCK2393) to fibronectin, mucin, and 
collagen substrates relative to the parent strain (NCK1909, 100%). The data presented here 
are means and standard errors from three independent replicates. An unpaired t-test was 
performed to determine p-values. 
 
 

strain (M = 14.25, SD = 2.25) than in the mutant strain (M = 11.58, SD = 1.34). At stationary 

phase, the S-layer was thicker in the parent strain (M = 21.59, SD = 4.87) than in the mutant 

strain (M = 15.48, SD = 2.47). These differences were significant (p < 0.0001). No 

morphological differences between strains were visible in scanning electron micrographs 

(Figure 2.6). 

 2.4.6 Extraction of non-covalently bound extracellular proteins. Electrophoresis of 

SLAP extractions revealed nearly identical protein banding patterns in the parent strain and 

the ∆fbpB mutant (Figure 2.7). The faint band remaining at ~52 kDa (corresponding to FbpB) 

in Lane 3 is likely from SLAPs of similar size (SlpX – 54 kDa; LBA0864 – 55 kDa).  
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Figure 2.5 | Scanning electron micrographs (SEM) and transmission electron micrographs 
(TEM) of parent and ∆fbpB strains. SEM images were taken of cells at logarithmic phase 
(2500x) and TEM images were taken of cells at stationary phase (10000x). Arrows indicate 
S-layer. 
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Figure 2.6 | S-layer thickness (nm) of parent and mutant strains at logarithmic and stationary 
phases. 
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Figure 2.7 | Putative SLAPs of parent and ∆fbpB strains (NCK1909 and NCK2393). 
Proteins were extracted by washing in LiCl and dialyzing in molecular porous membranes. 
Relative molecular masses are labeled (Ladder). Lane 1, SLAPs from parent, NCK1909. 
Lane 2, Pure SlpA from parent, NCK1909. Lane 3, SLAPs from ∆fbpB mutant. The faint 
band remaining at ~52 kDa (corresponding to FbpB) in Lane 3 is likely from SLAPs of 
similar size (SlpX – 54 kDa; LBA0864 – 55 kDa). 
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2.5 Discussion 

 In order to determine whether FbpB is involved in adhesion to fibronectin, fbpB was 

deleted from the L. acidophilus NCFM genome and the mutant was investigated for binding 

to fibronectin, collagen, and mucin. The fbpB-deficient strain showed significant reductions 

in adhesion to type III mucin and human plasma fibronectin relative to the parent strain, in 

vitro (Figure 2.4). No reduction in adhesion to type IV collagen was observed. These results 

demonstrated that FbpB functions as an adhesion factor by interacting specifically with 

fibronectin and mucin — both of which are major components of the extracellular matrix in 

human intestinal epithelial cells (Figure 2.8) (2, 3). Attachment to the extracellular matrix 

provides bacteria with an improved opportunity to interact intimately with the host 

gastrointestinal tract (52). As transient microbes interacting with the intestinal mucosa, 

probiotic strains are able to affect the host by producing inhibitory substances, stimulating 

the immune system, and competing with pathogens for adhesion sites and nutrients (20).  

 Transmission electron micrographs reveal a significant decrease in S-layer thickness 

in the ∆fbpB mutant compared to the parent strain (Figure 2.6). S-layer thickness 

measurements range from 11.58 nm to 21.59 nm, which is consistent with previous 

measurements describing S-layers as 5-25 nm thick (53). Previous studies have demonstrated 

that knockouts of the major S-layer component (SlpA) significantly reduce adhesion of 

lactobacilli to intestinal cells and components of the extracellular matrix, in vitro (30, 54, 55). 

These results suggest that the loss of FbpB may indirectly reduce adhesion ability by 

affecting the size of the S-layer. Aberrant S-layer thickness may further reduce adhesion 

ability by disrupting the attachment of SLAPs that are typically embedded in the S-layer.  
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Figure 2.8 | Schematic of the proposed interaction between FbpB and the bacterial cell 
surface, extracellular fibronectin and mucin of epithelial cells. 
 

 

Overall, cell morphology of NCK2393 was not affected by the deletion of fbpB, as shown in 

scanning electron micrographs (Figure 2.5). Electrophoresis of non-covalently bound 

extracellular proteins provides a visualization of the SLAP profiles for each strain (Figure 

2.7). Excluding the loss of FbpB, the banding patterns suggest no differences in the 

composition of the exoproteome between mutant and parent strains.  

 Assays for growth rate and survival in various stress challenge media, including 
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ethanol, sodium chloride, bile, sodium dodecyl sulfate, and simulated gastric juice, showed 

no difference between the mutant and parent strains. As FbpB is not predicted to be involved 

in cell growth, division, or nutrient acquisition, no variation in these phenotypes was 

anticipated in the mutant. 

 The results of the assay for microbial adhesion to solvents demonstrate that the cell 

surface of the mutant exhibited no significant change in hydrophobic properties relative to 

the parent strain. The high affinity of both strains for nonpolar solvents indicates that L. 

acidophilus has a hydrophobic cell surface, confirming data from a previous study by Goh et 

al. (38). The affinity of the parent strain and ∆fbpB strain for chloroform and ethyl acetate are 

also consistent with this study. A non-significant increase in affinity for ethyl acetate was 

observed in the ∆fbpB mutant, indicating that the cell surface of the FbpB-deficient mutant 

may have stronger acidic characteristics relative to parent strain. The absence of FbpB (pI = 

10.01) on the cell surface of the ∆fbpB mutant may contribute to a slight increase in acidic 

cell surface properties, which could in turn affect cell attachment.   

 Sequence similarity searches indicate that genes with homology to fbpB are present in 

the genomes of only five species, all within the L. acidophilus homology group (Figure 2.1). 

No homologous genes were detected outside of this phylogenetic subset of lactobacilli. 

Notwithstanding the high level of sequence identity, these five FbpB homologues also share 

conserved regulatory sequences, genomic context, and expression levels. Furthermore, an 

alignment of known fibronectin-binding proteins in lactobacilli shows distinct clustering of 

FbpB sequences. Taken together, these data suggest that FbpB proteins comprise a unique 

class of fibronectin-binding proteins found only in a subset of Lactobacillus species. Unlike 
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the other homologues, the fbpB sequence in L. amylovorus is truncated by 90 amino acids. 

The signal peptidase cleavage site and collagen-binding domain are present, but the entire 

FN3 domain region of the sequence is absent. In this study, the sequence is considered a 

homologue because of overall sequence similarity and domain conservation. However, the 

absence of the fibronectin-binding domain suggests that this protein may play a more limited 

role in bacterial attachment of L. amylovorus to fibronectin. 

 Conserved genomic context was detected in the genomes of all six species with fbpB 

sequences (Figure 2.2). Analysis of whole genome sequences reveals that fbpB is flanked by 

the same three upstream genes and two downstream genes in the genomes of L. acidophilus, 

L. amylovorus, L. crispatus, L. gallinarum, L. helveticus, and L. kitasatonis. We also detected 

that the genomes of thirteen additional lactobacilli feature the aforementioned conserved 

contextual genes, despite the absence of a medial fbpB gene. This suggests that during the 

evolution of some Lactobacillus species, fbpB was either acquired or lost while the 

arrangement of neighboring genes was fully conserved. 

 Lactobacillus delbrueckii, the type species of the L. acidophilus homology group, 

does not contain an FbpB homologue (51). L. delbrueckii is also deficient in SlpA, the major 

constituent of the S-layer. In fact, FbpB homologues are found exclusively in species 

predicted to form S-layers (46). The clear association of FbpB with S-layer-forming species 

is consistent with the recent classification of FbpB as a SLAP in L. acidophilus (37). The 

absence of genes with homology to slpA or fbpB in L. delbrueckii suggests that horizontal 

gene transfer may have led to the acquisition of these genes after divergence from L. 

delbrueckii. Interestingly, all but one of the species with fbpB homologues (L. helveticus) 
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were originally isolated from the intestines of mammals. In these environments, the ability to 

adhere to extracellular matrices provides an evolutionary advantage. After the initial 

acquisition of fbpB, closely-related species may have acquired the gene through vertical 

transfer. Alternatively, the gene may have evolved convergently as a result of adaptation to 

similar ecological niches.  

 Conserved levels of intergenic transcription between fbpB and the downstream 

tyrosyl-tRNA synthetase gene suggest the two genes are transcribed polycistronically (Figure 

2.2). The tyrS gene encodes an essential protein responsible for loading tRNA molecules 

with tyrosine. The resulting tyrosyl-tRNA molecule can transfer tyrosine from tRNA onto a 

growing peptide. Thus, the tyrosyl-tRNA synthetase gene is necessary for translation. 

Because the in-frame deletion of FbpB in this study left behind the entire upstream and 

downstream intergenic regions, expression of TyrS is not predicted be affected by fbpB-

deficiency. Though they appear to be cotranscribed, FbpB and TyrS have no apparent 

overlap in function. Interestingly, FbpB has a tyrosine composition of 7.3% — nearly twice 

the average genome-wide tyrosine composition. Further research on the regulation and 

function of FbpB and TyrS may elucidate the purpose of their transcriptional relationship. 

 In this study, we show that NCK2393 (∆fbpB) cells exhibit a significant reduction in 

adherence to mucin and fibronectin in vitro. Thus, FbpB may potentially function as an 

adhesion factor by interacting with fibronectin components of the ECM and the mucus layer 

of host intestinal epithelial cells. To confirm the findings, adhesion ability of the ∆fbpB strain 

relative to the parent strain should be assessed, in vivo. Previous work has demonstrated that 

an insertional knockout of slpA from L. acidophilus NCFM significantly reduces adhesion 
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ability to intestinal epithelial cells, in vitro (30). The recent identification of SLAPs has 

enabled researchers to consider whether SlpA is solely responsible for the loss of adherence 

ability observed in the ∆slpA strain (37). Current efforts are establishing a new model 

whereby SlpA and co-associated SLAPs work cooperatively to mediate adhesion. By 

anchoring extracellular proteins with substrate-specific adhesive properties, the S-layer and 

its SLAPs appear to play an important role in adhesion and subsequent host signaling to the 

immune system of the gastrointestinal mucosa.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 64 

2.6 REFERENCES 
 
1. Henderson B, Nair S, Pallas J, Williams MA. 2011. Fibronectin: a multidomain 

host adhesin targeted by bacterial fibronectin-binding proteins. FEMS Microbiol Rev 

35:147-200. 

2. Singh P, Carraher C, Schwarzbauer JE. 2010. Assembly of fibronectin 

extracellular matrix. Annu Rev Cell Dev Biol 26:397-419. 

3. Styriak I, Nemcová R, Chang Y-H, Ljungh A. 2003. Binding of extracellular 

matrix molecules by probiotic bacteria. Lett Appl Microbiol 37:329-333. 

4. Chia J-S, Yeh C-Y, Chen J-Y. 2000. Identification of a fibronectin binding protein 

from Streptococcus mutans. Infect Immun 68:1864-1870. 

5. Pietrocola G, Gianotti V, Richards A, Nobile G, Geoghegan JA, Rindi S, Monk 

IR, Bordt AS, Foster TJ, Fitzgerald JR, Speziale P. 2015. Fibronectin binding 

proteins SpsD and SpsL both support invasion of canine epithelial cells by 

Staphylococcus pseudintermedius. Infect Immun doi:10.1128/IAI.00542-

15:IAI.00542-00515. 

6. Meenan NA, Visai L, Valtulina V, Schwarz-Linek U, Norris NC, Gurusiddappa 

S, Hook M, Speziale P, Potts JR. 2007. The tandem beta-zipper model defines high 

affinity fibronectin-binding repeats within Staphylococcus aureus FnBPA. J Biol 

Chem 282:25893-25902. 

7. Norris NC, Bingham RJ, Harris G, Speakman A, Jones RP, Leech A, 

Turkenburg JP, Potts JR. 2011. Structural and functional analysis of the tandem 



 

 65 

beta-zipper interaction of a Streptococcal protein with human fibronectin. J Biol 

Chem 286:38311-38320. 

8. Schwarz-Linek U, Werner JM, Pickford AR, Gurusiddappa S, Kim JH, Pilka 

ES, Briggs JA, Gough TS, Hook M, Campbell ID, Potts JR. 2003. Pathogenic 

bacteria attach to human fibronectin through a tandem beta-zipper. Nature 423:177-

181. 

9. Makarova K, Slesarev A, Wolf Y, Sorokin A, Mirkin B, Koonin E, Pavlov A, 

Pavlova N, Karamychev V, Polouchine N, Shakhova V, Grigoriev I, Lou Y, 

Rohksar D, Lucas S, Huang K, Goodstein DM, Hawkins T, Plengvidhya V, 

Welker D, Hughes J, Goh Y, Benson A, Baldwin K, Lee JH, Diaz-Muniz I, Dosti 

B, Smeianov V, Wechter W, Barabote R, Lorca G, Altermann E, Barrangou R, 

Ganesan B, Xie Y, Rawsthorne H, Tamir D, Parker C, Breidt F, Broadbent J, 

Hutkins R, O'Sullivan D, Steele J, Unlu G, Saier M, Klaenhammer T, 

Richardson P, Kozyavkin S, Weimer B, Mills D. 2006. Comparative genomics of 

the lactic acid bacteria. Proc Natl Acad Sci U S A 103:15611-15616. 

10. Naidu AS, Bidlack WR, Clemens RA. 1999. Probiotic spectra of lactic acid bacteria 

(LAB). Crit Rev Food Sci Nutr 39:13-126. 

11. Schiffrin EJ, Rochat F, Link-Amster H, Aeschlimann JM, Donnet-Hughes A. 

1995. Immunomodulation of human blood cells following the ingestion of lactic acid 

bacteria. J Dairy Sci 78:491-497. 

12. Paineau D, Carcano D, Leyer G, Darquy S, Alyanakian MA, Simoneau G, 

Bergmann JF, Brassart D, Bornet F, Ouwehand AC. 2008. Effects of seven 



 

 66 

potential probiotic strains on specific immune responses in healthy adults: a double-

blind, randomized, controlled trial. FEMS Immunol Med Microbiol 53:107-113. 

13. Isolauri E, Sutas Y, Kankaanpaa P, Arvilommi H, Salminen S. 2001. Probiotics: 

effects on immunity. Am J Clin Nutr 73:444S-450S. 

14. Ezendam J, van Loveren H. 2006. Probiotics: immunomodulation and evaluation of 

safety and efficacy. Nutr Rev 64:1-14. 

15. Konstantinov SR, Smidt H, de Vos WM, Bruijns SC, Singh SK, Valence F, Molle 

D, Lortal S, Altermann E, Klaenhammer TR, van Kooyk Y. 2008. S layer protein 

A of Lactobacillus acidophilus NCFM regulates immature dendritic cell and T cell 

functions. Proc Natl Acad Sci U S A 105:19474-19479. 

16. Valeur N, Engel P, Carbajal N, Connolly E, Ladefoged K. 2004. Colonization and 

immunomodulation by Lactobacillus reuteri ATCC 55730 in the human 

gastrointestinal tract. Appl Environ Microbiol 70:1176-1181. 

17. Bernet MF, Brassart D, Neeser JR, Servin AL. 1994. Lactobacillus acidophilus 

LA 1 binds to cultured human intestinal cell lines and inhibits cell attachment and cell 

invasion by enterovirulent bacteria. Gut 35:483-489. 

18. Fernandez MF, Boris S, Barbes C. 2003. Probiotic properties of human lactobacilli 

strains to be used in the gastrointestinal tract. J Appl Microbiol 94:449-455. 

19. Mack DR, Michail S, Wei S, McDougall L, Hollingsworth MA. 1999. Probiotics 

inhibit enteropathogenic E. coli adherence in vitro by inducing intestinal mucin gene 

expression. Am J Physiol 276:G941-950. 



 

 67 

20. Ouwehand AC, Salminen S, Isolauri E. 2002. Probiotics: an overview of beneficial 

effects. Antonie Van Leeuwenhoek 82:279-289. 

21. Candela M, Perna F, Carnevali P, Vitali B, Ciati R, Gionchetti P, Rizzello F, 

Campieri M, Brigidi P. 2008. Interaction of probiotic Lactobacillus and 

Bifidobacterium strains with human intestinal epithelial cells: adhesion properties, 

competition against enteropathogens and modulation of IL-8 production. Int J Food 

Microbiol 125:286-292. 

22. Servin AL, Coconnier MH. 2003. Adhesion of probiotic strains to the intestinal 

mucosa and interaction with pathogens. Best Pract Res Clin Gastroenterol 17:741-

754. 

23. Juntunen M, Kirjavainen PV, Ouwehand AC, Salminen SJ, Isolauri E. 2001. 

Adherence of probiotic bacteria to human intestinal mucus in healthy infants and 

during rotavirus infection. Clin Diag Lab Immunol 8:293-296. 

24. Åvall-Jääskeläinen S, Palva A. 2005. Lactobacillus surface layers and their 

applications. FEMS Microbiol Rev 29:511-529. 

25. Hynönen U, Palva A. 2013. Lactobacillus surface layer proteins: structure, function 

and applications. Appl Microbiol Biotechnol 97:5225-5243. 

26. Sara M, Sleytr UB. 2000. S-layer proteins. J Bacteriol 182:859-868. 

27. Sanders ME, Klaenhammer TR. 2001. Invited review: the scientific basis of 

Lactobacillus acidophilus NCFM functionality as a probiotic. J Dairy Sci 84:319-

331. 



 

 68 

28. Altermann E, Russell WM, Azcarate-Peril MA, Barrangou R, Buck BL, 

McAuliffe O, Souther N, Dobson A, Duong T, Callanan M, Lick S, Hamrick A, 

Cano R, Klaenhammer TR. 2005. Complete genome sequence of the probiotic 

lactic acid bacterium Lactobacillus acidophilus NCFM. Proc Natl Acad Sci USA 

102:3906-3912. 

29. Boot HJ, Kolen CP, Pot B, Kersters K, Pouwels PH. 1996. The presence of two S-

layer-protein-encoding genes is conserved among species related to Lactobacillus 

acidophilus. Microbiology 142 ( Pt 9):2375-2384. 

30. Buck BL, Altermann E, Svingerud T, Klaenhammer TR. 2005. Functional 

analysis of putative adhesion factors in Lactobacillus acidophilus NCFM. Appl 

Environ Micro 71:8344-8351. 

31. Courtney HS, Li Y, Dale JB, Hasty DL. 1994. Cloning, sequencing, and expression 

of a fibronectin/fibrinogen-binding protein from group A streptococci. Infect Immun 

62:3937-3946. 

32. Kant R, Blom J, Palva A, Siezen RJ, de Vos WM. 2011. Comparative genomics of 

Lactobacillus. Microb Biotechnol 4:323-332. 

33. Bork P, Doolittle RF. 1992. Proposed acquisition of an animal protein domain by 

bacteria. Proc Natl Acad Sci USA 89:8990-8994. 

34. Kenny PA, Liston EM, Higgins DG. 1999. Molecular evolution of immunoglobulin 

and fibronectin domains in titin and related muscle proteins. Gene 232:11-23. 

35. Koide A, Bailey CW, Huang X, Koide S. 1998. The fibronectin type III domain as a 

scaffold for novel binding proteins. J Mol Biol 284:1141-1151. 



 

 69 

36. Bendtsen JD, Nielsen H, von Heijne G, Brunak S. 2004. Improved prediction of 

signal peptides: SignalP 3.0. J Mol Biol 340:783-795. 

37. Johnson B, Selle K, O'Flaherty S, Goh YJ, Klaenhammer T. 2013. Identification 

of extracellular surface-layer associated proteins in Lactobacillus acidophilus NCFM. 

Microbiology 159:2269-2282. 

38. Goh YJ, Azcarate-Peril MA, O'Flaherty S, Durmaz E, Valence F, Jardin J, 

Lortal S, Klaenhammer TR. 2009. Development and application of a upp-based 

counterselective gene replacement system for the study of the S-layer protein SlpX of 

Lactobacillus acidophilus NCFM. Appl Environ Microbiol 75:3093-3105. 

39. Law J, Buist G, Haandrikman A, Kok J, Venema G, Leenhouts K. 1995. A 

system to generate chromosomal mutations in Lactococcus lactis which allows fast 

analysis of targeted genes. J Bacteriol 177:7011-7018. 

40. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local 

alignment search tool. J Mol Biol 215:403-410. 

41. Petersen TN, Brunak S, von Heijne G, Nielsen H. 2011. SignalP 4.0: 

discriminating signal peptides from transmembrane regions. Nat Methods 8:785-786. 

42. Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, 

Geer RC, He J, Gwadz M, Hurwitz DI, Lanczycki CJ, Lu F, Marchler GH, Song 

JS, Thanki N, Wang Z, Yamashita RA, Zhang D, Zheng C, Bryant SH. 2015. 

CDD: NCBI's conserved domain database. Nucleic Acids Res 43:D222-226. 

43. Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, Buxton S, 

Cooper A, Markowitz S, Duran C, Thierer T, Ashton B, Meintjes P, Drummond 



 

 70 

A. 2012. Geneious Basic: an integrated and extendable desktop software platform for 

the organization and analysis of sequence data. Bioinformatics 28:1647-1649. 

44. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam 

H, Valentin F, Wallace IM, Wilm A, Lopez R, Thompson JD, Gibson TJ, 

Higgins DG. 2007. Clustal W and Clustal X version 2.0. Bioinformatics 23:2947-

2948. 

45. Quevillon E, Silventoinen V, Pillai S, Harte N, Mulder N, Apweiler R, Lopez R. 

2005. InterProScan: protein domains identifier. Nucleic Acids Res 33:W116-120. 

46. Johnson BR, Hymes J, Sanozky-Dawes R, DeCrescenzo Henriksen E, Barrangou 

R, Klaenhammer TR. 2015. Exoproteomic survey of S-layer forming lactobacilli 

reveals conserved S-layer associated proteins (SLAPs). Appl Environ Microbiol 

82:134-145. 

47. Azcarate-Peril MA, McAuliffe O, Altermann E, Lick S, Russell WM, 

Klaenhammer TR. 2005. Microarray analysis of a two-component regulatory system 

involved in acid resistance and proteolytic activity in Lactobacillus acidophilus. Appl 

Environ Microbiol 71:5794-5804. 

48. Goh YJ, Klaenhammer TR. 2010. Functional roles of aggregation-promoting-like 

factor in stress tolerance and adherence of Lactobacillus acidophilus NCFM. Appl 

Environ Microbiol 76:5005-5012. 

49. Bellon-Fontaine M-N, Rault J, van Oss CJ. 1996. Microbial adhesion to solvents: a 

novel method to determine the electron-donor/electron-acceptor or Lewis acid-base 

properties of microbial cells. Colloids Surf B 7:47-53. 



 

 71 

50. Berger B, Pridmore RD, Barretto C, Delmas-Julien F, Schreiber K, Arigoni F, 

Brussow H. 2007. Similarity and differences in the Lactobacillus acidophilus group 

identified by polyphasic analysis and comparative genomics. J Bacteriol 189:1311-

1321. 

51. Felis GE, Dellaglio F. 2007. Taxonomy of Lactobacilli and Bifidobacteria. Curr 

Issues Intest Microbiol 8:44-61. 

52. Kaila M, Isolauri E, Saxelin M, Arvilommi H, Vesikari T. 1995. Viable versus 

inactivated Lactobacillus strain GG in acute rotavirus diarrhoea. Arch Dis Child 

72:51-53. 

53. Schuster B, Sleytr UB. 2009. Composite S-layer lipid structures. J Struct Biol 

168:207-216. 

54. Hynonen U, Westerlund-Wikstrom B, Palva A, Korhonen TK. 2002. 

Identification by flagellum display of an epithelial cell- and fibronectin-binding 

function in the SlpA surface protein of Lactobacillus brevis. J Bacteriol 184:3360-

3367. 

55. Antikainen J, Anton L, Sillanpaa J, Korhonen TK. 2002. Domains in the S-layer 

protein CbsA of Lactobacillus crispatus involved in adherence to collagens, laminin 

and lipoteichoic acids and in self-assembly. Mol Microbiol 46:381-394. 

 

 

 

 



 

 72 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III. CONCLUSIONS 

 

 

 

 

 

 

 

 

 

 



 

 73 

3.1 Conclusions and future directions 

 Interactions between the human body and its microbial components are numerous and 

complex. While the importance of the human microbiome is not yet fully understood, 

attachment to host cells is clearly an important factor in determining which bacteria can 

occupy human-associated niches. The ubiquitous glycoprotein fibronectin plays an important 

role in biological activities including cell migration, adhesion, and differentiation. 

Additionally, the abundance of fibronectin in the extracellular matrix of the gastrointestinal 

tract makes it a prime target for bacterial adhesins. In many cases, bacterial affinity for 

fibronectin is essential for virulence. A desire to understand the role of fibronectin-binding 

proteins (FnBPs) in pathogenicity has precipitated decades of quality research on specific 

adhesion mechanisms and host effects. However, the unique FnBPs of commensal and 

probiotic species have been largely overlooked.  

  Bioinformatic analysis of the probiotic bacterium Lactobacillus acidophilus NCFM 

led to the identification of fbpB, which was predicted to encode an FnBP based on the 

presence of a C-terminal fibronectin type III domain (FNIII). We have shown that an fbpB-

deficient strain of L. acidophilus NCFM exhibits a significant reduction in adhesion to 

fibronectin and mucin in vitro. The recent identification of this novel S-layer-associated 

FnBP suggests that bacteria may possess discrete FnBPs that are unique to a specific 

bacterial clade -- fbpB is found only in the genomes of six closely related species. As 

bioinformatic tools to predict protein functions improve and the volume of publicly available 

DNA sequences expands, non-pathogenic host-associated bacteria should be thoroughly 

examined for genes encoding novel host adhesins. Specifically, genomes can be scanned for 
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domains known to interact with host substrates (i.e. fibronectin, mucin, collagen, fibrinogen). 

Strains with deletions of these genes should be constructed and phenotypically characterized 

to determine their role in adhesion in vitro and in vivo. An understanding of bacterial adhesin 

diversity will allow for a more complete appreciation of mechanisms underlying the 

molecular dialogue between bacteria and the host immune system. 

 The subset of FnBPs in non-pathogenic species is likely to have great influence in 

shaping the microbial populations of human-associated niches. As the composition of the 

human microbiome is fully realized, we should question what factors permit these bacteria to 

inhabit this niche. Future research to identify and characterize non-pathogenic FnBPs will 

clarify our understanding of host-specific interactions. 
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Appendix A 
 
 

Conserved S-layer-associated proteins revealed by exoproteomic survey of S-layer-
forming lactobacilli 

 
 

Brant R Johnson, Jeffrey Hymes, Rosemary Sanozky-Dawes, Emily DeCrescenzo 
Henriksen, Rodolphe Barrangou, Todd R Klaenhammer 
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Appendix B  
 
 

Functional analysis of an S-layer-associated fibronectin-binding protein in Lactobacillus 
acidophilus NCFM 

 
 

Jeffrey P Hymes, Brant R Johnson, Rodolphe Barrangou, Todd R Klaenhammer 
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