
ABSTRACT 

KLOTZ, COURTNEY ELIZABETH. Functional Characterization of the Lactobacillus 
acidophilus S-layer Associated Proteome. (Under the direction of Dr. Rodolphe Barrangou). 
 
The Lactobacillus genus is a diverse group of Gram-positive, non-sporulating, anaerobic or 

microaerophilic organisms with complex nutritional requirements. For centuries these bacteria 

have been harnessed for food and feed fermentations, but in recent decades have gained attention 

for the probiotic properties of some strains. Probiotics are defined by the FAO/WHO as “live 

microorganisms which when administered in adequate amounts confer a health benefit on the 

host.” Many of these probiotic characteristics are associated with extracellular features, such as 

surface-layers (S-layers). S-layers are non-covalently bound proteinaceous arrays that form the 

outermost coating of certain prokaryotic cell envelopes. S-layers have been detected on several 

Lactobacillus species and shown to play critical roles in adherence to intestinal cells and 

modulation of the host immune response. However, recent studies have begun to shed light on the 

supplementation of this functionality by auxiliary proteins embedded within the S-layer. S-layer 

associated proteins, or SLAPs, were first classified in Lactobacillus acidophilus, but have since 

been identified in Lactobacillus helveticus, Lactobacillus crispatus, Lactobacillus amylovorus, 

and Lactobacillus gallinarum. To date, characterized SLAPs have exhibited a broad range of 

functions including roles in cell maintenance processes such as cell division and autolysin activity, 

as well as host adhesion and immunomodulation.  

 

A number of studies have attempted to catalog the SLAP proteome of industry-relevant model 

organism L. acidophilus NCFM under a single growth condition, but this is ineffective as the cell 

surface is a dynamic entity which can readily be modified by exogenous factors. Here we employ 

a multiplexing-based approach with the intention of accurately contrasting multiple growth 

conditions. A lithium chloride treatment was used to release proteins bound to the L. acidophilus 



S-layer during logarithmic and early stationary growth phases. Protein quantification values were 

obtained via TMT (tandem mass tag) labeling combined with a triple-stage mass spectrometry 

(MS3) method. Results showed significant growth stage-dependent alterations to the surface-

associated proteome while simultaneously highlighting the sensitivity and reproducibility of the 

technology. This study establishes a framework for quantifying condition-dependent changes to 

cell surface proteins that can easily be applied to other S-layer forming bacteria. Furthermore, 

through this work we identified several candidate proteins for downstream functional analysis. 

 

Five SLAPs were selected for in silico examination and subsequent gene deletion characterization. 

Targets included an immunoglobulin (Ig) domain containing protein (IgdA) and four putative 

uncharacterized proteins with no sequence similarity or catalytic domains that may indicate 

function (LBA0046, LBA0864, LBA1426, and LBA1539). All selected SLAPs were shown to be 

confined to host-adapted lactobacilli, which suggests a role in host adaptation. Additionally, the 

Ig-domain of IgdA was found to be specific to vertebrate-adapted species. The igdA mutant strain 

(NCK2532) exhibited a visibly disrupted cell surface, which likely contributed to its higher salt 

sensitivity, reduced adhesive capacity, and altered immunogenicity profile. The other four SLAP 

deletion strains, NCK2439 (Δlba0864), NCK2441 (Δlba1426), NCK2530 (Δlba0046) and 

NCK2608 (Δlba1539) did not develop any obvious surface abnormalities, yet all four mutants 

demonstrated reduced adherence to extracellular matrix components in vitro, as well as 

significantly altered inflammatory profiles. Remarkably, we were able to identify phenotypes for 

all tested mutant strains using probiotic-based assays, emphasizing the relevancy of surface 

proteins in probiotic functionality. Moreover, our results underscore the significance of this protein 

subset in deciphering the complex relationship existing between probiotic bacteria and their host, 

thus advocating for their continued exploration. 
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1.1. ABSTRACT 

Lactic acid bacteria (LAB) are frequently harnessed for the delivery of biomolecules to mucosal 

tissues. Several species of Lactobacillus are commonly employed for this task, of which a subset 

are known to possess surface-layers (S-layers). S-layers are two-dimensional crystalline arrays of 

repeating proteinaceous subunits that form the outermost coating of many prokaryotic cell 

envelopes. Their periodicity and abundance have made them a target for numerous 

biotechnological applications. In the following review, we examine the multi-faceted S-layer 

protein (Slp), and its use in both heterologous protein expression systems and mucosal vaccine 

delivery frameworks, through its diverse genetic components: the strong native promoter, capable 

of synthesizing as many as 500 Slp subunits per second; the signal peptide that stimulates robust 

secretion of recombinant proteins; and the structural domains, which can be harnessed for both 

cell surface display of foreign peptides or adhesion enhancement of a host bacterium. Although 

numerous studies have established vaccine platforms based on one or more components of the 

Lactobacillus S-layer, this area of research still remains largely in its infancy, thus this review is 

meant to not only highlight past works, but also advocate for the future usage of Slps in 

biotherapeutic research. 
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1.2. INTRODUCTION 

Lactic acid bacteria (LAB) are Gram-positive, anaerobic or microaerophilic, non-sporulating 

microorganisms that inhabit diverse environments including milk and plant surfaces, as well as the 

mouth, gastrointestinal tract, and vaginal tract of humans and animals (1). Traditionally, they have 

been employed for food and dairy fermentations, but have more recently garnered attention for 

their health-promoting properties, with many species used widely as probiotics (2, 3). 

Recombinant LABs are frequently harnessed for mucosal delivery of biomolecules such as 

therapeutic proteins or vaccine antigens (4). In comparison to traditional intravenous or 

intramuscular vaccine administration, the mucosal route enables immunizations to be performed 

orally, reducing potential side effects while increasing specificity for chronic illnesses and 

infections associated with mucosal tissues (5, 6). Furthermore, many LABs are bile and acid 

tolerant, act as natural adjuvants, and interact with cells of the immune system (7), making them 

ideal candidates for antigen carriage. 

 

The LABs most frequently chosen for vaccine delivery are Lactococcus lactis and select species 

of the Lactobacillus genus (5-8). However, unlike L. lactis, several species Lactobacillus have 

been shown to possess surface-layers (S-layers) (9). S-layers have been detected on both Gram-

positive and Gram-negative bacteria and are nearly ubiquitous in archaea (10). They are defined 

as two-dimensional crystalline arrays composed of repeating proteinaceous subunits that constitute 

the outermost layer of a cell envelope (10). The S-layer proteins (Slps) attach to the underlying 

peptidoglycan via electrostatic interactions and possess inherent, entropy-driven affinities to self-

assemble with each other (9). Thus far, S-layers have been characterized for their role in 

maintaining cell shape; acting as molecular sieves; serving as binding sites for large molecules, 

ions, or phages; and mediating surface adhesion (11). Additionally, Slps are some of the most 
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abundant proteins synthesized by the cell, making them metabolically expensive but also 

underscoring their importance to the organism (10, 12). Their high expression, periodicity, and 

self-assembling properties have made them a target for numerous applications in biotechnology 

and nanotechnology (9, 11, 13).  

 

In the following review, we examine Slp applications in recombinant protein expression and 

biotherapeutic delivery via their distinct genetic building blocks: the strong native promoter, which 

can synthesize as many as 500 Slp subunits per second; the signal peptide, that can trigger robust 

secretion of target molecules; and the structural domains, which can be harnessed for both cell 

surface display of heterologous proteins or enhancement of host adhesion (Figure 1.1A). Despite 

the existence of several recombinant protein expression systems based on one or more components 

of the Lactobacillus S-layer, this area of research still remains largely underexploited. Thus, the 

purpose of this review is to not only shed light on past S-layer studies, but also to advocate for 

future utilization of Slps in mucosal vaccine and biotherapeutic delivery research.  
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1.3. HARNESSING THE STRONG NATIVE PROMOTER 

The bacterial S-layer array is composed of an estimated 5 x 105 subunits, representing 10-15 % of 

the total protein content of the bacterium (13, 14). During exponential growth phase, 

approximately 500 subunits per second must be synthesized, translocated to the cell surface, and 

incorporated into the existing lattice structure (11). In order to obtain these high levels of 

transcription, S-layer genes possess strong, efficient promoters, which can be harnessed for protein 

production systems (Figure 1.1B). Within the Lactobacillus genus, this research has predominately 

been limited to slp promoters of Lactobacillus acidophilus and Lactobacillus brevis.  

 

Several studies have investigated the versatility of Lactobacillus S-layer promoters for driving 

heterologous protein expression in various LAB hosts. Lactobacilli regularly possess multiple slp 

genes within the same strain that are not all concurrently active (9). Although SlpA is the major 

constituent of the L. acidophilus S-layer, it can be moved to an inactive position triggering 

expression of the once silent SlpB (15, 16). When the L. acidophilus ATCC 4356 slpA and slpB 

promoters were evaluated in Lactobacillus casei ATCC 393, only slpA remained active under all 

tested growth phases (17). However, the same slpA promoter, although highly efficient in L. lactis, 

was nearly inactive in isolates of Lactobacillus reuteri (18). The L. acidophilus NCFM slpA 

promoter was used to drive expression of a green fluorescent protein (GFP) in shuttle vectors based 

on oriV1 and oriV2 replicons (19). Similarly, the plasmids exhibited distinct properties based on 

which strain they were ported into as well as growth-phase-dependent effects. Both plasmids were 

capable of replicating in strains of L. casei and Lactobacillus delbrueckii, but only the oriV1 

plasmid, pEL5.6, could replicate in Lactobacillus paracasei (19). The functionality of the L. brevis 

ATCC 8287 slpA promoter was evaluated in three LAB hosts: L. lactis MG1614, Lactobacillus 

plantarum NCDO1193 and Lactobacillus gasseri NCK334, via the expression of various reporter 
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genes (20). The S-layer promoter was recognized in each strain, but was particularly active in L. 

lactis and L. plantarum. In fact, aminopeptidase N (PepN) reporter activity within L. plantarum 

was 30-fold higher compared to the Lactobacillus helveticus PepN native host and composed a 

staggering 28% of the total cellular protein during late exponential growth phase. In summary, 

Lactobacillus slp promoters are effective tools for driving recombinant protein expression, but 

optimization based on host and growth conditions is essential. 

 

The S-layer promoter has also been harnessed for reporter expression in situ. Plasmid instability 

and antibiotic markers can complicate the use of these constructs when moving into human clinical 

trials or to market, thus chromosomal insertions have gained immense popularity. For L. 

acidophilus NCFM, a pORI-based upp counterselective gene replacement system (21) has 

considerably aided this effort (see “Engineering Platforms”).  Originally intended for knockout 

characterizations, it was first employed for a knock-in by cloning a β-glucuronidase (gusA) 

reporter downstream of the slpA gene (22). The resulting mutant exhibited a three log increase in 

GusA activity in comparison to the gusA-negative parent, and the study established a framework 

for the exploitation of highly expressed genomic regions for heterologous protein production (22). 

Although this particular system was never evaluated within the context of vaccine delivery, the 

technique was shown effective for expressing antigens using an alternative highly expressed region 

within the L. acidophilus genome (23). 

 

Moving beyond reporter genes and targeting more specific therapeutics, the L. brevis JCM 1559 

slpA promoter was evaluated in an L. casei IGM393 host via incorporation into a mouse interleukin 

10 (IL-10) secretion system (24). Administration of IL-10 was previously shown to be an effective 

treatment of murine colitis when delivered via recombinant L. lactis (25). The authors sought to 
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improve upon this design by substituting in a strain hypothesized to be better adapted to 

mammalian body temperature.  The delivery system was successful in that it yielded high levels 

of IL-10 secretion when cloned into L. casei, but accumulation of the protein varied widely based 

on pH (24). Maximum efficiency occurred at pH 8.0 and dropped drastically as the pH became 

more acidic. Although the authors attributed low levels of the protein to its physical characteristics 

(24), the selection of a promoter from a free-living species (e.g., L. brevis) over a low pH tolerating, 

vertebrate-adapted organism (e.g., L. acidophilus), may have also contributed (26). Nonetheless, 

the S-layer promoter has repeatedly demonstrated its utility for driving protein production systems, 

and thus merits future research with a focus on therapeutic molecule delivery. 
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1.4. EXPLOITATION OF THE SECRETION SIGNAL PEPTIDE 

All Lactobacillus S-layer proteins characterized thus far are preceded by a 25–32 amino acid signal 

peptide sequence indicative of secretion through the general secretory pathway (9). By cloning 

this short sequence upstream of an antigen or biotherapeutic molecule, one can obtain robust 

secretion of a target protein (Figure 1.1C), thus this peptide is frequently harnessed for 

biotechnological applications. 

 

The L. brevis ATCC 8287 slpA signal sequence, along with the promoter and transcription 

terminator, were used to drive expression and secretion of the Escherichia coli β-lactamase (bla) 

reporter gene in L. lactis, L. brevis, L. plantarum, L. gasseri, and L. casei, using a low-copy-

number plasmid derived from pGK12 (27). In all hosts tested, Bla was expressed and released into 

the culture medium, though highest yields were obtained by recombinant L. lactis and the strain 

of L. brevis from which the SlpA components were derived. Production of Bla was mainly 

restricted to exponential growth phase (27). Since the system was under control of an slpA 

promoter, it was unsurprising that efficiency was host-specific and growth-phase-dependent (see 

“Harnessing the strong native promoter”).  

 

The Slp secretion signal has frequently been harnessed for targeted therapeutic applications. In a 

study seeking to develop a recombinant L. lactis mucosal vaccine against porcine post-weaning 

diarrhea and edema disease, signal peptides from the L. lactis major extracellular protein, Usp45, 

and L. brevis SlpA, were used to stimulate the secretion of an E. coli F18 fimbrial adhesion protein 

(FedF) fused to a proteinase PrtP cell wall anchor (28). Both expression systems induced secretion 

of all tested FedF-PrtP fusions, however, the quantity of fusion proteins found in the culture 

medium was four to sixfold higher in those containing the SlpA signal peptide. This was a 
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compelling find considering that the Usp45 signal sequence, previously shown to be one of the 

most effective L. lactis secretion signals (29), was outperformed by the heterologous SlpA signal 

sequence. A similar result was obtained with the human interferon alpha 2b (hIFNα-2b) gene (30), 

used worldwide for the treatment of diseases such as hepatitis B and C (31). The addition of the L. 

brevis SlpA signal peptide increased the secretion efficiency threefold in comparison to the 

lactococcal Usp45 signal sequence (30). 

 

The SlpA signal sequence has also been employed for secretion of chromosomally inserted 

heterologous proteins. The Bacillus anthracis protective antigen (PA), fused to a dendritic cell 

(DC)-targeting peptide, was previously shown to induce protective immunity when delivered on a 

plasmid via L. acidophilus NCFM (32) and L. gasseri (33). Since a major advantage of using 

recombinant microbes for vaccine delivery is their ability to express multiple antigens (7), the B. 

anthracis PA was co-expressed with the Clostridium botulinum Serotype A neurotoxin heavy-

chain antigen (23). The C. botulinum vaccine cassette, which utilizes an L. acidophilus SlpA 

secretion signal, was chromosomally inserted downstream of the highly expressed enolase gene. 

Western blot analysis and RNA sequencing confirmed expression of the two antigens (23). 

Although this strain was never evaluated in vivo, a similarly constructed strain, also utilizing the 

SlpA secretion signal, but carrying only the C. botulinum antigen (23), was used to vaccinate mice 

but unable to confer complete protection (34). Rather, vaccine efficacy was enhanced by 

intradermal injection of the purified immunogenic subunit, which elicited robust memory B cell 

responses and rendered mice resistant to lethal doses of botulinum neurotoxin serotype A (34). 

 

The Slp signal sequence is capable of stimulating ample secretion of target molecules, prompting 

its continued use in vaccine research platforms. Although antigen secretion by recombinant LABs 



   

10 
 

has been shown effective for treating disease (32, 33, 35), exposure to proteolytic enzymes, low 

pH, and bile salts may encourage protein degradation and therefore decreased functionality (7); 

consequently, cell wall anchoring has become a popular alternative. However, surface display is a 

balancing act. High exposure of a protein implies optimal host interaction, but also increased 

susceptibly to degradation. Alternatively, low exposure, via compact protein folding or 

embedment within the cell wall, confers protection in exchange for diminished efficacy (36). 

Several S-layer-mediated surface display approaches have attempted to resolve this relationship. 
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1.5. THE SELF-ASSEMBLING AND ANCHORING DOMAINS OF THE SLP 

Cell wall anchoring via fusion to Slp structural domains (Figure 1.1D) enables direct interaction 

of target peptides with host mucosal tissues while simultaneously protecting them from 

degradation (5, 37). The first S-layer-mediated display of a foreign epitope was generated by 

fusing the S-layer homology (SLH) domain of B. anthracis to the normally secreted levansucrase 

of Bacillus subtilis (38). The surface-exposed levansucrase retained its enzymatic and antigenic 

properties, prompting a new area of research which exploits the anchoring abilities of the Slp for 

cell surface presentation. Lactobacillus Slps do not possess SLH domains and are instead 

composed of two structural domains: a variable terminal for monomer self-assembly (N- or C- 

depending on the species), and a highly conserved peptidoglycan anchor (9, 39).  

 

Several studies have used S-layer-mediated anchoring for recombinant protein display on S-layer-

deficient bacteria. The cell wall binding domain of the L. crispatus F5.7 Slp (LbsA) in conjunction 

with the Slp promoter and secretion signal, were used for surface display of a GFP on several 

Lactobacillus chicken isolates (40). The intention was to generate a vaccine delivery framework 

for the immunization of broilers against infectious diseases, but never evolved past proof of 

concept. Vaccination via recombinant bacteria is a particularly attractive option for livestock and 

poultry operations since the lyophilized microorganisms can be blended into feed; a process that 

is easily scaled up (37). For human applications, the complete SlpA from L. acidophilus ATCC 

4356 was fused to a GFP reporter for external presentation on a plasmid-cured, lactose-deficient 

derivative of L. casei ATCC 334 (41). The authors were able to develop a food-grade cell surface 

display vector by substituting lactose metabolism genes in place of antibiotic selection markers 

and verified gastrointestinal stability via in vitro modeling (41). The L. crispatus K2-4-3 SlpB C-

terminal domain, LcsB, was employed for the display of not only a GFP reporter (42), but also a 
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carcinoembryonic antigen (CEA) (43). Previous studies have shown that CEA is capable of 

eliciting strong T-cell and humoral immune responses, which can hinder tumor growth (44). Oral 

administration of recombinant CEA-presenting L. lactis to mice yielded significantly higher levels 

of CEA-specific secretory IgA and a higher spleen index in comparison to CEA antigen alone or 

the negative control, demonstrating the potential of L. lactis CEA as a cancer vaccine (44).  

 

Since the S-layer of L. crispatus is capable of binding intestinal extracellular matrices such as 

collagen and laminin, heterologous expression of Slps has also been used to improve the adhesive 

capacity of host organisms. For example, the L. crispatus JCM5810 collagen-binding S-layer 

protein, CbsA (45), as well as its individual domains (46), were expressed on the surface of L. 

casei enabling recombinant organisms to bind various extracellular matrices. Similarly, a surface 

display cassette consisting of the L. brevis ATCC 8287 SlpA receptor-binding domain fused to a 

PrtP spacer enhanced L. lactis adherence to Intestine 407 cells (47). Both approaches were able to 

significantly increase the adhesive capacity of engineered organisms, but yet to be evaluated is the 

probable synergistic effect of combining improved adhesion with an S-layer anchored antigen in 

what could potentially be a potent vaccine design platform.  

 

Unlike much of the work presented in this review, a handful of studies achieved Slp-mediated 

display of foreign proteins without DNA manipulation in the host by exploiting the inherent ability 

of Slps to anchor and self-assemble. For instance, the L. acidophilus C-terminal anchor (SAC) was 

attached to a GFP reporter, then produced and purified in E. coli. The SAC-GFP fusion protein 

was capable of binding lithium chloride-pretreated surfaces of wild-type L. acidophilus, L. 

helveticus, and L. crispatus (39). Similarly, L. crispatus K2-4-3 LcsB-GFP fusions were able to 

associate with SDS-pretreated surfaces of various S-layer-forming LABs including L. brevis, L. 
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helveticus, L. crispatus, and Lactobacillus salivarius as well as several non-S-layer-formers, 

including L. lactis, L. delbrueckii, Lactobacillus johnsonii, and Streptococcus thermophilus (42). 

Interestingly, neither the SAC-GFP fusion nor LcsB-GFP were able to bind the surface of L. casei 

(39, 42). This approach is unique in that it offers an alternative way to deliver foreign proteins 

while also circumventing the GMO (genetically modified organism) label, but is limited by its 

inability to generate additional heterologous protein in vivo and susceptibility to replacement by 

wild type Slps. However, in general, studies using heterologously expressed Slps and Slp anchors 

are hindered by inadequate secretion across the cell wall (42) or inability to form an array due to 

irregular folding and/or lack of cell surface exposure (45). Consequently, rather than tease apart 

the efficient Slp secretion and display system, there is now interest in harnessing it as a whole 

through the direct insertion of foreign peptides within the context of the protein. 
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1.6. DELIVERY VIA DIRECT INTEGRATION WITHIN THE SLP 

The extraordinarily high, stable abundance of the Slp, makes it an enticing target for antigen 

display and delivery via direct integration into its genome sequence (Figure 1.1E). The 

presentation of an exogenous protein within the context of the Slp was first achieved in 

Caulobacter crescentus through the random introduction of a pilin peptide from Pseudomonas 

aeruginosa strain K. Eleven potential sites of successful insertion were identified, demonstrating 

for the first time the capacity of the Slp to act as a carrier for foreign epitopes (48).  

 

Many subsequent studies have focused on mapping the S-layer to gain insight into ideal 

positioning for novel insertions, including in Lactobacillus. In L. acidophilus ATCC 4356, 

peptides ranging from 7 to 13 amino acids were randomly introduced into the Slp (49). Within the 

variable N-terminal (SAN), five of these positions maintained paracrystalline structure formation 

in vitro, while four others resulted in the complete abolishment of any array-forming capacity. 

Unsurprisingly, an insertion into the cell wall-binding domain had no effect on assembly (49). 

Similarly, the L. brevis SlpA was mapped via cysteine-scanning mutagenesis combined with 

sulfhydryl modification to identify locations of high surface accessibility and verify that the 

mutations did not alter self-assembly properties (50). Combined, these works established several 

stable, surface-accessible insertion sites within the Lactobacillus Slp, yet few researchers have 

capitalized on this knowledge.  

 

Currently, only two studies have successfully integrated antigens within the context of the 

Lactobacillus Slp. Through an inducible expression system, the poliovirus VP1 epitope was 

evaluated in four potential L. brevis ATCC 8287 slpA insertion sites (51). The location that 

demonstrated the best surface expression was then targeted for chromosomal insertion of the c-
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Myc epitope via direct double-crossover integration (51). A uniformly chimeric S-layer was 

obtained without any effect on array formation. More recently, the membrane proximal external 

region (MPER) epitope from human immunodeficiency virus type 1 (HIV-1) was inserted into L. 

acidophilus NCFM SlpA (52). L. acidophilus NCFM is regularly employed for mucosal vaccine 

delivery due in part to its direct interactions with the dendritic cell-specific antigen DC-SIGN (15) 

and adaptation to the harsh conditions associated with gastric transit (53). Vaccination via the 

recombinant organism, in conjunction with an IL-1β adjuvant, successfully stimulated MPER-

specific antibody production in both the serum and mucosal secretions of mice (52). This study 

marks the first and only instance of an Slp-integrated antigen being evaluated in vivo. 

 

The establishment of a uniformly chimeric S-layer translates to approximately 105 instances of 

epitope display on the surface of a single bacterium (14). Despite these considerable numbers, 

insert size is exceptionally limited in order to preserve S-layer array formation (49). Currently, 

peptides longer than 19 amino acids are unable to be inserted into SlpA without disrupting the 

lattice structure (52). Therefore, alternative methods exploiting auxiliary proteins associated with 

the S-layer are now being investigated for the display and delivery of larger antigens, as seen in 

Slp-mediated anchoring studies (see “The self-assembling and anchoring domains of the Slp”), but 

at frequencies more akin to direct integration. 
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1.7. S-LAYER ASSOCIATED PROTEINS 

The Lactobacillus S-layer, once thought to be solely composed of repeating monomeric Slp 

subunits, is actually far more complex (54, 55). It is now widely accepted that S-layers can act as 

scaffolds for the external display of numerous auxiliary proteins, termed S-layer associated 

proteins (SLAPs), which can confer additional physiological functionalities (54-59). Recently, the 

SLAP profile of L. acidophilus NCFM was quantified via multiplexing mass spectrometry (60). 

Although results revealed significant growth stage-dependent alterations, they also highlighted 

several proteins with consistent high expression in both logarithmic and stationary growth phases 

(60). The surface location and abundance of these proteins make them excellent targets for 

biotherapeutic delivery. Unlike Slp integrants, SLAP fusions are theoretically less limited in 

epitope size as they are not prone to S-layer array disruption (Figure 1.1F). Both the native SLAP 

promoter and secretion signal can be harnessed for this process with the intent to maintain high  

itexpression, secretion, and surface localization coupled with the display and delivery of a 

significantly larger and therefore more potent epitope. 
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1.8. SLP ENGINEERING PLATFORMS 

Presently, the two most popular techniques for engineering LABs are the NICE (NIsin Controlled 

gene Expression) system in L. lactis and the pORI-based upp counterselective gene replacement 

system in L. acidophilus. There is also growing interest surrounding the use of CRISPR-Cas 

technology, though its application in bacterial genome editing remains relatively underrepresented 

(61, 62). 

 

1.8.1. The NICE System 

The NICE system uses nisin to drive heterologous protein expression in L. lactis (63). Through 

the insertion of signal transduction genes from a nisin gene cluster into a nisin-negative L. lactis 

strain, NZ9000 was created (64). Subsequently, when a gene of interest is inserted downstream of 

the inducible nisA promoter, expression of that gene can be obtained by the addition of nisin to the 

culture medium (65). Since its conception, NICE has become one of the most successful and 

widely used expression systems in Gram-positive bacteria (65). Indeed, the NICE system was even 

employed for the production a number of the S-layer fusion proteins mentioned above (42, 43) and 

to render the non-adhesive L. lactis NZ9000 adhesive via the addition of an L. brevis SlpA 

receptor-binding domain (47). The availability of an easily engineered, non-S-layer-forming 

organism, has greatly accelerated not only our understanding of the biological role of an S-layer 

but also how we can exploit it.  

 

1.8.2. The pORI-based upp System 

The establishment of the pORI-based upp counterselective gene replacement system in S-layer-

former L. acidophilus NCFM, first employed for the functional characterization of SlpX (21), has 

since become an invaluable tool for S-layer component engineering. The system uses a upp-
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encoded uracil phosphoribosyltransferase (UPRTase) as a counterselection marker to positively 

select for double crossover homologous recombination events. The method has been adapted for 

numerous Slp studies ranging from reporter integration (22), anchoring/adjuvant assessment (66), 

and targeted antigen delivery systems for disease protection (23, 52). Similar counterselective 

systems have also been developed in non-S-layer-formers including L. gasseri ATCC 33323 (67) 

and L. casei ATCC 393 (68), but have yet to be harnessed for Slp analyses. In general, the 

technique remains a superior approach for characterizing the functional genetics of lactobacilli 

without the additional pressures required for plasmid maintenance.  

 

1.8.3. CRISPR 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) together with CRISPR-

associated (Cas) proteins, form the prokaryotic adaptive immune system which provides DNA-

encoded, RNA-guided, sequence-specific protection against viral invaders (69). The current 

classification system uses two broad classes consisting of six major types (I–VI) which can be 

allocated into approximately 30 subtypes (70). The simplest of these is the Type II system which 

relies on the activity of a singular Cas9 endonuclease and has gained immense popularity for its 

ability to be repurposed for genome editing (69-71). Depending on the organism, this can be done 

via harnessing of the endogenous system or supplying an exogenous Cas9:single guide RNA 

(sgRNA) complex. To date, no CRISPR-based genome editing has been performed in S-layer-

forming lactobacilli, but it has been conducted in L. casei (72) and L. lactis (73), frequent hosts 

for recombinant Slp investigative research. Nevertheless, the development and delivery of a 

functional CRISPR-Cas9 plasmid remains a critical need, particularly in organisms such as L. 

acidophilus NCFM (depicted in Figure 1.2A), which does not possess an active CRISPR system 

(74) but has proven to be hugely impactful in both probiotic and Slp research. 
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Despite the popularity of Type II engineering, Type I systems have been harnessed for genome 

editing in Clostridium and archaea (75, 76) and transcriptional regulation in E. coli (77). S-layer 

formers, L. crispatus and L. helveticus, frequently possess Type I systems (74) and are also of 

interest for vaccine delivery. L. crispatus is a natural inhabitant of the human vaginal tract (78), 

rendering it suitable for delivery of antigens targeting sexually transmitted diseases, such as HIV, 

while L. helveticus is predominately associated with dairy (79), which could be advantageous when 

considering modes of delivery and stability of the vaccine. A proposed strategy for Type I genome 

editing in L. crispatus is illustrated in Figure 1.2B. Harnessing of the endogenous system or 

delivery of a functional exogenous system both possess the potential to be powerful tools for 

advancing Slp-mediated biotherapeutic research. 

 

The NICE and pORI-based upp systems have both proven effective for S-layer-mediated 

biotherapeutic delivery; however, next-generation genome editing tools, such as CRISPR-Cas, 

hold tremendous potential for bacterial engineering overall (61, 62). Many S-layer-forming 

lactobacilli possess endogenous CRISPR systems, making them promising candidates for future 

S-layer engineering studies. Alternatively, delivery of a functional CRISPR to strains devoid of a 

system, will also greatly accelerate the pace at which recombinant organisms can be generated. 

Ironically, despite CRISPR originating as the bacterial adaptive immune system, CRISPR-based 

bacterial genome editing still remains relatively underexploited, though recent studies have 

provided valuable insights for its widespread future implementation (61).  
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1.9. FUTURE DIRECTIONS 

The Slp is a multi-faceted engineering target with both biotherapeutic and biotechnological 

applications (11). However, within the Lactobacillus genus, harnessing of this protein remains 

early in its development (9, 13); nonetheless, the research highlighted above (summarized in Table 

1.1) advocates for its continued pursuit. The slp promoter and signal peptide are undoubtedly adept 

at driving robust expression and secretion of target proteins, while the structural domains have 

successfully displayed foreign epitopes and improved the adhesive capacity of host cells. More 

complex and novel display strategies, such as direct integration into the Slp or SLAP fusions, are 

innovative approaches for cell surface presentation that also exploit the inherent properties of S-

layer-forming lactobacilli. In general, eliciting consistent immune responses via the mucosal route 

of administration is hindered by rapid elimination or inability to make contact with M cells and 

other mucosal tissues involved in antigen uptake and processing (80). Thus the ability of 

recombinant LABs, and the S-layer in particular, to promote antigen uptake and stimulate the 

adaptive immune response is highly desirable (15). 

 

Numerous studies have established vaccine platforms based on one or more components of the 

Lactobacillus Slp, however there remains a disconnect between delivery and efficacy. Despite 

extensive reviews touting the effectiveness of the LAB-based vaccines in vivo (7, 81), few S-layer-

based delivery frameworks have moved into animal models. Although successful secretion and/or 

surface display of the reporter/antigen is regularly achieved, only three of the recombinant 

organisms presented above were tested in mice (34, 43, 52), whereas the remainder were more 

focused on establishing that antigen production/display was even possible. Thus, an important step 

moving forward will be connecting the delivery of these antigens with an actual vaccination event, 

therefore surpassing proof of concept studies and ultimately demonstrating disease protection. 
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Table 1.1 | S-layer protein applications in recombinant protein expression systems and 

biotherapeutic delivery platforms. 
S-layer-
forming 

lactobacilli 

 
Slp 

Slp 
Component 

 
Host 

Antigen/ 
Reporter 

 
Results 

 
Ref. 

L. 
acidophilus 

SlpA; 
SlpB 

Promoter L. casei  CAT Evaluated slpA and slpB 
promoters; only slpA 
remained active under all 
tested growth conditions  

(17) 

 
SlpA Promoter L. lactis; L. 

reuteri 
chicken crop 
isolates  

eGFP The slpA promoter was highly 
efficient in L. lactis but nearly 
inactive in L. reuteri isolates 

(18) 

 
SlpA Promoter L. casei; L. 

paracasei; L. 
plantarum; 
L. lactic; L. 
helveticus; L. 
acidophilus; 
L. lactis; E. 
coli  

GFP Plasmids encoding slpA 
promoter exhibited distinct 
properties based on host and 
growth phase 

(19) 

 
SlpA Promoter L. 

acidophilus 
GusA The slpA-driven GusA 

activity increased three logs in 
in comparison to the gusA-
negative parent  

(22) 

 
SlpA Secretion L. 

acidophilus 
B. anthracis 
protective 
antigen 
(PA); C. 
botulinum 
Serotype A 
neurotoxin 
heavy-chain 
antigen  

The SlpA signal sequence 
generated stable and robust 
secretion of the C. botulinum 
antigen 

(23) 
 
  

 
SlpA Secretion L. 

acidophilus 
C. 
botulinum 
Serotype A 
neurotoxin 
heavy-chain 
antigen  

Recombinant organism was 
unable to confer complete 
protection against an 
experimental botulism 
challenge 

(34) 
  

 
SlpA Integration L. casei  GFP Generated a food-grade SlpA-

based cell surface display 
vector and verified 
gastrointestinal stability in 
vitro 

(41) 

  SlpA Integration L. 
acidophilus 

HIV-1 
membrane 
proximal 
external 
region 
(MPER) 

Delivery of MPER peptide via 
direct integration into SlpA 
stimulated antigen-specific 
antibody production in both 
serum and mucosal secretions 
of vaccinated mice 

(52) 
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Table 1.1 | (continued). 
S-layer-
forming 

lactobacilli 

 
Slp 

Slp 
Component 

 
Host 

Antigen/ 
Reporter 

 
Results 

 
Ref. 

L. brevis SlpA Promoter L. lactis; L. 
plantarum; L. 
gasseri 

GusA; 
Luc; PepN 

The slpA promoter was 
recognized in all strains but 
especially L. lactis and L. 
plantarum 

(20) 
  

 
SlpA Promoter L. casei Mouse IL-

10  
The slpA promoter yielded 
high levels of IL-10 but was 
sensitive to low pH 

(24) 

 
SlpA Promoter; 

secretion 
L. lactis; L. 
brevis; L. 
plantarum; L. 
gasseri; L. 
casei  

E. coli β-
lactamase 
(Bla)  

Bla was expressed in all hosts, 
but most efficiently in L. 
lactis and L. brevis; 
production was restricted to 
exponential growth phase 

(27) 

 
SlpA Secretion L. lactis E. coli F18 

fimbrial 
adhesion 
protein 
(FedF)  

The SlpA signal sequence 
increased FedF secretion 
efficiency four to sixfold in 
comparison to the lactococcal 
Usp45 signal sequence 

(28) 

 
SlpA Secretion L. lactis Human 

interferon 
alpha 2b 
(hIFNα-
2b) 

SlpA signal sequence 
increased hIFNα-2b secretion 
efficiency threefold in 
comparison to the lactococcal 
Usp45 signal sequence 

(30) 

 
SlpA Secretion; 

structural 
domain 

L. lactis None Surface expression of SlpA 
receptor-binding domain 
increased adherence to 
Intestine 407 cells 

(47) 

  SlpA Integration L. brevis Poliovirus 
VP1 
epitope; c-
Myc 
epitope  

Directly inserted epitopes into 
SlpA without disrupting array 
formation 

(51) 

L. crispatus LbsA Promoter; 
secretion, 
structural 
domain 

Lactobacillus 
chicken 
isolates  

GFP Achieved expression, 
secretion and surface 
presentation of GFP  

(40) 
  

 
LcsB Structural 

domain 
L. lactis GFP Achieved surface presentation 

of GFP  
(42) 

 
LcsB Structural 

domain 
L. lactis Carcinoe-

mbryonic 
antigen 
(CEA) 

LcsB-mediated display of 
CEA stimulated higher levels 
of antigen-specific secretory 
IgA and a higher spleen index 
when fed to mice 

 
(43) 

  CbsA Structural 
domain 

L. casei  None Recombinant L. casei 
expressing CbsA was able to 
bind immobilized collagens  

(45) 

 CbsA Structural 
domain 

L. casei None Recombinant expression of 
CbsA domains enabled 
adhesion to laminin and 
collagen 

(46) 
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Figure 1.1 | Simplified depiction of the genetic components comprising the Slp and how they 

can be harnessed for heterologous protein expression systems. (A) The genetic building blocks 

of an S-layer gene, including the promoter, secretion signal peptide, N-terminal self-assembly 

domain, and C-terminal peptidoglycan anchor. Each can be harnessed together or separately for 

antigen and biotherapeutic delivery applications. (B) The Slp promotor induces the production of 

high levels of target protein which will accumulate within the cytoplasm of the host bacterium. (C) 

The Slp secretion signal yields robust secretion of antigen into the extracellular environment. (D) 

Cell surface display of a foreign peptide can be achieved via fusion to an Slp anchoring domain 

(N- or C- depending on species). (E) The highest levels of antigen expression and cell surface 

display can be obtained via direct integration into the Slp, but epitope size is extremely limited in 

order to maintain array formation. (F) A novel display strategy utilizing S-layer associated protein 

(SLAP) fusions which theoretically enable the surface display of much larger proteins. 
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Figure 1.2 | Proposed strategies for CRISPR-based genome editing in relevant S-layer-

forming lactobacilli. (A) Antigen integration into L. acidophilus SlpA via an exogenous Type II 

system employing a Cas9 nickase variant which introduces a guide RNA-targeted single-stranded 

break. Unlike wild-type Cas9 which generates blunt double-stranded breaks (DSB), nickases cut 

only one strand of the DNA, permitting genome editing in bacteria deficient in DSB repair (72, 

82). (B) Antigen integration into L. crispatus CbsA using the endogenous Type I system which 

consists of the CRISPR-associated complex for antiviral defense (Cascade) and the signature Cas3 

nuclease (83).  
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CHAPTER 2: INVESTIGATING THE EFFECT OF GROWTH PHASE ON THE 

SURFACE-LAYER ASSOCIATED PROTEOME OF LACTOBACILLUS ACIDOPHILUS 

USING QUANTITATIVE PROTEOMICS2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
2 Klotz C, O'Flaherty S, Goh YJ, Barrangou R. 2017. Investigating the Effect of Growth Phase on 
the Surface-Layer Associated Proteome of Lactobacillus acidophilus Using Quantitative 
Proteomics. Front Microbiol 8:2174. 
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2.1. ABSTRACT 

Bacterial surface-layers (S-layers) are semi-porous crystalline arrays that self-assemble to form 

the outermost layer of some cell envelopes. S-layers have been shown to act as scaffolding 

structures for the display of auxiliary proteins externally. These S-layer associated proteins have 

recently gained attention in probiotics due to their direct physical contact with the intestinal 

mucosa and potential role in cell proliferation, adhesion, and immunomodulation. A number of 

studies have attempted to catalog the S-layer associated proteome of Lactobacillus acidophilus 

NCFM under a single condition. However, due to the versatility of the cell surface, we chose to 

employ a multiplexing-based approach with the intention of accurately contrasting multiple 

conditions. In this study, a previously described lithium chloride isolation protocol was used to 

release proteins bound to the L. acidophilus S-layer during logarithmic and early stationary growth 

phases. Protein quantification values were obtained via TMT (tandem mass tag) labeling combined 

with a triple-stage mass spectrometry (MS3) method. Results showed significant growth stage-

dependent alterations to the surface-associated proteome while simultaneously highlighting the 

sensitivity and reproducibility of the technology. Thus, this study establishes a framework for 

quantifying condition-dependent changes to cell surface proteins that can easily be applied to other 

S-layer forming bacteria. 
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2.2. INTRODUCTION 

The FAO/WHO defines probiotics as “live microorganisms which when administered in adequate 

amounts confer a health benefit on the host” (1). Contributions to host health occur via three 

proposed mechanisms: competitive exclusion of pathogenic bacteria, enhancement of epithelial 

barrier function, and modulation of the immune system (2). Lactic acid bacteria (LAB) are Gram-

positive, non-pathogenic microorganisms characterized by their propensity to metabolize 

carbohydrates into lactic acid (3). Historically, they have been exploited for food and feed 

fermentations, but more recently have gained attention for the health-promoting properties of some 

strains (4, 5). In fact, the incorporation of lactobacilli and bifidobacteria into food and dietary 

supplements has generated a multimillion dollar business (5).  

 

Beneficial effects of some Lactobacillus strains have been linked with specific surface molecules 

or protein and metabolite secretions that directly interact with the host (4). Surface-layers (S-

layers) have been detected on many but not all Lactobacillus species (6). The bacterial S-layer is 

a two-dimensional self-assembling crystalline array composed of numerous identical non-

covalently bound S-layer proteins (Slps) that form the outermost coating of certain cell envelopes 

(7, 8). S-layers have been characterized for their role in a number of processes including 

maintaining cell shape, acting as molecular sieves, serving as binding sites, and mediating bacterial 

adhesion (8). They may also act as a scaffold for the external display of additional proteins or 

glycoproteins. Supplemental functionality will depend on which proteins the S-layer is presenting 

(7). Despite the significance of extracellular proteins in probiotic efficacy, the function of most is 

still unknown or poorly characterized (9).  
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Lactobacillus acidophilus NCFM is an S-layer forming organism that has been incorporated into 

food and dietary supplements for over 40 years. Its fully sequenced genome has proven vital in 

elucidating the underlying molecular mechanisms responsible for probiotic efficacy (10, 11). Two 

recent studies have attempted to catalog the S-layer associated proteome of L. acidophilus NCFM 

via LC-MS/MS (12) and 2-DE in conjunction with MALDI-TOF MS (13). However, because the 

bacterial cell surface is dynamic, there is a need for a more reproducible quantitative technology 

capable of contrasting multiple conditions.  

 

In mass spectrometry (MS)-based quantification methods, inconsistent ion selection for 

fragmentation between runs or low-quality spectra may result in missing observations, 

subsequently affecting identification and quantification (14). However, the introduction of tandem 

mass spectrometry (MS2) in conjunction with isobaric labels such as tandem mass tags (TMT), 

has greatly increased the depth of MS-based protein quantification by permitting multiplexing 

(15). Use of this technology eliminates between run variability and has proven to be a powerful 

tool for monitoring temporal expression patterns of proteins (14). Conversely, the accuracy and 

precision of MS2 can suffer due to co-selection of contaminants with target ions, resulting in an 

underestimation of fold change (16, 17). However, an additional isolation and fragmentation step 

(MS3) has been shown to overcome this issue, thus eliminating the interference effect (18).  

 

In the present study, a previously described lithium chloride (LiCl) isolation protocol (12) was 

used to release proteins non-covalently bound to the L. acidophilus NCFM S-layer during 

logarithmic and early stationary growth phases. To avoid potential ratio compression effects, 

protein quantification values were obtained using TMT-based reporter ions in conjunction with a 

synchronous precursor selection (SPS)-based MS3 technology. As far as we know, this is the first 
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time that a multiplexing proteomic technology has been applied specifically to investigate the 

probiotic cell surface proteome. Through this approach, we demonstrated significant growth-stage-

induced alterations to the L. acidophilus non-covalent exoproteome and identified several 

candidate proteins for functional characterization and cell surface engineering. More importantly, 

this research establishes a framework for examining condition-dependent cell surface changes for 

other S-layer forming bacteria. 
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2.3. MATERIALS AND METHODS 

2.3.1. Protein isolation via LiCl 

Surface proteins were isolated from biological triplicates using a modified LiCl S-layer extraction 

protocol (12) adapted for downstream quantitative proteomics. L. acidophilus NCFM (NCK56) 

was grown statically in 800 mL of de Man, Rogosa and Sharpe broth (MRS, Difco) at 37°C. 

Cultures were sampled at logarithmic (log, 6 h, 500 ml) and early stationary phase (stat, 12 h, 300 

ml) then processed immediately. All subsequent centrifugation steps were performed at 4°C. 

Briefly, bacterial cells were centrifuged at 3,220 x g for 10 min, then washed twice with cold PBS 

pH 7.4 (Gibco, 4°C). Pellets were resuspended in 5M LiCl (4°C) for 15 min with repeated 

agitation, then centrifuged at 7,441 x g for 10 min. Supernatants were transferred to Spectra/Por 

membrane tubing (6-8 kD, Spectrum Laboratories, Inc.) and dialyzed against cold distilled water 

(4°C) for 24 h with gentle stirring and frequent water changes. Overnight protein precipitates were 

centrifuged at 22,789 x g for 30 min, then resuspended in 1M LiCl (4°C) for 15 min with repeated 

agitation. Suspensions were centrifuged at 22,789 x g for 30 min to separate major Slps from 

proteins associated with the S-layer. Subsequent supernatants containing the S-layer associated 

proteins were transferred to Spectra/Por membrane tubing (6-8 kD) and again dialyzed against 

cold distilled water (4°C) for 24 h with gentle stirring and frequent water changes. Precipitates 

were harvested via centrifugation at 22,789 x g for 30 min, then concentrated in 1 mL distilled 

water. Final suspensions were pelleted in 1.5 mL microcentrifuge tubes at 16,873 x g for 30 min, 

then stored at -80°C or visualized via SDS-PAGE using precast 4-20% Precise Tris-Hepes protein 

gels (Thermo Scientific) stained with AcquaStain (Bulldog Bio). Frozen protein pellets were 

submitted to the Genome Center Proteomics Core at the University of California, Davis for 

proteomic analysis. 
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2.3.2. Protein Digestion 

Protein pellets were solubilized in 100 µL of 6 M urea in 50 mM TEAB (triethylammonium 

bicarbonate) then quantified via a Pierce BCA Protein Assay Kit (Thermo Scientific). Digestion 

was performed on 150 µg of protein. Briefly 200 mM of dithiothreitol (DTT) was added to a final 

concentration of 5 mM, then incubated for 30 min at 37°C. Next, 20 mM iodoacetamide (IAA) 

was added to a final concentration of 15 mM, then incubated for 30 min at room temperature. 

Unreacted IAA was quenched by the addition of 20 µL DTT. Trypsin/Lys-C (Promega) was then 

added to the sample and incubated for 4 h at 37°C. Samples were diluted to <1M urea by the 

addition of 50 mM ammonium bicarbonate (AMBIC) and digested overnight at 37°C. The 

following day, samples were desalted using MacroSpin Column (Nest Group).   

 

2.3.3. TMT Labeling 

Desalted peptides were reconstituted in 40 µl of 50 mM TEAB and quantified using Pierce 

Fluorometric Peptide Assay (Thermo Scientific). Each sample was diluted with 50 mM TEAB to 

0.5 µg/µl for a total of 50 µg of peptide per replicate and labeled with TMT 6 Plex Mass Tag 

Labeling Kit (Thermo Scientific). Briefly, 41 µl of each TMT label (126-131) was added to each 

digested peptide sample and incubated for 1 h. The reaction was quenched with 8 µl of 5% 

hydroxylamine and incubated for 15 min. All labeled samples were then mixed together and 

lyophilized to almost dryness. TMT labeled samples were reconstituted in 0.1% trifluoroacetic 

acid (TFA) and the pH was adjusted to 2 with 10% TFA. The combined sample (20 µg) was 

separated into 8 fractions by Pierce High pH Reverse-Phase Peptide Fractionation Kit (Thermo 

Scientific) with an extra wash before separation to remove excess labels. The 8 fractions were 

dried almost to completion. 
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2.3.4. LC-MS/MS 

LC separation was done on a Dionex Nano Ultimate 3000 (Thermo Scientific) with a Thermo 

EASY-Spray source. Digested peptides were reconstituted in 2% acetonitrile/0.1% TFA and 5 µl 

of each sample was loaded onto a PepMap 100 Å 3U 75 µm x 20 mm reverse phase trap where 

they were desalted online before being separated on a 100 Å 2U 50 µm x 150 mm PepMap EASY-

Spray reverse phase column. Peptides were eluted using a 70 min gradient of 0.1% formic acid 

(A) and 80% acetonitrile (B) with a flow rate of 200 nL/min. The separation gradient was run with 

2 to 5% B over 1 min, 5 to 10% B over 9 min, 10 to 20% B over for 27 min, 20 to 35% B over 10 

min, 35 to 99% B over 10 min, a 2 min hold at 99% B, and finally 99 to 2% B held at 2% B for 5 

min.  

 

2.3.5. MS3 Synchronous Precursor Selection Workflow 

Mass spectra were collected on a Fusion Lumos Mass Spectrometer (Thermo Fisher Scientific) in 

a data-dependent MS3 synchronous precursor selection (SPS) method. MS1 spectra were acquired 

in the Orbitrap, 120 K resolution, 50 ms max inject time, 5 x 105 automatic gain control (AGC). 

MS2 spectra were acquired in the linear ion trap with a 0.7 Da isolation window, collisionally 

induced dissociation (CID) fragmentation energy of 35%, turbo scan speed, 50 ms max inject time, 

1 x 104 AGC and maximum parallelizable time turned on. MS2 ions were isolated in the iontrap 

and fragmented with a higher-energy collisional dissociation (HCD) of 65%. MS3 spectra were 

acquired in the orbitrap with a resolution of 50 K, a scan range of 100-500 Da, 105 ms max inject 

time and 1 x 105 AGC.  
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2.3.6. Protein database searches 

Tandem mass spectra were extracted by Proteome Discoverer version 2.1. Charge state 

deconvolution and deisotoping were not performed. All MS/MS samples were analyzed using 

Sequest (XCorr Only; Thermo Scientific; version 2.1.0.81). Sequest (XCorr Only) was set up to 

search all L. acidophilus sequences from Uniprot and 110 common laboratory contaminants 

(http://www.thegpm.org/crap/) plus an equal number of reverse decoy sequences (3,964 total 

entries) assuming the digestion enzyme trypsin. Sequest (XCorr Only) was searched with a 

fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 PPM. Carbamidomethyl 

of cysteine and TMT 6 plex of lysine were specified in Sequest (XCorr Only) as fixed 

modifications. Deamination of asparagine, oxidation of methionine and acetylation of the N-

terminus were specified in Sequest (XCorr Only) as variable modifications.  

 

2.3.7. Quantitative Data Analysis 

Scaffold Q+ (version Scaffold_4.7.5, Proteome Software Inc.) was used to quantitate Label Based 

Quantitation (iTRAQ, TMT, SILAC, etc.) peptide and protein identifications. Peptide 

identifications were accepted if they could be established at >95.0% probability by the Scaffold 

Local FDR algorithm. Protein identifications were accepted if they could be established at >99.0% 

probability and contained at least 2 identified peptides. Protein probabilities were assigned by the 

Protein Prophet algorithm (19). Proteins that contained similar peptides and could not be 

differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. 

Proteins sharing significant peptide evidence were grouped into clusters. Data was extracted from 

ScaffoldQ+ using the Raw Data Report export and filtered for contaminants and residual Slps. 

Resulting file was further analyzed with the SafeQuant R package v.2.3.1 
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(https://github.com/eahrne/SafeQuant/) using the following command line parameters “--AR --EX 

1,2,3:4,5,6” (20-22).  

 

2.3.8. Functional Classification Analysis 

Functional categories were assigned using DAVID Bioinformatics Resources 6.8 Functional 

Annotation Tool (23, 24). Enrichment analyses were performed by searching differentially 

expressed proteins (q-Value < 0.05) against a background of all isolated/identified proteins using 

default parameters. Cytoplasmic proteins and proteins possessing signal peptides were selected as 

the focus due to their frequency and absence of overlap with each other. 
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2.4. RESULTS 

2.4.1. Visualization and quantification of proteins associated with the L. acidophilus S-layer 

A previously described LiCl extraction protocol was used to enrich for proteins non-covalently 

associated with the cell surface of L. acidophilus NCFM (12). Log and early stationary S-layer and 

S-layer associated proteins were initially visualized via SDS-PAGE gel (Figure 2.1A). Banding 

patterns and abundances of the S-layer associated protein fraction appeared dissimilar enough to 

merit quantitative proteomic analysis. We chose to use a TMT 6 Plex in conjunction with a 

synchronous precursor selection (SPS)-based MS3 technology to eliminate the common 

interference effects associated with MS2 (18). Multiplexed reactions produced very tight 

biological replicates (R2 ≥ 0.97) with clear growth-stage-dependent effects (Figure 2.1B and 2.1C). 

Through this approach, we identified 352 proteins of which 276 were differentially expressed 

(Figure 2.1C). Proteins with a q-Value < 0.05 were considered significant.  

 

2.4.2. Distribution of S-layer associated proteins based on functional categories 

The transition from log to stationary phase produced notable fluctuations in protein counts between 

diverse functional categories (Figure 2.2). Of the 276 afflicted proteins, 50 were shown to possess 

signal peptides, 46 of which were significantly upregulated. Signal sequences are indicative of 

proteins destined to either be secreted or incorporated into cell wall or cell membrane components 

(9). Additional upregulated functional categories include 18 membrane, 14 transmembrane helix, 

14 transmembrane, and five secreted proteins. The most frequently downregulated functional 

categories included 63 cytoplasmic proteins, followed by nucleotide-binding and ATP-binding 

with 56 and 44 proteins, respectively. The greater number of proteins within these categories did 

not necessarily correlate with overall abundance. Figure 2.3 illustrates the percent abundance of 

each functional category in comparison to the total. Unsurprisingly, proteins possessing signal 
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peptides were dominant in both log (45.1%) and stationary (62.4%) growth phases. Although 

24.2% of log phase proteins were classified as cytoplasmic, the category is mainly composed of a 

few highly abundant moonlighting proteins detailed in Table 2.1. These proteins are predicted to 

be cytoplasmic, but have been shown to possess secondary function on the bacterial cell surface 

(25, 26). Many of the remaining cytoplasmic proteins were in relatively low abundance and 

possibly a result of low level cell lysis. 

 

Overall differences were visualized by plotting Log2 fold change against the statistical 

significance (–Log10 q-Values) for all identified proteins (Figure 2.4). Proteins possessing signal 

peptides were colored in green while those predicted to be cytoplasmic were colored red. As cells 

switched from log to stationary phase, there was a clear trend in the upregulation of signal proteins 

and the downregulation of cytoplasmic proteins. The most significantly affected proteins (|Log2 

fold change| > 2 and a q-Value < 1E-10) are presented in Table 2.2. Noteworthy, a putative 

uncharacterized protein (LBA1539), a 50S ribosomal protein (LBA0292), a putative membrane 

protein (LBA1690), and a putative fibronectin domain (LBA0191) were substantially upregulated, 

leading them to become amongst the most abundant proteins on the stationary cell surface (Table 

2.1). Alternatively, an asparagine—tRNA ligase (LBA1162), oligopeptidase PepF (LBA1763), 

and GTP-binding protein BipA (LBA0831) were initially amongst the most abundant log phase 

proteins (Table 2.1) but were vastly downregulated during the transition to stationary phase.  

 

2.4.3. Cluster analysis of the most abundant proteins in logarithmic and early stationary 

phases 

The 25 most abundant log and stationary phase proteins (Table 2.1 and Figure 2.5), though only 

accounting for 7% of the total number of identified proteins, encompassed 66 and 74% of the total 
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abundance. A clustering of these proteins using their Log10 ion intensities is depicted in Figure 

2.5. Unique proteins are shown in bold. Proteins are once again classified as either signal, 

cytoplasmic or other. Additional details about these proteins can be found in Table 2.1. Despite 

considerable differences, a conserved bottom branch comprised of five proteins (LBA1578, 

LBA1611, LBA1426, LBA1567, and LBA0695) with consistent high expression appears in both 

growth phases. Of these five proteins, only surface protein FmtB (LBA1611) does not possess a 

signal peptide. Three of these proteins, putative uncharacterized protein LBA1426, surface protein 

FmtB (LBA1611), and an aminopeptidase (LBA1567), although all prominent populations in log 

phase, were significantly upregulated in stationary phase. In fact, LBA1578, a putative serine 

protease, was replaced by uncharacterized LBA1426 as the overall most abundant protein when 

cells transitioned into stationary phase. Though unaffected by growth phase, putative 

uncharacterized protein LBA0695, cell separation protein CdpA (LBA0223), PrtP (LBA1512), 

and pryruvate kinase (LBA0957) remained dominant in both growth phases (Figure 2.5). Trigger 

factor (LBA0846), enolase (LBA0889), and elongation factor G (LBA0289), all well-established 

moonlighting proteins (25, 26), were prevalent in both growth phases despite being significantly 

downregulated in stationary phase (Figure 2.5). Alternatively, cytoplasmic proteins dominant only 

in log phase included asparagine, proline, and threonine—tRNA ligases (LBA1162, LBA1262, 

and LBA1543) in addition to elongation factor Tu (LBA0846), another recognized moonlighting 

protein. A direct comparison of log (Figure 2.5A) and stationary (Figure 2.5B) growth phases 

showed the number of abundant proteins possessing signal peptides nearly doubled in stationary 

phase. Twelve of these proteins were significantly upregulated (q-Value < 0.05), of which four 

increased >2-Log2 fold (LBA1539, LBA1020, LBA1612, and LBA1690). Despite being dominant 

populations on the cell surface, many of these proteins remain uncharacterized (LBA1225, 

LBA0222, LBA0695, LBA1426, LBA1739, LBA0864, and LBA1539). 
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2.5. DISCUSSION 

Molecular-based approaches have become increasingly applied to probiotic research in an effort 

to define the underlying mechanisms of probiotic activity (27). Several recent studies have targeted 

proteins associated with the L. acidophilus NCFM S-layer due to their exterior location and 

potential to mediate probiotic-host interactions (12, 28-30). Although previous research has 

investigated the influence of growth phase on the lactobacilli proteome (31, 32), none obtained the 

depth or quantitative accuracy we generated via the elimination of a 2-DE gel step and use of 

isobaric labeling combined with MS3 identification. Through this approach we demonstrated that 

the L. acidophilus cell surface is far more diverse and complex than previously described. 

 

We strategically chose to examine log and early stationary growth phases to limit potential cell 

death/lysis, and thus intracellular protein contamination. Nevertheless, cytoplasmic proteins were 

still the most prevalent functional category. These results are consistent with several other studies 

which routinely found cytoplasmic proteins assuming secondary functions on probiotic cell 

surfaces (12, 13, 33-35). Moonlighting proteins tend to be associated with pathogenic functions 

such as adhesion to host epithelia and extracellular matrices, along with modulation of the immune 

response. However, moonlighting proteins in probiotics also share many of these same 

characteristics (26). In a recent study using trypsin shaving of probiotic Lactobacillus rhamnosus 

GG and dairy strain L. rhamnosus Lc705, 77 and 88% of surface-exposed proteins were revealed 

to be cytoplasmic, respectively. Interestingly, the presence of many of these putative moonlighting 

proteins was predicted to be dependent on growth stage or pH (35). Within our own data, a number 

of well-known, highly abundant moonlighting proteins including enolase, trigger factor, fructose-

bisphosphate aldolase, elongation factor Tu, elongation factor G, and glyceraldehyde-3-p 

dehydrogenase, were downregulated in stationary phase. This contrasted previous studies with 
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Bacillus subtilis and Lactobacillus salivarius, which demonstrated increased non-classical protein 

secretion during stationary phase (25, 32). Since the secondary function of most characterized cell 

surface moonlighting proteins is adherence, one might predict decreased adhesive capacity of 

stationary phase cells (36). Many of the remaining cytoplasmic proteins were present in low 

relative abundance and predicted to be a result of minor cell lysis. Nonetheless, their detection 

emphasizes the power and robustness of the MS3 technology. In fact, MS3 yielded almost a tenfold 

increase in protein identification in comparison to previous L. acidophilus exoproteome studies 

(12, 13). 

 

Alternatively, proteins that were upregulated to exceptionally high abundance in stationary phase 

include a putative membrane protein (LBA1690), a putative fibronectin domain protein 

(LBA0191), a 50S ribosomal protein (LBA0292), and a previously uncharacterized protein 

(LBA1539). The membrane protein and fibronectin domain protein have both been shown to play 

a role in adhesion (30, 37). LBA1690 was insertionally inactivated, resulting in a 30 and 68% 

reduction in Caco-2 and mucin adhesion, respectively (37). LBA0191 was deleted from the L. 

acidophilus chromosome resulting in a 47 and 72% reduction in mucin and fibronectin adhesion, 

respectively (30). A putative mucus binding protein (LBA1020) and fibrinogen-binding protein 

(LBA1612), though not quite as impactful, were also considerably upregulated in stationary phase. 

It is possible that these proteins may offset the potential binding-loss stemming from 

downregulated moonlighting proteins. 

 

The 50S ribosomal protein (LBA0292) does not have a characterized cell surface function but has 

been located on the exterior of Enterococcus faecalis (38) and Staphylococcus aureus (39) and 

shown to play many roles beyond translation (40). Uncharacterized protein LBA1539 was the most 
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upregulated protein in our dataset as well as one of the most abundant. In fact, amongst the top 25 

most abundant log and stationary phase proteins, there are an additional six putative 

uncharacterized proteins (LBA1225, LBA0222, LBA0695, LBA1426, LBA1739, and LBA0864). 

These proteins are in high abundance on the cell surface, and likely make direct physical contact 

with the host gastrointestinal tract, yet we have no knowledge of their functional role. BLASTP 

and PFAM searches revealed that many of these proteins are highly conserved amongst the 

Lactobacillus genus and possess several interesting domains including: SH3-like (PF13457), 

bacterial Ig-like (PF07523), SLAP (PF03217), and CAP (PF00188). SH3 domains function 

predominately in cell wall turnover (9). The SLAP domain, though distantly related to the SH3 

domain, is responsible for the extracellular Slp scaffold and non-covalent attachment of secreted 

proteins (41, 42).  

 

LBA0695 and LBA1426 cluster with a set of proteins that have consistently high expression in 

both log and stationary growth phases. Within the literature there is little mention of these two 

proteins outside of the group 3 bacterial Ig-like domain on LBA0695 (41) and the upregulation of 

LBA1426 when exposed to bile (43). Although LBA1426 was highly expressed during log phase, 

it underwent significant upregulation in stationary phase, eventually replacing a putative serine 

protease (LBA1578) as the most abundant protein within our dataset. However, the serine protease 

was constitutively expressed throughout both growth phases. This protein was recently 

characterized in L. acidophilus NCFM and shown to have distinct effects on cellular morphology 

leading to altered binding ability, immunomodulatory properties, and a hypothesized role in 

protein turnover and display on the cell surface (28). Because these three proteins are consistently 

highly expressed and known to localize to the cell surface, they may prove to be interesting targets 

for engineering, specifically for the display of recombinant proteins for vaccination. In general, 
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LABs are promising antigen delivery candidates for processing and presentation by the immune 

system (44). L. acidophilus NCFM is of particular interest due to its ability to survive gastric 

passage and potential to increase the response to oral antigens (11). In past studies, S-layer protein 

A (SlpA) and enolase have been exploited for this purpose (45-47), though novel proteins may 

prove to be valuable contenders for future research. 

 

The L. acidophilus cell surface is clearly modulated by growth phase, thus so are the proteins 

presented to the host. In a human trial administering probiotic Lactobacillus plantarum, different 

growth phases yielded vastly diverse mucosal responses (48). Stationary phase cells were 

correlated with host genes regulating immune responses and stimulation of cellular physiology, 

while log phase cells were associated with nucleic acid metabolism, cytoplasm organization and 

biogenesis (48). These distinctions were hypothesized to be a result of cell envelope and 

exopolysaccharide-associated functions and highlight the importance of probiotic cell surface 

research. Within our own study, the transition into stationary phase was associated with the 

upregulation of extracellular proteins and thus a shift in focus to the cell exterior. Understanding 

the role of these proteins in probiotic function may assist in illuminating mechanisms responsible 

for their beneficial effects and further research on the microbe-host crosstalk occurring within the 

confines of the human gastrointestinal tract. 
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2.6. CONCLUSIONS 

Significant alterations to the L. acidophilus surface-associated proteome were demonstrated as 

cells transitioned from log to stationary phase. Both condition-dependent and stably expressed 

proteins were identified as candidates for functional characterization and cell surface engineering. 

Additionally, this study establishes a framework for future research of S-layer associated proteins 

beyond L. acidophilus. The combination of multiplexing and MS3 identification yielded 

reproducible data with noteworthy condition-dependent effects, thus we encourage its use in future 

studies. Overall, surface protein modulation remains an important factor in probiotic optimization. 

Furthering this research is imperative for identifying the genotypes and phenotypes conferred by 

probiotic cell surface proteins to enhance their delivery, persistence, and general efficacy. 
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Table 2.1 | The 25 most abundant SLAPs in log and early stationary growth phases. 

Gene Predicted Function Log2 
(Stat/Log) q-Value Functional 

Category 
Logarithmic     

 LBA1578 Putative serine protease -0.52 0.077187183 Signal 
 LBA0695 Putative uncharacterized protein 0.19 0.719561982 Signal 
 LBA1426 Putative uncharacterized protein 1.86 8.30E-06 Signal 
*LBA0889 Eno – Enolase -1.47 8.97E-06 Cytoplasm 
*LBA0846 Tig - Trigger factor -1.03 0.000306568 Cytoplasm 
 LBA1567 Aminopeptidase 1.07 0.00041098 Signal 
 LBA1162 Asparagine--tRNA ligase -2.33 2.76E-06 Cytoplasm 
 LBA0223 CdpA - Cell separation protein -0.31 0.505522785 Other 
 LBA1512 PrtP 0.45 0.020404475 Other 
*LBA1599 FbaA - Fructose-bisphosphate aldolase -1.70 5.18E-06 Other 
*LBA0289 FusA - Elongation factor G -0.88 0.002079319 Cytoplasm 
 LBA1611 FmtB - Surface protein 2.59 0.027027964 Other 
 LBA0858 Penicillin-binding protein 0.66 0.003522194 Signal 
*LBA0698 Glyceraldehyde-3-p dehydrogenase -0.64 0.003045344 Other 
 LBA0957 KpyK - Pyruvate kinase -0.27 0.204266652 Other 
*LBA0845 Tuf - Elongation factor Tu -1.36 4.72E-05 Cytoplasm 
 LBA1918 LysA - Lysin -1.75 1.49E-05 Signal 
 LBA1763 PepF - Oligopeptidase -2.65 8.61E-06 Other 
 LBA0185 GpmA - 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase -1.80 8.02E-06 Other 
 LBA0222 Putative uncharacterized protein 1.19 0.003670271 Signal 
 LBA0831 BipA - GTP-binding protein-BipA-EF-TU family -2.30 5.14E-06 Other 
 LBA1270 RpsB - 30S ribosomal protein S2 -0.54 0.005909604 Other 
 LBA1225 Putative uncharacterized protein -0.15 0.646538001 Signal 
 LBA1262 ProS - Proline--tRNA ligase -0.83 0.000793245 Cytoplasm 
 LBA1543 ThrS - Threonine--tRNA ligase -1.61 2.28E-05 Cytoplasm 

Stationary     
 LBA1426 Putative uncharacterized protein 1.86 8.30E-06 Signal 
 LBA1578 Putative serine protease -0.52 0.077187183 Signal 
 LBA1611 FmtB -Surface protein 2.59 0.027027964 Other 
 LBA0695 Putative uncharacterized protein 0.19 0.719561982 Signal 
 LBA1567 Aminopeptidase 1.07 0.00041098 Signal 
 LBA1539 Putative uncharacterized protein 3.96 2.53E-06 Signal 
 LBA1690 Putative membrane protein 2.04 1.19E-05 Signal 
 LBA1512 PrtP 0.45 0.020404475 Other 
 LBA0222 Putative uncharacterized protein 1.19 0.003670271 Signal 
 LBA0858 Penicillin-binding protein 0.66 0.003522194 Signal 
 LBA1612 Fibrinogen-binding protein 2.84 0.015555274 Signal 
 LBA1020 Putative mucus binding protein 3.27 0.000326332 Signal 
 LBA0292 RplD - 50S ribosomal protein L4 2.88 3.16E-06 Other 
 LBA0223 CdpA - Cell separation protein -0.31 0.505522785 Other 
*LBA0846 Tig - Trigger factor -1.03 0.000306568 Cytoplasm 
 LBA0370 RplL - 50S ribosomal protein L7/L12 1.41 0.002624707 Other 
*LBA0889 Eno – Enolase -1.47 8.97E-06 Cytoplasm 
 LBA0864 Putative uncharacterized protein 0.51 0.023311864 Signal 
 LBA0191 Putative fibronectin domain 2.00 1.28E-05 Signal 
 LBA1739 Putative uncharacterized protein 0.99 0.000538559 Signal 
 LBA1300 OppA - Oligopeptide ABC trasporter substrate binding protein 1.93 5.63E-06 Signal 
 LBA0957 KpyK - Pyruvate kinase -0.27 0.204266652 Other 
 LBA0778 AtpD - ATP synthase subunit beta 0.61 0.001313383 Other 
*LBA0289 FusA - Elongation factor G -0.88 0.002079319 Cytoplasm 
*LBA0698 Glyceraldehyde-3-p dehydrogenase -0.64 0.003045344 Other 

*Previously reported moonlighting function 
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Table 2.2 | S-layer associated proteins most significantly affected by growth phase (|Log2 
fold change| > 2 and a q-Value < 1E−10). 

Gene Predicted Function Log2 
(Stat/Log) q-Value Functional 

Category 
Upregulated     

 LBA1539 Putative uncharacterized protein 3.96 2.53E-06 Signal 
 LBA1744 Putative glycosidase 3.95 2.53E-06 Signal 
 LBA1219 Putative lipase 3.64 6.21E-05 Other 
 LBA0112 Putative glutamine ABC transporter 3.15 2.61E-06 Signal 
 LBA0292 RplD – 50S ribosomal protein 2.88 3.16E-06 Other 
 LBA0361 ABC transporter 2.84 2.61E-06 Signal 
 LBA0014 Putative alkylphosphonate ABC transporter 2.81 2.53E-06 Signal 
 LBA1601 Putative cell surface protein 2.74 7.95E-06 Signal 
 LBA1011 Putative uncharacterized protein 2.68 2.76E-06 Other 
 LBA0136 Putative uncharacterized protein 2.65 8.02E-06 Signal 
 LBA1603 VanY –D-alanyl-d-alanine carboxypeptidase 2.62 2.61E-06 Signal 
 LBA0134 GlnP – Glutamine ABC transporter permease protein 2.57 2.53E-06 Signal 
 LBA1509 Penicillin-binding protein 2.47 2.76E-06 Other 
 LBA0040 Putative uncharacterized protein 2.43 2.59E-05 Other 
 LBA1010 Secreted protein 2.17 1.54E-05 Other 
 LBA0083 HtrA – Putative heat shock related serine protease 2.16 4.10E-05 Other 
 LBA0046 Putative uncharacterized protein 2.15 1.49E-05 Signal 
 LBA0360 RplA – 50S ribosomal protein 2.13 2.61E-06 Other 
 LBA1850 LysM – Putative aggregation promoting protein 2.13 1.29E-05 Signal 
 LBA1654 PspC – Putative surface protein 2.11 8.02E-06 Signal 
 LBA1690 Putative membrane protein 2.04 1.19E-05 Signal 
 LBA0191 Putative fibronectin domain 2.00 1.28E-05 Signal 

Downregulated     
 LBA0936 AspS – Aspartate–tRNA ligase -2.02 4.2E-06 Cytoplasm 
 LBA1259 NusA – Transcription termination/antitermination protein -2.09 2.61E-06 Cytoplasm 
 LBA0273 TrcF – Transcription-repair-coupling factor -2.1 3.16E-06 Cytoplasm 
 LBA0997 Aluminum resistance protein -2.11 2.76E-06 Other 
 LBA0390 TsaD – tRNA N6-adenosine threonylcarbamoyltransferase -2.14 2.61E-06 Cytoplasm 
 LBA0794 ValS – Valine–tRNA ligase -2.18 2.61E-06 Cytoplasm 
 LBA0159 Putative uncharacterized protein -2.19 7.94E-06 Other 
 LBA1617 LeuS – Leucine–tRNA ligase -2.27 8.78E-06 Cytoplasm 
 LBA0366 PhoU – Phosphate-specific transport system accessory protein -2.29 9.21E-05 Cytoplasm 
 LBA0831 BipA – GTP-binding protein-BipA-EF-TU family -2.3 5.14E-06 Other 
 LBA0417 AlaS – Alanine–tRNA ligase -2.32 7.95E-06 Cytoplasm 
 LBA1162 Asparagine–tRNA ligase -2.33 2.76E-06 Cytoplasm 
*LBA0285 RpoC – DNA-directed RNA polymerase subunit beta’ -2.48 2.76E-06 Other 
 LBA0657 Putative tRNA (cytidine(34)-2’-O)-methyltransferase -2.48 2.53E-06 Cytoplasm 
*LBA0284 RpoB – DNA-directed RNA polymerase subunit beta -2.51 2.76E-06 Other 
 LBA1248 GrpE – Protein GrpE -2.54 8.02E-06 Cytoplasm 
 LBA1763 PepF – Oligopeptidase -2.65 8.61E-06 Other 
 LBA0261 GlyA – Serine hydroxymethyltransferase -2.66 4.46E-06 Cytoplasm 
 LBA0131 Ribose-p pyrokinase -2.7 2.53E-06 Other 
 LBA0908 Fumarate reductase flavoprotein -2.74 3.16E-06 Other 
 LBA0233 PyrG – CTP synthase -2.76 2.53E-06 Other 
 LBA0817 IleS – Isoleucine–tRNA ligase -2.78 2.53E-06 Cytoplasm 
 LBA1562 Fhs2 – Formate–tetrahydrofolate ligase 2 -2.82 3.57E-06 Other 
 LBA1321 Fmt – Methionyl-tRNA formyltransferase -2.89 2.76E-05 Other 
 LBA1891 PurB – Adenylosuccinate lyase -3.09 2.61E-06 Other 
 LBA0132 TetR – Putative transcriptional regulator -3.24 2.53E-06 Other 

*Previously reported moonlighting function  
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Figure 2.1 | SDS-PAGE and quantitative proteomic results. (A) SDS-PAGE gel used to 

visualize the effect of growth phase on the S-layer and S-layer associated proteome of 

Lactobacillus acidophilus NCFM at 6 h (log) and 12 h (stat). (B) Correlation plot of multiplexing 

mass spectrometry data for all identified S-layer associated proteins in logarithmic and early 

stationary growth phases. (C) Clustering of Log10 ion intensities for all identified proteins in 

logarithmic and early stationary growth phases. 
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Figure 2.2 | Number of differentially expressed (q < 0.05) early stationary phase S-layer 

associated proteins grouped based on functional category. Categories were assigned via the 

DAVID algorithm using default parameters. 
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Figure 2.3 | Percent abundance of logarithmic and early stationary phase S-layer associated 

protein functional categories identified in Figure 2.2.  Functional categories were assigned via 

the DAVID algorithm using default parameters. 
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Figure 2.4 | Volcano plot comparing Log2 fold change to -Log10 statistical significance. 

Visually depicts the overall change in the early stationary phase S-layer associated proteome in 

comparison to logarithmic phase. Proteins possessing signal peptides are colored in green, those 

predicted to be cytoplasmic are colored red, and remaining proteins are colored gray. 
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Figure 2.5 | The top 25 most abundant S-layer associated proteins in logarithmic (A) and 

early stationary (B) growth phases. Proteins are clustered based on their Log10 ion intensities 

for both growth phases. Functional categories are labeled on the right. Unique proteins are bolded. 

Additional information about these proteins can be found in Table 1. 
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CHAPTER 3: DELETION OF S-LAYER ASSOCIATED IG-LIKE DOMAIN PROTEIN 

DISRUPTS THE LACTOBACILLUS ACIDOPHILUS CELL SURFACE 
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3.1. ABSTRACT 

Bacterial surface-layers (S-layers) are crystalline arrays of repeating proteinaceous subunits that 

coat the exterior of many cell envelopes. S-layers have demonstrated diverse functions in growth 

and survival, maintenance of cell integrity, and mediation of host interactions. Furthermore, S-

layers have been shown to act as scaffolds for the outward display of additional proteins and 

glycoproteins. These noncovalently-bound, S-layer associated proteins, or SLAPs, have been 

characterized for their roles in cell division, adherence to intestinal cells, and modulation of the 

host immune response. Recently, IgdA (LBA0695), a Lactobacillus acidophilus SLAP that 

possesses a Group 3 immunoglobulin (Ig)-like domain and GW (Gly-Tryp) dipeptide surface 

anchor, was recognized for its high conservation among S-layer-forming lactobacilli, constitutive 

expression, and surface localization. These findings prompted its selection for examination within 

the present study. Although IgdA and corresponding orthologs were shown to be unique to host-

adapted lactobacilli, the Ig domain was specific to vertebrate-adapted species, suggesting a role in 

vertebrate adaptation. Using a counterselective gene replacement system, igdA was deleted from 

the L. acidophilus NCFM chromosome. The resultant mutant, NCK2532, exhibited a visibly 

disrupted cell surface which likely contributed to its higher salt sensitivity, severely reduced 

adhesive capacity, and altered immunogenicity profile. Transcriptomic analysis revealed the 

induction of several stress response genes and auxiliary surface proteins. Due to the broad impact 

of IgdA on the cellular physiology and probiotic attributes of L. acidophilus, identification of 

similar proteins in alternative bacterial species may help pinpoint the next generation of host-

adapted probiotic candidates. 
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3.2. INTRODUCTION 

Lactic acid bacteria (LAB) are a diverse group of Gram-positive, nonsporulating, microaerophilic 

organisms classified by the production of lactic acid as their signature fermentation end product. 

(1). Within this group are several industry-relevant genera including Lactococcus, Enterococcus, 

Oenococcus, Pediococcus, Streptococcus, Leuconostoc, and Lactobacillus species (2). For 

centuries these organisms have been harnessed for food and feed fermentations, but several species 

have gained notice more recently for their probiotic attributes (3). Probiotics are generally defined 

as “live microorganisms which when administered in adequate amounts confer a health benefit on 

the host” (4). Research has begun to hone in on the molecules and genes associated with these 

health-promoting properties chiefly to augment future screening efforts for novel probiotic 

candidates (5). Of particular interest are cell surface proteins, such as surface-layers (S-layers), 

which can directly interact with and influence the host gastrointestinal tract (6, 7). 

 

S-layers are two-dimensional crystalline arrays that form the outermost coating of some cell 

envelopes. They are comprised of repeating subunits, S-layer proteins (Slps), which are inherently 

driven to self-assemble into a regularly-spaced lattice structure (8). S-layers are prevalent in 

archaea but have also been detected on the exteriors of both Gram-positive and Gram-negative 

bacteria (9, 10). As some of the most abundant proteins in the cell, they play vital roles in growth 

and survival, cell integrity, and interactions with the host and its immune system (10-13). 

Furthermore, S-layers can also act as scaffolds for the external display of auxiliary proteins and 

glycoproteins encompassing supplementary functionalities (8). The proteins presented on the 

Lactobacillus acidophilus S-layer, termed S-layer associated proteins (SLAPs), have been linked 

to diverse roles in cell division, intestinal adhesion, and host immunomodulation (14-18).  
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Recently, while mining the SLAPs of S-layer-forming lactobacilli, four highly conserved gene 

regions were identified (19). Contained within these regions were two cell division proteins (17), 

a fibronectin-binding protein (15), and two additional cell division proteins, one of which was 

CdpA (14). These groups of genes tended to be highly expressed, exhibited synteny across 

lactobacilli genomes, and were predominantly localized near the origin of replication (19). 

However, the fourth region, encompassing a Group 3 bacterial immunoglobulin (Ig)-like domain 

(Big_3) protein with a GW (Gly-Tryp) dipeptide surface anchor, clusters separately and has yet to 

be functionally examined. Bacterial Ig-like domains are frequently observed in cell surface 

proteins and have been shown to mediate cell to cell recognition and surface receptor functions 

(20, 21). In Escherichia coli and enterobacteria, surface Ig-like domains were linked to roles in 

host cell adhesion and pathogen invasion (22). These domains have also been found in several 

Slps, such as the Big_2 domain within the Bacillus anthracis surface array protein, Sap, and the 

Big_3 domain in cell wall binding protein, Cwp12 of Clostridium difficile (8).  

 

The Ig-like domain protein from model probiotic organism L. acidophilus NCFM, LBA0695, 

which we have termed IgdA, was recently recognized for its high constitutive expression on the 

cell exterior (23). Its conservation among S-layer-forming lactobacilli, compelling domain 

architecture, and high surface abundance, prompted its selection for further investigation. In the 

following study we provide evidence that IgdA plays a significant role in host adaptation. Our in 

silico analysis revealed that igdA and corresponding orthologs were unique to host-adapted 

lactobacilli, while the Ig domain itself was specific to vertebrate-adapted species. To further 

explore these findings, igdA was deleted from the L. acidophilus chromosome using a pORI-based 

upp counterselective gene replacement system (24). The igdA mutant strain, NCK2532, exhibited 

a visibly disrupted cell surface, which likely contributed to its increased salt sensitivity, altered 
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immunogenicity profile, and severely reduced adhesion to Caco-2 intestinal cells, extracellular 

matrices, and mucin in vitro.  

  



   

68 
 

3.3. MATERIALS AND METHODS 

3.3.1. Mapping igdA to a lactobacilli phylogenetic tree 

Phylogenetic analyses were used to gain insight into the presence of igdA within a curated dataset 

of 170 Lactobacillus genomes downloaded from NCBI (Table A.1) (25). A cladogram was 

constructed using a previously described method based on the nucleotide sequence of the pyruvate 

kinase (Pyk) enzyme (25, 26). Briefly, pyk and igdA orthologs were identified and extracted from 

170 genomes, encompassing 170 different Lactobacillus species, via Geneious annotation and 

extraction workflows (27). The 170 pyk nucleotide sequences were then aligned in CLC Genomics 

workbench (Qiagen) and the output was used to construct a lactobacilli phylogenetic tree. The 

CLC Genomics metadata feature was employed to map the presence or absence of Slps and igdA, 

as well as species lifestyle. S-layer presence was determined using the UniProt annotation tool 

suite to search Lactobacillus proteomes present within the UniProt database (28). Lifestyle 

information was adapted from Duar et al. (29).  

 

To construct a phylogenetic tree based on the IgdA amino acid sequences, Geneious software (27) 

was used to translate the igdA nucleotide sequences identified above. Translated sequences were 

imported and aligned in CLC Genomics workbench (Qiagen) and the output was used to construct 

a phylogenetic tree. The Duar et al. (29) lifestyle roles were again mapped to tree in addition to 

GW and Big_3 protein domains which were predicted with the Geneious InterProScan plugin (30). 

 

3.3.2. Bacterial strains and growth conditions 

The bacteria and plasmids used in this study are listed in Table 3.1. Lactobacillus strains were 

propagated in de Man, Rogosa and Sharpe (MRS) broth (Difco Laboratories, Detroit, MI) statically 

under ambient atmospheric conditions or on MRS agar plates (1.5% [w/v]; Difco) anaerobically 
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and incubated at either 37°C or 42°C for pTRK669 plasmid elimination (31). Recombinant L. 

acidophilus strains were selected in the presence of 2 μg/mL erythromycin (Sigma-Aldrich, St. 

Louis, MO, USA) and/or 2–5 μg/mL chloramphenicol (Sigma). Selection of plasmid-free double 

recombinants was performed on a semidefined agar medium containing 2% (wt/vol) glucose 

(GSDM) (32) and 100 μg/mL 5-fluorouracil (5-FU; Sigma), as previously described (24). 

Escherichia coli EC101, was grown in brain heart infusion (BHI) broth (Difco) with aeration at 

37°C in the presence of 40 μg/mL kanamycin (Sigma-Aldrich). Recombinant E. coli EC101 cells 

containing pTRK935-based plasmids were selected using 150 μg/mL erythromycin.  

 

3.3.3. DNA manipulations and transformation 

Genomic DNA was isolated using the ZR fungal/bacterial DNA MiniPrep kit (Zymo Research, 

Irvine, CA). Plasmid DNA was isolated using the QIAprep Spin MiniPrep kit (Qiagen, Hilden, 

Germany). Restriction enzymes, Quick Ligase, and Q5 High-Fidelity 2X Master Mix (New 

England Biolabs, Ipswich, MA) were used for cloning purposes, while Choice-Taq Blue DNA 

polymerase (Denville Scientific, South Plainfield, NJ) was employed for PCR screening of 

recombinants. Amplicons were visualized on 1% (wt/vol) agarose gels, then extracted using the 

QIAquick gel extraction kit (Qiagen). DNA sequencing was performed by Eton Bioscience, Inc. 

(Research Triangle Park, NC). 

 

3.3.4. Chromosomal deletion of igdA 

The lba0695 gene encoding S-layer associated protein, IgdA, was deleted from the L. acidophilus 

NCFM genome via a pORI-based upp counterselective gene replacement system (24). Briefly, an 

in-frame deletion was constructed by PCR amplifying flanking regions up and downstream of the 

deletion target (Table 3.1). The resultant purified products were joined by splicing using overlap 
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extension PCR (SOE-PCR), then amplified to create the deletion genotype. The SOE-PCR product 

was cloned within the BamHI and SacI sites of the pTRK935 integration vector, then transformed 

into E. coli EC101. Recombinant plasmid (confirmed by DNA sequencing) was electroporated 

into L. acidophilus NCK1910 containing the pTRK669 temperature sensitive helper plasmid 

(Table 3.1). Recovery of single- and double-crossover recombinants was performed as previously 

described (24). The absence of lba0695 was confirmed by sequencing the entirety of both flanking 

regions. 

 

3.3.5. Lithium chloride isolation of extracellular proteins 

Noncovalently attached surface proteins were isolated using a modified lithium chloride (LiCl) S-

layer extraction protocol (16). L. acidophilus strains were grown statically in 1 L of MRS broth 

(Difco) at 37°C for 16 h. Subsequent steps were performed as previously described (23). All 

centrifugation steps were conducted at 4 °C. Bacterial cells were centrifuged at 3,220 × g for 10 

min, then washed twice with cold (4°C) phosphate buffered saline (PBS, pH 7.4, Thermo Fisher 

Scientific, Waltham, MA, USA). Pellets were resuspended in 5 M LiCl (4°C) for 15 min with 

repeated agitation, then centrifuged at 7,441 × g for 10 min. Supernatants were transferred to 

Spectra/Por membrane tubing (6–8 kD, Spectrum Laboratories, Inc.) and dialyzed against cold 

distilled water (4°C) for 24 h with gentle stirring and frequent water changes. Overnight protein 

precipitates were centrifuged at 22,789 × g for 30 min, then resuspended in 1 M LiCl (4°C) for 15 

min with repeated agitation. Suspensions were centrifuged at 22,789 × g for 30 min to separate 

major Slps from proteins associated with the S-layer. Subsequent supernatants containing the 

SLAPs were transferred to Spectra/Por membrane tubing (6–8 kD) and again dialyzed against cold 

distilled water (4°C) for 24 h with gentle stirring and frequent water changes. Precipitates were 

harvested via centrifugation at 22,789 × g for 30 min, then concentrated in 1 mL distilled water. 
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Final suspensions were pelleted in 1.5 mL microcentrifuge tubes at 16,873 × g for 30 min. Both 

Slp and SLAP precipitates were resuspended in UltraPure SDS Solution, 10% (Thermo Fisher 

Scientific). Protein was quantified using a Micro BCA Protein Assay Kit (Thermo Fisher 

Scientific), then visualized with a Novex 10-20% Tris-glycine mini gel (Invitrogen) stained with 

AcquaStain (Bulldog Bio).  

 

3.3.6. Growth analysis under stress conditions 

Overnight L. acidophilus cultures were used to inoculate (1%) 200 µl of MRS broth supplemented 

with 2.5% (w/v) NaCl (Fisher Scientific, Hampton, NH, USA), 0.2% (w/v) porcine bile (Sigma) 

or 0.5% (w/v) oxgall (Difco) held in 96-well microplates (Corning Costar, Corning, NY). Plates 

were sealed with clear adhesive film then incubated at 37°C in a Fluostar Optima microplate reader 

(BMG Labtech, Cary, NC). The culture turbidity was recorded at OD600 every hour for 30 h. To 

corroborate results obtained with the plate reader, strains grown in MRS broth and MRS broth 

containing 2.5% NaCl were enumerated on MRS solid media. Overnight bacterial cultures were 

used to inoculate (1%) broth treatments. Aliquots were taken at 0, 4, 6, 8, 10, and 24 h and plated 

on MRS plates to obtain viable cell counts.  

 

3.3.7. Examination of mutant cellular morphology 

Phase contrast microscopy was used to visualize L. acidophilus strains during the 24 h growth 

curves described in the section above. Identified phenotypes were further investigated via flow 

cytometry and electron microscopy. Flow cytometry was used to survey changes to cell size and 

shape within the population. Mutant and parent cells were grown to log (6 h) and early stationary 

growth phases (12 h) in MRS broth as well as MRS broth supplemented with 2.5% NaCl. Cells 

were centrifuged at 3,220 × g for 10 min, then washed and resuspended in PBS (Thermo Fisher 
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Scientific). Forward and side scattering patterns were acquired using a CytoFLEX Flow Cytometer 

instrument (Beckman Coulter, Brea, CA, USA) located at the CVM Flow Cytometry and Cell 

Sorting core facility (North Carolina State University). Data analysis was performed with the 

CytExpert software (Beckman Coulter). 

 

Morphological alterations observed via flow cytometry were also imaged using electron 

microscopy. Mutant and parent cells were again grown to log (6 h) and early stationary growth 

phases (12 h) in MRS broth and MRS broth containing 2.5% NaCl. Cells were fixed in a solution 

of 3% glutaraldehyde in 0.1 M sodium cacodylate (pH 5.5) and stored at 4oC. Fixed cells were 

processed for scanning electron microscopy (SEM) and transmission electron microscopy (TEM) 

by the CALS Center for Electron Microscopy (CEM) at North Carolina State University. SEM 

images were acquired with a JEOL JEM-5900LV SEM (JEOL USA, Peabody, MA) at 15kV, while 

TEM grids were viewed in a JEOL JEM-1200EX TEM (JEOL USA) at 80kV with images digitally 

acquired using a Gatan Model 795 ES 1000W Erlangshen CCD camera. High-resolution SEM 

images were acquired using an FEI Verios 460L Field Emission Scanning Electron Microscope 

located at the Analytical Instrumentation Facility (AIF) also housed at North Carolina State 

University. 

 

3.3.8. Adhesion to mucin and extracellular matrices (ECM) 

Mucin and ECM binding assays were adapted from a previously described protocol (33). Adhesion 

substrates were dissolved in various buffers to obtain a final concentration of 10 mg/mL. Mucin 

(type III from porcine stomach, Sigma) was suspended in PBS (Thermo Fisher Scientific), while 

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

laminin (from Engelbreth-Holm-Swarm murine sarcoma/basement membrane; Sigma) were 
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solubilized in 50 mM carbonate-bicarbonate buffer (pH 9.6, Sigma). Wells of Nunc Maxisorp 96-

well microplates (Sigma) were coated with 100 μl of binding substrate then incubated overnight 

at 4°C. The following day, coated wells were washed twice with PBS (pH 7.4), then blocked with 

150 μl of 2% bovine serum albumin (BSA) solution (Sigma) for 2 h at 37°C. Excess BSA was 

removed by washing twice with PBS (pH 7.4). Lactobacillus strains grown to early stationary 

phase (12 h) in MRS broth were pelleted (3,220 × g, 10 min) at room temperature then washed 

once and resuspended in PBS (pH 5). Cell concentrations were adjusted to ∼1 × 108 CFU/mL, 

then transferred to coated wells (100 μl) or enumerated on MRS plates to obtain initial counts. 

Following a 1 h incubation at 37°C, unattached cells were removed by gently washing wells five 

times with 200 μl/well of PBS (pH 5). Adhered cells were then recovered by adding 100 μl of 

0.5% Triton X-100 solution (Fisher Scientific, prepared in PBS) and agitating on an orbital shaker 

(150 rpm) for 15 min. Cell suspensions were transferred to 900 μl of 0.1X MRS broth and 

enumerated on MRS media. Relative adherence percentages were calculated by standardizing the 

parent strain adherence to 100%. Assays were performed in biological triplicate. Error bars are 

standard error of the means. Significance was calculated using a Student’s t-test. 

 

3.3.9. Adhesion to Caco-2 intestinal cells 

The Caco-2 intestinal cell line was purchased from American Type Culture Collection. Cells were 

grown in minimum essential medium (MEM, Thermo Fisher Scientific) containing Earle’s salts 

and 2 mM L-glutamine supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher 

Scientific), MEM non-essential amino acids (Thermo Fisher Scientific), MEM sodium pyruvate 

(Thermo Fisher Scientific) and antibiotic/antimycotic solution (Thermo Fisher Scientific). Cells 

were split approximately every 3-4 days before reaching confluence and medium was replaced 
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every other day. Cells were maintained in 75cm2 cell culture flasks (Falcon) housed in a 37°C 

humidified atmosphere with 5% CO2.  

 

Adhesion assays were performed as previously described by Goh et al. (24) with minor 

modifications. Cells were allowed to reach confluence and differentiate for 21 days in 12-well 

plates with a seeding density of 1.6 x 105 cells/well. On the day of experiment, confluent and fully 

differentiated Caco-2 cells were rinsed twice with PBS buffer and culture medium was replaced 

with 2 mL antibiotic/antimyotic free medium. Early stationary growth phase (12 h) L. acidophilus 

strains were pelleted (3,220 × g, 10 min), washed twice with PBS, and suspended in 

antibiotic/antimyotic free cell culture medium at a concentration of ∼1 × 108 CFU/mL. 

Suspensions were enumerated on MRS plates to confirm projected cell counts. Strains were then 

co-incubated (1 mL) with Caco-2 monolayers for 1 h, followed by five PBS washes to remove 

unadhered bacterial cells. Adhered cells were recovered by disrupting the monolayer with 1 mL 

of 0.05% Triton X-100 (Fisher Scientific, prepared in PBS). Cell suspensions were transferred to 

4.5 mL of 0.1X MRS broth and enumerated on MRS media. Relative adherence percentages were 

calculated by adjusting the parent strain to 100%. Assays were performed in biological 

quadruplicate. Error bars are standard error of the means. Significance was calculated using a 

Student’s t-test. 

 

3.3.10. Bacteria/DC co-incubation and cytokine measurement 

Bone marrow-derived C57BL/6 murine immature dendritic cells (DCs) were purchased from 

Astarte-Biologics (Bothell, WA) and preserved in liquid nitrogen. Bacterial co-incubation assays 

were performed as previously described with minor modifications (16). On the day of the 

experiment, DCs were thawed in a 37°C water bath then transferred to a 50 mL conical tube 
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containing 100 µg of DNase I (Stemcell Technologies). Cells were suspended in 25 mL RPMI 

1640 medium (Thermo Fisher Scientific) with 10% FBS (Thermo Fisher Scientific), then 

centrifuged for 15 min at 200 x g to wash (2X). Pelleted DCs were again suspended in 25 mL 

RPMI 1640 + 10% FBS + 100 µg of DNase I. Viable cells were quantified using Trypan Blue dye 

(Sigma) with the Invitrogen Countess, per manufacturer’s instructions. Cells were then diluted to 

a final concentration of 106/mL (based on the viable count) in RPMI 1640 + 1% FBS + 100 µg of 

DNase I media and aliquoted (100 µl per well) into round bottom polypropylene 96-well plates. 

Plates were held in a 37°C humidified atmosphere with 5% CO2 while bacterial cells were 

prepared. 

 

Early stationary growth phase (12 h) L. acidophilus strains were pelleted (1 mL) in a 

microcentrifuge at 9,600 x g, then washed with PBS (Thermo Fisher Scientific). Based on the 

OD600, cell concentrations were adjusted to 5 x 107 CFU in 1 mL RPMI 1640 + 10% FBS + 100 

ug streptomycin (Sigma). An aliquot of the suspension was diluted in 0.1X MRS and enumerated 

on MRS media to verify cell counts. Bacterial suspensions (200 µl) were co-incubated with DCs 

for 24 h in a 37°C humidified atmosphere with 5% CO2 then centrifuged (3,220 × g, 10 min, 4°C) 

to collect supernatant for cytokine quantification. Supernatants were stored at -80°C until 

processed. Cytokine measurements for tumor necrosis factor α (TNF-α) and interleukins IL-6, IL-

10 and IL-12 were obtained using Single-Analyte ELISArray kits (Qiagen) according to 

manufacturer’s instructions. Assays were performed in biological triplicate. To reduce random 

error, replicates were treated as a blocking factor. Significance of block centered data was analyzed 

using a Student’s t-test. 

 

 



   

76 
 

3.3.11. RNA extraction, sequencing, and transcriptional analysis 

Total RNA was isolated from the L. acidophilus parent strain and igdA-deficient mutant 

propagated in MRS broth and MRS broth supplemented with 2.5% NaCl. Cells were grown 

statically under ambient atmospheric conditions for 6 h, pelleted by centrifugation (3,220 × g, 5 

min, RT), then flash frozen and stored at -80°C. For RNA extraction, frozen pellets were 

resuspended in 1 mL of TRI reagent (Thermo Fisher Scientific) and transferred to 1.5-mL 

screwcap tubes containing 0.1-mm glass beads (BioSpec Products, Inc., Bartlesville, OK). Cells 

were disrupted for six 1 min cycles, each paired with a 1 min ice incubation, using a Mini-

Beadbeater 16 homogenizer (BioSpec Products). Total RNA was isolated using a Zymo Direct-

Zol RNA Miniprep kit (Zymo Research) as per manufacturer’s instructions, followed by a Turbo 

DNAse (Thermo Fisher Scientific) treatment and further purification using an RNA Clean and 

Concentrator 5 kit (Zymo Research). The RNA quality was verified using an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA), and the absence of genomic DNA was 

confirmed with PCR using L. acidophilus NCFM-specific primers (34). Library preparation and 

RNA sequencing were conducted by the High-Throughput Sequencing and Genotyping Unit of 

the Roy J. Carver Biotechnology Centre housed at the University of Illinois (Urbana-Champaign, 

IL). The RNA-seq reads were filtered and mapped to the L. acidophilus NCFM reference genome 

using Geneious software (27) with default settings. Expression levels were compared with the 

DESeq2 package (35). Enrichment analyses were performed using the DAVID Bioinformatics 

Resource 6.8 Functional Annotation Tool (36, 37) and Cluster of Orthologous Groups (COGs) 

were assigned with EggNOG 5.0 (38). 
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3.3.12. Carbohydrate utilization 

The API 50 CH carbohydrate fermentation strips (bioMerieux, Craponne, France) were used to 

pinpoint potential sugar fermentation deficiencies of the igdA mutant in comparison to the parent 

strain. Those carbohydrates that yielded differences were further examined via growth curve 

analysis. Overnight cultures of the L. acidophilus strains (parent and mutant) were washed and 

resuspended in SDM medium (32) without a carbohydrate source. The cell suspensions were used 

to inoculate 200 µl of SDM supplemented with 1% (wt/vol) of the carbohydrates of interest held 

in 96-well microplates (Corning Costar, Corning, NY). Plates were sealed with clear adhesive film, 

then incubated at 37°C in a Fluostar Optima microplate reader (BMG Labtech). The culture OD600 

was recorded every hour for 40 h. Assays were performed in biological triplicate. 
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3.4. RESULTS 

3.4.1. Occurrence of igdA within host-adapted S-layer-forming lactobacilli 

The presence of Slps and igdA orthologs was mapped to a lactobacilli phylogenetic tree 

constructed based on the pyk gene sequence (Figure 3.1). The specific strains used for this study 

and their isolation sources are listed in Table A.1. Of the 170 evaluated genomes, 40 were shown 

to possess S-layers. Within those 40 genomes, only half contained an idaA-like sequence with 

>55% similarity. Evidently, S-layers were present in vertebrate-adapted, insect-adapted, and free-

living species, but not nomadic. The igdA gene was only found in a subset of vertebrate-adapted 

and insect-adapted species and was not present in any non-S-layer-forming strains.  

 

An unrooted radial tree was constructed using the IgdA amino acid sequences (Figure 3.2). In 

addition to species lifestyle (mentioned above), Big_3 and GW domain presence was also mapped 

onto this tree. The protein sequences form three distant clusters: two vertebrate-adapted groups 

and one insect-adapted group. Although the GW anchor was present in both insect-adapted and 

vertebrate-adapted species, the Big_3 domain was confined to vertebrate-adapted species. 

 

3.4.2. Deletion of igdA from the L. acidophilus NCFM genome 

A pORI-based upp counterselective gene replacement system (24) was used to generate a 1,587 

bp (96%) in-frame deletion within the lba0695 locus of the L. acidophilus NCFM genome (Figure 

A.1A). The mutant strain was designated NCK2532 (Table 3.1). The gene deletion was detected 

by PCR (Figure A.1B) and the absence of LBA0695 was visualized on a Tris-glycine gel (Figure 

A.1C). The removal of the gene was further verified by Sanger sequencing which confirmed not 

only a precise deletion but also the absence of any unintended mutations within the flanking 

regions. A marked increase in abundance of protein was noted in the S-layer fraction of the 
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NCK2532 mutant compared to the parent after 5 M LiCl treatment and dialysis (Figure A.2). In 

contrast, the typical starting volume of cells had to be scaled-up 5 times in order to obtain enough 

SLAP from the NCK2532 mutant for protein analysis (Figure A.1C).  

 

3.4.3. Inhibition of DigdA growth and survival by high salt conditions  

The turbidity of the parent and mutant strains was measured over the course of 30 h in MRS broth, 

as well as MRS broth containing 2.5% NaCl, 0.2% porcine bile, or 0.5% oxgall (Figure A.3). The 

only discernable difference occurred in the presence of NaCl. The growth of the igdA-deficient 

mutant was consistently hindered by high salt conditions, though this effect only becomes apparent 

at ≥2% NaCl (data not shown). A direct correlation between OD and CFU/mL does not always 

exist (39), therefore MRS and high salt treatments were also enumerated on MRS agar over the 

course of 24 h (Figures 3.3A and 3.3B). The cell counts of MRS cultures were not strikingly 

different, though NCK2532 routinely had a lower final CFU/mL in comparison to the NCK1909 

parent strain. In contrast, under high salt conditions, NCK2532 exhibited limited growth within 

the first 6 h before undergoing a nearly four log reduction at 24 h.  

 

3.4.4. Alterations to DigdA cellular morphology and surface structure 

Phase contrast microscopy was used to visualize L. acidophilus strains during growth in MRS 

broth and MRS broth containing 2.5% NaCl. The 6 h and 12 h time points are shown in Figures 

3.3C and 3.3D. In MRS broth, the igdA-deficient NCK2532 developed abnormally elongated cells, 

most notably during stationary growth phase (Figure 3.3C). In MRS broth supplemented with 

NaCl, mutant cells were noticeably misshapen at 6 h and developed a kinked morphology by 12 

h. These observed irregularities were further investigated using flow cytometry and SEM (Figure 

3.4). Again, in MRS the DigdA cells were elongated, but also appeared to aggregate more in 
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comparison to the control. In high salt conditions, the mutant exhibited a drastically deteriorated 

cell exterior with excess protein deposit sloughing off its surface. TEM and high-resolution SEM 

were used to obtain high resolution images of the L. acidophilus cells in MRS broth. In comparison 

to the parent, TEM images of the DigdA mutant did not depict any obvious differences (Figure 

A.4), however high-resolution SEM images revealed a disrupted cell surface structure (Figure 3.5). 

 

3.4.5. Adherence deficiencies of DigdA in vitro 

In comparison to the parent, the DigdA mutant strain demonstrated significantly reduced adherence 

to all tested substrates as well as the Caco-2 intestinal cell line (Figure 3.6A). Of the evaluated 

ECMs, the NCK2532 mutant exhibited an 84%, 87% and 81% relative drop in adhesion to 

collagen, laminin, and fibronectin, respectively. Additionally, a 78% decrease in mucin adhesion 

was also observed. The decrease in relative Caco-2 binding was less severe, but still compelling 

at 51%. 

 

3.4.6. Deletion of igdA alters DC cytokine expression  

The immunomodulatory properties of igdA deletion strain NCK2532 were examined via an in 

vitro bacterial/murine DC co-incubation assay (16). The block centered data is plotted in Figure 

3.6B. In comparison to the NCK1909 parent strain, the concentrations of pro-inflammatory IL-6 

and anti-inflammatory IL-10 were relatively unchanged. In contrast, expression of pro-

inflammatory molecules IL-12 and TNF-α were significantly repressed by co-incubation with the 

mutant strain. 
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3.4.7. Transcriptomic analysis of DigdA reveals upregulation of multiple stress response 

pathways and alternative surface proteins 

Transcriptome sequencing was used to analyze global transcription of log phase L. acidophilus 

strains cultured in MRS broth and MRS broth supplemented with 2.5% NaCl. Significantly up- 

and downregulated genes (p-value < 0.01 and Log2 fold change > 1) are colored in red and blue, 

respectively (Figure 3.7A). To complement this data, COGs were assigned to significant genes 

using the EggNOG Database (38) (Figure 3.7B). In MRS, the absence of igdA triggered the 

significant upregulation of 44 genes, while none were down regulated (Figure 3.7A, left). Stress 

response genes groEL, groES, and clpE were the most significantly upregulated with a Log2 fold 

change > 2. Assigned COGs supported this finding, but also revealed the upregulation of other 

functions including several genes associated with transport and metabolism of carbohydrates and 

amino acids (Figure 3.7B, left). Mutant cells subjected to salt stress exhibited considerable changes 

to their expression profile. Significantly upregulated genes included members of a previously 

characterized two-component regulatory system (40), as well as surface proteins SlpX (Goh et al. 

2009) and aggregation-promoting factor (Apf) (Goh et al. 2010); down-regulated genes 

predominantly coded for ABC transporters and purine metabolism genes (Figure 3.7A, right). 

COG analysis reinforced this data as most of the downregulated genes were assigned to roles in 

nucleotide and carbohydrate transport and metabolism. Upregulated COGs were predominantly 

unknown or poorly characterized surface proteins (Figure 3.7B, right). 

 

The up- and downregulated genes identified in Figure 3.7A were also found to belong to several 

operons which are depicted in Figure A.5. This same subset of differentially expressed genes was 

analyzed using the DAVID algorithm (36, 37) to detect enriched functional categories and KEGG 
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pathways. The results revealed both the induction and repression of several carbohydrate 

transporter and metabolism genes in both MRS broth and the high salt treatment (Figure A.6). 

 

3.4.8. Altered carbohydrate utilization by DigdA 

Differences in the fermentation profiles of the DigdA mutant in comparison to the parent strain 

were explored using API 50 CH carbohydrate fermentation strips. The mutant exhibited various 

levels of impaired or enhanced capability to ferment galactose, lactose, trehalose, sucrose, 

raffinose, N-acetylglycosamine and amygdalin (data not shown).  With the exception of sucrose, 

consistent defects were observed during growth on these sugars as sole carbon sources (Figure 

A.7). When NCK2532 was grown with either glucose, lactose, galactose, or N-acetyl-glucosamine 

as its sole carbon source, the culture reached log phase at a similar rate to the parent strain, but 

then consistently declined in growth beginning at approximately 20 h. Plating of the cultures at 24 

and 48 h indicated a corresponding drop in viable cell counts (data not shown). The mutant also 

exhibited hindered growth with amygdalin as a sole carbohydrate source and slightly enhanced 

growth with trehalose. 
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3.5. DISCUSSION 

S-layers are comprised of highly abundant surface molecules that exhibit broad functionalities in 

both pathogenic and probiotic bacteria. Despite their characterized roles in host 

immunomodulation (41, 42) and intestinal adhesion (43, 44), S-layers have only been detected on 

the surfaces of a select few species within the Lactobacillus genus (11). These results are consistent 

with of our in silico analysis, though our data underscores just how relatively uncommon S-layer-

forming lactobacilli are. Indeed, less than a quarter of the 170 analyzed strains, representing 170 

species, possessed Slp encoding genes. Those strains which did carry them were either host-

adapted (vertebrate or insect) or free-living species. Interesting was the polarity created by the 

presence of igdA. As previously shown, the gene was not found in any non-S-layer-forming strains 

(19); however, igdA was notably restricted to host-adapted species, likely indicating a host-related 

function. This relationship was further teased apart when it was revealed that within these host-

adapted species, the Ig-domain was unique to those strains adapted to vertebrates. The lifestyle 

data was modified in the current study from the original publication (29) to re-classify L. 

acidophilus NCFM as vertebrate-adapted, for which there is ample evidence (45-47). Findings on 

the vertebrate host-specificity of igdA prompted further investigation into the potential probiotic 

attributes of this gene feature. 

 

The lba0695 locus, encoding the SLAP IgdA, was deleted from the L. acidophilus NCFM 

chromosome. The removal of this gene had considerable impact on host cellular physiology and 

probiotic functionality. For instance, the DigdA strain exhibited a striking reduction in adherence 

to ECM, mucin, and Caco-2 intestinal cells. Similar impairments were observed with other SLAP 

mutants, particularly DcdpA and DacmB, both functionally characterized cell division proteins (14, 

17). Notably, CdpA is also predicted to have an Ig/albumin-binding domain. Bacterial Ig-like 



   

84 
 

domains are regularly observed in cell surface proteins and can be involved in a variety of 

processes including host cell adhesion and pathogen invasion (22). Although IgdA has a probable 

role in intestinal cell adhesion, the severity of its binding deficiency is more likely a pleotropic 

effect resulting from the observed cell surface disruption. Similarly, L. acidophilus NCFM tends 

to exhibit a basal proinflammatory profile with a very low IL-10/IL-12 ratio (48) that has been 

directly linked to S-layer presence (42). While it is conceivable that IgdA contributes to this 

proinflammatory phenotype, thus its deletion explains the reduction in TNF-α and IL-12, it is more 

likely that its absence and resultant S-layer disruption produces a more anti-inflammatory state. 

 

Transcriptional analysis of DigdA in comparison to the parent strain revealed the induction of 

several stress response genes and auxiliary surface proteins, again likely consequences of the 

disordered cell exterior. Conversely, the overexpression of glucosamine-6-phosphate deaminase 

(nagB), an enzyme that catalyzes the reversion of GlcN-6-P to Fru-6-P, indicates a push towards 

glycolysis rather than cell wall biogenesis (49); though the upregulation of lysine biosynthesis 

pathway genes may signify an increased compensation for cell wall strength, as lysine is an 

important component of peptidoglycan cross-linking (50, 51). Interestingly, the structural 

inadequacies of the DigdA cell surface become most apparent when its growth medium is 

supplemented with salt. Likewise, since DigdA viability was only crippled by the presence of NaCl, 

this suggests an osmoregulatory deficiency. 

 

In the salt-stressed DigdA cells, genes coding for surface proteins SlpX and Apf were strikingly 

induced. The excessive upregulation of apf could explain the kinked cellular morphology observed 

with phase contrast microscopy and SEM. In Lactobacillus gasseri HB2, synthetic overproduction 

of Apf proteins produced a very similar phenotype (52). L. gasseri does not produce an S-layer, 
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but its Apf proteins are considered S-layer-like as they share many similarities to Slps including 

relative abundance, LiCl extractability, amino acid composition, and predicted physical properties 

such as high pI (53). In addition to surface proteins, salt stress also triggered the upregulation of a 

previously characterized bile-inducible operon, encoding a two-component regulatory system 

(40). This system includes two-component response regulator, LBA1431, which possess an 

OmpR/PhoB-type DNA-binding domain. Interestingly, this cluster of genes is not at all induced 

in the salt-stressed parent strain, possibly because its intact cell wall allowed it to maintain 

equilibrium.  

 

Transcriptome analysis results also revealed the induction and repression of several carbohydrate 

transporter and metabolism genes in both MRS broth and the high salt treatment. When grown on 

glucose, lactose, galactose, and N-acteyl-glucosamine, the DigdA mutant exhibited indifferent 

growth until approximately 20 h when it entered a premature death phase. Growth phase transitions 

have been directly linked to changes in osmotic pressure in yeast (54), which is consistent with 

our data. However, when trehalose was provided as the sole carbon source, it enabled the mutant 

to enter log phase marginally sooner. Trehalose can act as a compatible solute accumulated in 

response to heat shock (55) and osmotic stress (56) and has been exogenously administered for 

protection against repeated freeze-thaw cycles (57), acid stress (58), and drying (59). By 

substituting hydrogen bonds between water and the lipid phosphate group, with hydrogen bonds 

between its own OH groups and phosphate, trehalose can maintain membrane integrity in the 

absence of water (60). It appears that the presence of trehalose somewhat alleviated the stress of 

the irregular surface structure and supports our hypothesis that the DigdA phenotypes are 

predominantly a result of cell surface dysregulation. 
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Overall, the deletion of igdA in L. acidophilus produced significant changes to the cell surface 

which likely contributed to its higher salt sensitivity, reduced adhesive capacity, and altered 

immunogenicity profile. The direct mechanisms regarding the function of IgdA and the 

aforementioned phenotypes were unclear but presumed to be a pleiotropic response resulting from 

a disordered surface structure. Nonetheless, it is clear that IgdA is a necessary component for 

preserving L. acidophilus cell surface integrity and possibly S-layer array formation capabilities. 

Furthermore, considering the predicted role of Ig domains in host-adaption and the severity of the 

DigdA binding deficiencies, the Ig domain-containing surface proteins of other species, such as B. 

anthracis and C. difficile, may prove to be interesting targets for pathogen control. Conversely, 

given the broad impact of IgdA on the cellular physiology and probiotic attributes of L. 

acidophilus, the identification of similar proteins in other bacteria may help illuminate next-

generation probiotic candidates. 
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Table 3.1 | Bacterial strains, plasmids, and PCR primers used in this study. 
Strain, plasmid, or 

primer Genotype or characteristicsa Reference  
Strains  

 
Lactobacillus acidophilus  

 
NCK56 (NCFM) Human intestinal isolate (47) 

NCK1909 (Δupp) NCFM with a 315 bp in-frame deletion within the upp gene 
(lba0770); background/parent strain for NCFM deletion mutants 

(24)  

NCK1910 NCK1909 harboring the repA helper plasmid pTRK669; host for 
pORI-based counterselective integration vector (24) 

NCK2532 (ΔigdA) NCK1909 with a 1,587 bp in-frame deletion within the lba0695gene 
This study 

Escherichia coli  
 

EC101 RepA+ JM101; Kmr; repA from pWV01 integrated into 
chromosome; cloning host for pORI-based plasmids (61) 

NCK1911 EC101 host harboring pTRK935 integration vector (24) 

NCK2531 EC101 host harboring pTRK1127 recombinant plasmid 
This study 

Plasmids  
 

pTRK669 Ori (pWV01), Cmr, RepA+, thermosensitive (31) 
pTRK935 pORI upp-based counterselective integration vector, Emr (24) 

pTRK1127  pTRK935 harboring a mutated copy lba0695 gene cloned into 
BamHI/SacI site This study 

Primers   
Construction of igdA 
(lba0695) deletion mutant   

0695BamHIF GATCTAGGATCCGTTGATCTTCTTACGACTCTTC This study 
0695R CAAGACTATCCTCCATAATCTCAT This study 

0695Soe 
GATTATGGAGGATAGTCTTGCGTGCTGAATTATTTGAAAG
TAAT This study 

0695SacIR GATCTAGAGCTCCCTTAGTAATTAGTATTGATGCTCC This study 
PCR analysis and DNA 
sequencing of deletion 
targets   

0695up CATATTCCTTAGCTTCTTCAGCAG This study 

0695dw GCACCTGCAATTAATCCTCATG This study 
aFor primers, the 5′-to-3′ sequences are given and restriction enzyme sites are underlined. 
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Figure 3.1 | A phylogenetic tree constructed for 170 Lactobacillus strains based on their 

pyruvate kinase gene sequences. The groups are colored as follows: Lactobacillus animalis 

group is indicated in purple, Lactobacillus vaginalis group in green, Lactobacillus buchneri group 

in red, Lactobacillus rhamnosus group in yellow, Lactobacillus acidophilus group in maroon, and 

Lactobacillus gasseri group in blue. The inner metadata layer maps lifestyle designations modified 

from Duar et al. (29). The outer metadata layers map the presence/absence of S-layer proteins and 

igdA orthologs (>55% similarity). Details of the strains used and isolation sources can be found in 

Table A.1. 
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Figure 3.2 | An unrooted phylogenetic tree constructed using IgdA amino acid sequences. 

The inner metadata layer maps lifestyle designations modified from Duar et al. (29). The outer 

meta data layers map GW and Big_3 domain presence. 
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Figure 3.3 | Growth analysis of the igdA deletion mutant compared to the parent strain in 

MRS and high salt conditions. Viable cell counts of NCK1909 and NCK2532 (DigdA) were 

recorded over the course of 24 in MRS broth (A) and MRS broth supplemented with 2.5% NaCl 

(B). This data is complemented by phase contrast microscopy images depicting strain cellular 

morphology at 6 and 12 h in MRS broth (C) and MRS broth + 2.5% NaCl (D). 
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Figure 3.4 | Cellular morphologies of the parent strain and igdA mutant were evaluated using 

flow cytometry and scanning electron microscopy. Bacteria were grown statically in MRS broth 

or MRS broth supplemented with 2.5% NaCl for 6 and 12 h. 
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Figure 3.5 | Images of NCK1909 and NCK2532 (DigdA) cell surfaces obtained using high-

resolution scanning electron microscopy. Low magnifications images (25,000 x) of NCK1909 

(A) and NCK2532 (B). High magnification images (65,000 x) of NCK1909 (C) and NCK2532 

(D). Bacteria were grown statically in MRS broth for 12 h. 
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Figure 3.6 | Effects of the igdA deletion on the adhesive capacity and immunogenicity of L. 

acidophilus. Relative adherence of the ΔigdA mutant was assessed using Caco-2 epithelial cells, 

mucin and major extracellular matrices (ECM). The adherence of the NCK1909 parent strain was 

standardized to 100% (dotted line). The data represent means of independent biological replicates. 

Error bars are standard error of the means (A). The immunomodulatory profile of ΔigdA (light 

gray) compared to the parent strain (dark gray) was evaluated using a murine dendritic cell co-

incubation assay. Cytokines IL-6, TNF-a, IL-12, and IL-10 were measured via ELISA. Co-

incubation assays were performed in triplicate; bars on the box-whisker plots were constructed 

using block centered data (B). For both plots, asterisks indicate statistical significance calculated 

using a Student t-test (*** p < 0.001, ** p < 0.01). 
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Figure 3.7 | Transcriptional analysis of NCK1909 and NCK2532 (DigdA). Volcano plots depict 

Log2 fold change in expression of NCK2532 mutant compared to NCK1909 grown in MRS broth 

(A, left) and MRS broth + 2.5% NaCl (A, right). Significantly up- and downregulated genes (p-

value < 0.01 and Log2 fold change > 1) are colored in red and blue, respectively. Clusters of 

Orthologous Groups (COGs) were assigned to significant genes using the EggNOG Database (B). 

The categories are as follows: C, Energy production and conversion; E, amino acid transport and 

metabolism; F, nucleotide transport and metabolism; G, carbohydrate transport and metabolism; 

H, coenzyme transport and metabolism; I, lipid transport and metabolism; J, translation, ribosomal 

structure and biogenesis; K, transcription; L, replication, recombination and repair; M, cell 

wall/membrane/envelope biogenesis; O, post-translational modification, protein turnover, and 

chaperones; P, inorganic ion transport and metabolism; Q, secondary metabolites biosynthesis, 

transport, and catabolism; R, general function prediction only;  S, function unknown; T, signal 

transduction mechanisms; V, defense mechanisms. 
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CHAPTER 4: S-LAYER ASSOCIATED PROTEINS CONTRIBUTE TO THE 

PROBIOTIC PROPERTIES OF LACTOBACILLUS ACIDOPHILUS NCFM   
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4.1. ABSTRACT 

Surface layers (S-layers) are two-dimensional crystalline arrays of repeating proteinaceous 

subunits that coat the entire cell surface of select bacteria. Within the Lactobacillus genus, S-layers 

have been identified in several species and shown to play critical roles in adherence to host 

intestinal cells and immunomodulation. However, recent studies have begun to shed light on the 

supplementation of this functionality by auxiliary proteins embedded within the S-layer. These S-

layer associated proteins, or SLAPs, were recently examined on the exterior of L. acidophilus, 

revealing several putative uncharacterized proteins with no sequence similarity or catalytic 

domains that may suggest function. In the following study, four of these proteins (LBA0046, 

LBA0864, LBA1426, and LBA1539) were selected for in silico characterization and phenotypic 

assessment. The genes encoding these proteins were only identified in S-layer-forming, host-

adapted species of lactobacilli. Deletion mutants demonstrated decreased inflammatory profiles as 

well as reduced adherence to Caco-2 intestinal cells, extracellular matrices, and mucin in vitro. 

Overall, the data presented in this study links several putative uncharacterized proteins to roles in 

the complex molecular dialogue occurring between the bacterial cell surface and the host 

gastrointestinal tract. Furthermore, their high conservation among host-adapted S-layer forming 

strains suggest these proteins play a critical part in host adaptation. 
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4.2. INTRODUCTION 

The Lactobacillus genus contains diverse, Gram-positive non-sporulating, anaerobic or 

microaerophilic, microorganisms with complex nutritional requirements (1). These bacteria are 

known to inhabit a wide range of environments including dairy, meat and plant fermentations, as 

well as the gastrointestinal and urogenital tracts of humans and animals (2). Although 

Lactobacillus are widely exploited for food and feed fermentations, research has also focused on 

their probiotic potential. Probiotics are defined as “live microorganisms which when administered 

in adequate amounts confer a health benefit on the host” (3). Probiotic-relevancy is usually 

associated with several functional attributes, including bile and acid tolerance (4, 5), adherence to 

mucus and epithelial cells (6, 7), and modulation of the host immune response (8, 9). Many of 

these properties are frequently connected to extracellular characteristics which can interact with 

and influence the host gastrointestinal tract (2, 10, 11).  

 

Lactobacillus exoproteomes are composed of two main groups: secreted proteins that are released 

from the bacterial cell and surface-associated proteins (2). Surface layers (S-layer) are 

noncovalently bound proteinaceous arrays that form the outermost layer of some cell envelopes. 

They are composed of numerous identical subunits that create a semi-porous, lattice-like structure 

which completely covers the cell surface (12, 13). S-layers have been detected on several species 

within the Lactobacillus genus (1) and shown to play critical roles in adherence to intestinal cells 

(6, 14, 15) and host immunomodulation (9, 16). However, recent studies have begun to shed light 

on the supplementation of this functionality by proteins embedded within the S-layer. S-layer 

associated proteins, or SLAPs, were first classified in industrially-relevant strain Lactobacillus 

acidophilus NCFM (17), but have since been identified on several other spcies within the L. 

acidophilus homology group including Lactobacillus helveticus, Lactobacillus crispatus, 
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Lactobacillus amylovorus, and Lactobacillus gallinarum (18). To date, characterized SLAPs have 

exhibited a broad range of functions including roles in cell maintenance processes such as cell 

division (19) and autolysin activity (20), as well as host adhesion (21) and immunomodulation (17, 

22). Selection of these proteins for deletion and phenotypic assessment was predominately due to 

their intriguing domain architecture or predicted functions, but what about the extensive catalog 

of remaining proteins? 

 

In a recent study, the SLAPs of L. acidophilus were quantified during different stages of growth 

(23). The results exposed several putative uncharacterized proteins with no sequence similarity or 

catalytic domains that may indicate function. In the present study, four of these proteins were 

chosen for in silico characterization and phenotypic assessment. Within this subset, proteins of 

interest exhibited either high abundance (LBA0864 and LBA1426) or significant induction during 

the transition from logarithmic to stationary growth phase (LBA0046 and LBA1539). The genes 

encoding these proteins were only identified in S-layer-forming, host-adapted species of 

lactobacilli. Deletion mutants demonstrated reduced adherence to Caco-2 intestinal cells, 

extracellular matrices and mucin in vitro, as well as altered immunogenicity profiles. These results 

suggest that the four SLAPs of interest may contribute to the adhesion capacity and 

immunomodulatory potential of the L. acidophilus cell surface. 
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4.3. MATERIALS AND METHODS 

4.3.1. Sequence analysis and phylogenetic tree mapping 

The genetic context of putative uncharacterized proteins encoded by lba0046, lba0864, lba1426, 

and lba1539 was examined in the L. acidophilus NCFM genome (NC_006814) using Geneious 

software (24). Protein domains were identified by searching UniProt and InterPro databases (25, 

26). Phylogenetic mapping was conducted to gain insight into the presence of these loci within a 

curated dataset of 170 lactobacilli genomes encompassing 170 different species (4). Genes of 

interest were identified and extracted from each of the genomes via Geneious annotation and 

extraction workflows (24), then imported into CLC Genomics Genomics workbench (Qiagen). S-

layer presence was determined using the UniProt annotation tool suite to search Lactobacillus 

proteomes present within the UniProt database. A phylogenetic tree containing only S-layer-

forming lactobacilli was constructed using a previously described method based on the nucleotide 

sequence of the pyruvate kinase (pyk) enzyme (4, 27). The CLC Genomics metadata feature was 

used to map the presence of the four SLAPs and species lifestyle. Lifestyle information was 

adapted from Duar et al. (28), however L. acidophilus NCFM was re-classified as vertebrate-

adapted, as discussed in the previous chapter. 

 

4.3.2. Bacterial strains and growth conditions 

The bacteria and plasmids used in this study are listed in Table 4.1. Table 4.2 details the primers 

used. Escherichia coli EC101 was used as a host for cloning the deletion constructs for all genes 

except lba1539, for which NCK1391 (E. coli DH10B harboring pTRK669) was used instead. E. 

coli EC101 was grown in brain heart infusion (BHI) broth (Difco Laboratories, Detroit, MI) with 

aeration at 37°C in the presence of 40 μg/ml kanamycin (Sigma-Aldrich, St. Louis, MO, USA). 

NCK1391 was grown in Luria-Bertani (LB) broth (Difco) with aeration at 32°C in the presence of 
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15 μg/ml chloramphenicol. Recombinant E. coli cells containing pTRK935-based plasmids were 

selected using 150 μg/ml erythromycin.  

 

Lactobacillus strains were propagated in de Man Rogosa and Sharpe (MRS) broth (Difco) 

statically under ambient atmospheric conditions or on MRS agar plates (1.5% [w/v]; Difco) 

anaerobically, and incubated at either 37°C or 42°C for pTRK669 elimination (29). Recombinant 

L. acidophilus strains were selected in the presence of 2 μg/ml of erythromycin (Sigma-Aldrich) 

and/or 2–5 μg/ml of chloramphenicol (Sigma). Selection of plasmid-free double recombinants was 

performed on a semidefined agar medium containing 2% (wt/vol) glucose (GSDM) (30) and 100 

μg/ml 5-fluorouracil (5-FU; Sigma), as previously described (31). For growth curve analyses, 

overnight bacterial cultures were used to inoculate (1%) 200 µl of MRS broth, as well as MRS 

broth supplemented with 2.5% (w/v) NaCl (Fisher Scientific, Hampton, NH, USA), 0.2% (w/v) 

porcine bile (Sigma) and 0.5% (w/v) oxgall (Difco) held in 96-well microplates (Corning Costar, 

Corning, NY). Plates were sealed with clear adhesive film then incubated at 37°C in a Fluostar 

Optima microplate reader (BMG Labtech, Cary, NC). The culture turbidity was recorded at OD600 

every hour for 30 h. 

 

4.3.3. DNA manipulations and transformation 

Genomic DNA was isolated using the ZR fungal/bacterial DNA MiniPrep kit (Zymo Research, 

Irvine, CA). Plasmid DNA was isolated using the QIAprep Spin MiniPrep kit (Qiagen, Hilden, 

Germany). Restriction enzymes, ligase, and Q5 High-Fidelity 2X Master Mix (New England 

Biolabs, Ipswich, MA) were used for cloning purposes. Choice-Taq Blue DNA polymerase 

(Denville Scientific, South Plainfield, NJ) was employed for PCR screening of recombinants. 
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Amplicons were visualized on 1% (wt/vol) agarose gels, then extracted using the QIAquick gel 

extraction kit (Qiagen). DNA sequencing was performed by GeneWiz, Inc. (Morrisville, NC). 

 

4.3.4. Chromosomal deletion of SLAP genes of interest 

The SLAPs encoded by lba0046, lba0864, lba1426, and lba1539 were deleted from the L. 

acidophilus NCFM chromosome via a pORI-based upp counterselective gene replacement system 

(31). Briefly, in-frame deletions were constructed by PCR amplifying flanking regions up and 

downstream of the deletion targets (Table 4.2). The resultant purified products were joined by 

splicing using overlap extension PCR (SOE-PCR), then amplified to create the deletion genotypes. 

The SOE-PCR products were cloned into the pTRK935 integration vector, then transformed into 

E. coli. Recombinant plasmids (inserts confirmed by DNA sequencing) were electroporated into 

L. acidophilus NCK1910 containing the pTRK669 temperature sensitive helper plasmid (Table 

4.1). Recovery of single- and double-crossover recombinants was performed as previously 

described (31). Gene deletions were confirmed by sequencing the entirety of both flanking regions. 

 

4.3.5. Examination of mutant cellular morphology 

Flow cytometry was used to examine changes to cell size and shape as a consequence of the SLAP 

gene deletions. Mutant and parent cells were grown to log (6 h) and early stationary growth phases 

(12 h) in MRS broth. Cells were centrifuged at 3,220 × g for 10 min, then washed and resuspended 

in PBS (Thermo Fisher Scientific, Waltham, MA, USA). Forward and side scattering patterns were 

acquired using a CytoFLEX Flow Cytometer instrument (Beckman Coulter, Brea, CA, USA) 

located at the CVM Flow Cytometry and Cell Sorting core facility (North Carolina State 

University). Data analysis was performed with the CytExpert software (Beckman Coulter). 
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Morphological alterations observed via flow cytometry were also visualized using electron 

microscopy. Log (6 h) and early stationary phase (12 h) cells grown in MRS were fixed in a 

solution of 3% glutaraldehyde in 0.1 M sodium cacodylate (pH 5.5) and stored at 4oC. Fixed cells 

were processed for scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) by the CALS Center for Electron Microscopy (CEM) at North Carolina State University. 

SEM images were acquired with a JEOL JEM-5900LV SEM (JEOL USA, Peabody, MA) at 15kV, 

while TEM grids were viewed in a JEOL JEM-1200EX TEM (JEOL USA) at 80kV with images 

digitally acquired using a Gatan Model 795 ES 1000W Erlangshen CCD camera. 

 

4.3.6. Adhesion to mucin and extracellular matrices (ECM) 

The mucin and ECM binding assays were adapted from a previously described protocol (32). 

Adhesion substrates were dissolved as follows to obtain a final concentration of 10 mg/ml. Mucin 

(type III from porcine stomach, Sigma) was suspended in PBS (Thermo Fisher Scientific), while 

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

laminin (from Engelbreth-Holm-Swarm murine sarcoma/basement membrane; Sigma) were 

solubilized in 50 mM carbonate-bicarbonate buffer (pH 9.6, Sigma). Wells of Nunc Maxisorp 96-

well microplates (Sigma) were coated with 100 μl of binding substrate then incubated overnight 

at 4°C. The following day, coated wells were washed twice with PBS (pH 7.4), then blocked with 

150 μl of 2% bovine serum albumin (BSA) solution (Sigma) for 2 h at 37°C. Excess BSA was 

removed by washing twice with PBS (pH 7.4). Lactobacillus strains grown to early stationary 

growth phase (12 h) in MRS broth were pelleted (3,220 × g, 10 min) at room temperature then 

washed once and resuspended in PBS (pH 5). Cell concentrations were adjusted to ∼1 × 

108 CFU/mL, then transferred to coated wells (100 μl) or enumerated on MRS agar plates to obtain 

initial counts. Following a 1 h incubation at 37°C, unattached cells were removed by gently 
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washing the wells five times with 200 μl/well of PBS (pH 5). Adhered cells were then recovered 

by adding 100 μl of 0.5% Triton X-100 solution (Fisher Scientific, prepared in PBS) and agitating 

on an orbital shaker (150 rpm) for 15 min. Cell suspensions were transferred to 900 μl of 0.1X 

MRS broth and enumerated on MRS agar plates. Relative adherence percentages were calculated 

by standardizing the parent strain adherence to 100%. Assays were performed in biological 

triplicate. Error bars are standard error of the means. Statistical significance was determined using 

a Student’s t-test. 

 

4.3.7. Adhesion to Caco-2 intestinal cells 

The Caco-2 intestinal cell line was purchased from American Type Culture Collection. Cells were 

grown in minimum essential medium (MEM, Thermo Fisher Scientific) containing Earle’s salts 

and 2 mM L-glutamine supplemented with 10% Fetal Bovine Serum (FBS, Thermo Fisher 

Scientific), MEM non-essential amino acids (Thermo Fisher Scientific), MEM sodium pyruvate 

(Thermo Fisher Scientific) and antibiotic/antimycotic solution (Thermo Fisher Scientific). Cells 

were split approximately every 3-4 days before reaching confluence and medium was replaced 

every other day. Cells were maintained in 75cm2 cell culture flasks (Falcon) housed in a 37°C 

humidified atmosphere with 5% CO2. For adhesion experiments, cells were allowed to reach 

confluence and differentiate for 21 days in 12-well plates with a seeding density of 1.6 x 105 

cells/well.  

 

Adhesion assays were performed as previously described by Goh et al. (31) with minor 

modifications. On the day of experiment, confluent and fully differentiated Caco-2 cells were 

rinsed twice with PBS buffer and culture medium was replaced with 2 ml antibiotic/antimyotic 

free medium. Early stationary growth phase (12 h) L. acidophilus strains were pelleted (3,220 × g, 
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10 min), washed twice with PBS, then suspended in antibiotic/antimyotic free cell culture medium 

at a concentration of ∼1 × 108 CFU/mL. Suspensions were enumerated on MRS plates to confirm 

projected cell counts. Strains were then co-incubated (1 ml) with Caco-2 monolayers for 1 h, 

followed by five PBS washes to remove nonadhered bacterial cells. Adhered cells were recovered 

by disrupting the monolayer with 1 ml of 0.05% Triton X-100 (Fisher Scientific, prepared in PBS). 

Cell suspensions were transferred to 4.5 ml of 0.1X MRS broth and enumerated on MRS media. 

Relative adherence percentages were calculated by adjusting the parent strain to 100%. Assays 

were performed a minimum of three times. Error bars are standard error of the means. Statistical 

significance was determined using a Student’s t-test. 

 

4.3.8. Bacteria/DC co-incubation and cytokine measurement 

Bone marrow-derived C57BL/6 murine immature dendritic cells (DCs) were purchased from 

Astarte-Biologics (Bothell, WA) and preserved in liquid nitrogen. Bacterial co-incubation assays 

were performed as previously described with minor modifications (17). On the day of the 

experiment, DCs were thawed in a 37°C water bath then transferred to a 50 ml conical tube 

containing 100 µg of DNase I (Stemcell Technologies). Cells were suspended in 25 ml RPMI 1640 

medium (Thermo Fisher Scientific) with 10% FBS (Thermo Fisher Scientific), then centrifuged 

for 15 min at 200 x g to wash (2X). Pelleted DCs were again suspended in 25 ml RPMI 1640 + 

10% FBS + 100 µg of DNase I. Viable cells were quantified using Trypan Blue dye (Sigma) with 

the Invitrogen Countess, per manufacturer’s instructions. Cells were then diluted to a final 

concentration of 106/ml (based on the viable count) in RPMI 1640 + 10% FBS + 100 µg of DNase 

I media and aliquoted into round bottom polypropylene 96-well plates (100 µl per well). Plates 

were held in a 37°C humidified atmosphere with 5% CO2 while bacterial cells were prepared. 
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Early stationary growth phase (12 h) L. acidophilus strains were pelleted (1 ml) in a 

microcentrifuge at 9,600 x g, then washed with PBS (pH 7.4, Thermo Fisher Scientific). Based on 

the OD600, cell concentrations were adjusted to 5 x 107 CFU in 1 ml RPMI 1640 + 10% FBS + 100 

ug streptomycin (Sigma). An aliquot of the suspension was diluted in 0.1X MRS and enumerated 

on MRS agar plates to verify cell counts. Bacterial suspensions (200 µl) were co-incubated with 

DCs for 24 h in a 37°C humidified atmosphere with 5% CO2 then centrifuged (3,220 × g, 10 min, 

4°C) to collect supernatant for cytokine quantification. Supernatants were stored at -80°C until 

processed. Cytokine measurements for tumor necrosis factor α (TNF-α) and interleukins IL-6, IL-

10 and IL-12 were obtained using Single-Analyte ELISArray kits (Qiagen) according to 

manufacturer’s instructions. Assays were performed in biological triplicate. To reduce random 

error, replicates were treated as a blocking factor. Significance of block centered data was analyzed 

using a Student’s t-test. 

 

4.3.9. RNA extraction, sequencing, and transcriptional analysis 

Total RNA was isolated from the L. acidophilus parent strain and SLAP-deficient mutants 

propagated in MRS for 6 and 12 h. Cells were grown statically under ambient atmospheric 

conditions, pelleted by centrifugation (3,220 × g, 5 min, RT), then flash frozen and stored at -80°C. 

For RNA extraction, frozen pellets were resuspended in 1 ml of TRI reagent (Thermo Fisher 

Scientific) and transferred to 1.5-ml screwcap tubes containing 0.1-mm glass beads (BioSpec 

Products, Inc., Bartlesville, OK). Cells were disrupted by six 1 min cycles, each coupled with a 1 

min ice incubation, using a Mini-Beadbeater 16 homogenizer (BioSpec Products). Total RNA was 

isolated using a Zymo Direct-Zol RNA Miniprep kit (Zymo Research) as per manufacturer’s 

instructions, followed by a Turbo DNAse (Thermo Fisher Scientific) treatment and further 

purification using an RNA Clean and Concentrator 5 kit (Zymo Research). The RNA quality was 
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verified using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA), and the 

absence of genomic DNA was confirmed with PCR using L. acidophilus NCFM-specific primers 

(33). Library preparation and RNA sequencing were conducted by the High-Throughput 

Sequencing and Genotyping Unit of the Roy J. Carver Biotechnology Centre housed at the 

University of Illinois (Urbana-Champaign, IL). Geneious software (24) was used to filter and map 

the RNA-seq reads to the L. acidophilus NCFM reference genome and differential expression 

levels were calculated with the DESeq2 package (34). Cluster of Orthologous Groups (COGs) 

were assigned using EggNOG 5.0 (35). 
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4.4. RESULTS 

4.4.1. Genetic analysis of SLAP loci 

The four genes of interest encode uncharacterized surface proteins with no predicted function or 

COG. The genetic layout of these four loci were analyzed on both nucleotide and amino acid levels 

(Figure 4.1). The gene sizes ranged from 357 to 1,494 bp, exhibited low GC content (34.5 - 35.5%), 

and were scattered throughout the L. acidophilus chromosome. Each possessed an N-terminal 

signal sequence indicative of secretion and/or incorporation into cell wall/cell membrane 

components. Only lba0864 was shown to have a GW cell surface anchoring domain. Genetic 

context was used to gain insight into the potential function of these proteins. The smallest of the 

genes analyzed, lba0046, was flanked by two transporters, namely a sugar transporter and an ABC 

transporter of unknown substrate specificity; while lba0864, the largest of the genes analyzed, was 

upstream of a nucleoside hydrolase and downstream of a hypothetical protein and polyferredoxin 

gene. The locus encoding LBA1426 is located upstream of a two-component regulatory system. 

Flanking lba1539 is a 50S ribosomal protein complex and two hypothetical proteins. None of the 

analyzed genes are predicted to be part of an operon.  

 

4.4.2. Mapping the SLAPs to a Lactobacillus phylogenetic tree 

The nucleotide sequences encoding lba0046, lba0864, lba1426, and lba1539 were mined in 170 

Lactobacillus genomes. Orthologs with at least 40% nucleotide sequence identity were mapped to 

a phylogenetic tree previously constructed based on the Pyk enzyme gene (Figure 4.2). All 

identified genes had comparable sizes to their query and exhibited consistently low GC content (< 

40%). Certain genomes possessed more than one copy of a gene, which was seen most often with 

lba0046. The tree only depicts S-layer forming strains as none of the genes were present in non-

S-layer-formers. Strains tended to cluster based on lifestyle, however there is a clear dichotomy 
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created by the occurrence of the SLAP genes (Figure 4.2). None of the SLAPs were present in the 

genomes of free-living species. Alternatively, within vertebrate adapted species, at least two 

SLAPs were identified in each strain, and several possessed all four, including L. acidophilus, L. 

crispatus, L. gallinarum, L. kitasatonis, L. ultunensis, and L. kefiranofaciens. Interestingly, within 

insect-adapted species, lba0864 was the only SLAP detected (Figure 4.2)  

 

4.4.3. Chromosomal gene deletion and growth curve analysis 

A pORI-based upp counterselective gene replacement system (31) was used to generate four 

separate in-frame deletions within the L. acidophilus NCFM chromosome. The mutant strains are 

listed in Figure 4.1 and detailed in Table 4.1. Gene deletions were detected by PCR (Figure 4.3) 

and sequenced to confirm not only a clean deletion, but also the absence of unintended mutations 

within the flanking regions. All SLAP deletion mutant strains were subjected to growth curve 

analysis. The OD600 of the parent and mutant strains was measured over the course of 30 h in MRS, 

as well as MRS containing 2.5% NaCl, 0.2% porcine bile, and 0.5% oxgall. There were no 

detectable differences between the growth rates and survival of the wild-type and mutant strains 

under these conditions (data not shown). 

 

4.4.4. Examination of SLAP mutant cellular morphologies 

Flow cytometry and SEM were used to detect morphological changes in log phase (6 h) and early 

stationary phase (12 h) SLAP mutant cells. Results showed relatively little difference between the 

strains at 6 h (Figure 4.4A) and 12 h (Figure 4.4B). NCK2608 (Δlba1539) did appear to have 

slightly longer cells in stationary phase flow data, however this difference was not discernable 

from SEM images (Figure 4.4B). Overall, cells appeared unencumbered with no obvious deletion-

dependent alterations (Figure 4.4).  
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4.4.5. Deletion of SLAP genes reduces the adhesive capacity of L. acidophilus 

The impact of the SLAP gene deletions on the adhesive capacity of the mutant strains was 

evaluated using in vitro adhesion assays. Tested substrates included ECM, mucin, and Caco-2 

intestinal cells. Results were substrate-dependent (Figure 4.5). All four mutants exhibited 

extensive reductions in adherence to fibronectin and collagen, particularly NCK2608 (Δlba1539) 

which demonstrated a > 90% decrease in adhesion relative to the parent strain. Conversely, none 

of the four strains demonstrated a statistically significant reduction in laminin binding. 

Interestingly, despite the relative magnitude of some of the ECM results, Caco-2 adherence 

deficiencies were only apparent in two of the mutant strains, NCK2530 (Δlba0046) and NCK2608 

(Δlba1539), both with relative adherence reductions just over 20%. NCK2441 (Δlba1426) was the 

only strain to not present some form of mucin-binding deficiency, while the other three mutants 

demonstrated a 33-42% reduction. 

 

4.4.6. SLAP mutant-induced alterations to murine DC cytokine profiles 

A bacterial/DC co-incubation assay was used to assess the immunomodulatory potential of 

LBA0046, LBA0864, LBA1426, and LBA1539. Mutant L. acidophilus strains and the parent were 

exposed to murine DC cells for 24 h followed by the measurement of relevant cytokines. To 

minimize random error, biological replicates were treated as a blocking factor. The block centered 

data is plotted in Figure 4.6. Results indicate that the absence of the four genes produced notably 

different, predominantly anti-inflammatory cytokine profiles in comparison to the parent strain. 

Anti-inflammatory molecule IL-10 was significantly induced by three of the four strains, 

particularly NCK2441 (Δlba1426) and NCK 2608 (Δlba1539). Likewise, inflammatory molecule 

IL-12 was repressed in all four strains, while TNF-a was suppressed by NCK2441 (Δlba1426) and 
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NCK2608 (Δlba1539). Interestingly, two of the strains, NCK2441 (Δlba1426) and NCK2530 

(Δlba0046), slightly but significantly induced pro-inflammatory molecule IL-6. 

 

4.4.7. Transcriptomic analysis of SLAP deletion mutants 

The global transcriptomes of the four SLAP mutant strains relative to the NCK1909 parent were 

examined in log (6 h) and early stationary (12 h) growth phases. For both conditions, the log2 ratio 

was plotted against statistical significance. The gray circles represent insignificant values, while 

colored circles are indicative of a p-value < 0.05 (Figure 4.7). At 6 h, all four mutants demonstrated 

relatively little difference in expression, but by 12h only the transcriptome of NCK2439 

(Δlba0864) still resembled that of the parent strain (Figure 4.7A). Although the transcriptomes of 

the other three mutants appear quite different compared to the parent in stationary growth phase, 

only NCK2530 (Δlba0046) and NCK2608 (Δlba1539) showed differentially expressed genes with 

log2 ratios > 1 (Figure 4.7B-D). Indeed, the transcriptional response of NCK2608 (Δlba1539) was 

dramatically influenced by growth phase (Figure 4.7D). The 65 differentially expressed genes 

(log2 fold change > 1, p-value < 0.0001) in NCK2608 (Δlba1539) are listed in Table 4.3. Of those 

genes, 56 were repressed, including six related to cell wall/membrane structure and biogenesis as 

well as 11 predicted to play a role in nucleotide/amino acid transport and metabolism, while the 

majority were poorly characterized or possessed unknown functions. Upregulated genes were 

fewer and encompassed transcription anti-terminator licT, transcriptional regulator lysR, a multiple 

sugar metabolism (msm) operon regulator, bifunctional protein pyrR, 

phosphoribosylformylglycinamidine synthase subunit purS and four hypothetical proteins. 

Remarkably, the most notable downregulated gene, lba0019, was consistently observed in 

NCK2441, NCK2530, and NCK2608 with log2 ratios of -0.9, -1.7, and -2.9, respectively. This 

gene encodes an uncharacterized protein predicted to contain an alpha/beta hydrolase fold and 
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exhibited 50% amino acid identity to several Lactobacillus esterases. The gene is located in an 

operon with a putative membrane protein, LBA0018. 
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4.5. DISCUSSION 

S-layer associated proteins (SLAPs) of L. acidophilus have been linked to a broad range of 

functions including cell maintenance processes such as cell division (19) and autolysin activity 

(20), as well as probiotic-relevant characteristics like adhesion (21) and host immunomodulation 

(17, 22). It is now hypothesized that SLAPs may actually supplement some of the critical 

functionalities of the S-layer and therefore merit further investigation (6, 17). In a recent study, the 

SLAPs of L. acidophilus were examined during different stages of growth (23); results reveled 

several putative uncharacterized proteins with no sequence similarity or catalytic domains that 

may indicate function. Four of these proteins, LBA0046, LBA0864, LBA1426, and LBA1539 

were selected for in silico and phenotypic analyses. The only consistent structural feature among 

the four SLAPs was the possession of an N-terminal signal peptide, which denotes transfer across 

the cytoplasmic membrane via the Sec translocase system and confirms their extracellular nature 

(36). The nucleotide sequences encoding the proteins were searched for in a curated database of 

170 Lactobacillus genomes (4). These genes were only identified among S-layer-forming strains, 

which is in agreement with previous SLAP studies (18). Although Lactobacillus species were 

already shown to cluster based on lifestyle (28), mapping of SLAP presence created an additional 

level of granularity. All identified SLAPs were confined to host-adapted species, and lba0046, 

lba1426, and lba1539 were unique to vertebrate species. Likewise, the low GC content of all 

identified SLAPs was consistent with the genomes of host-adapted species, which were shown to 

have lost DNA repair genes and undergone subsequent mutational bias toward A and T (28). The 

absence of these proteins from free-living Lactobacillus species suggests that SLAPs evolved 

expressly for the purpose of host adaption. Knowledge of the adaptation factors that promote the 

survival and persistence of probiotics in the host intestine is key to both elucidating and 

augmenting their health benefits (37). Therefore, the potential role these uncharacterized surface 
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proteins in host adaptation was assessed via gene deletion and probiotic-relevant phenotypic 

assessment. 

 

The genes encoding the four SLAPs of interest were each removed from the L. acidophilus NCFM 

chromosome via a pORI-based upp counterselective gene replacement system (31). Previous 

proteomic analysis of the L. acidophilus SLAP profile revealed the induction of LBA0046, 

LBA1426, and LBA1539 during the transition from log to stationary growth phase (23); in fact, 

LBA0046 and LBA1539 were among the most induced proteins within the dataset (23). 

Expression analyses for Dlba0046, Dlba1426, Dlba1539 at 6 h and 12 h supported these findings 

by exhibiting differential gene expression only during stationary growth phase. These results were 

most apparent for the Dlba1539 deletion strain which demonstrated considerable gene repression, 

notably for cell wall biogenesis and structural genes, as well as a secreted aggregation promoting 

factor protein (apf), which was previously shown to contribute to the survival of L. acidophilus 

during transit through the digestive tract and predicted mediate host interactions (32). Surprisingly, 

in comparison to the parent, the most significantly downregulated gene, lba0019, was observed in 

all three strains. This gene likely encodes an esterase and is co-transcribed with a putative 

membrane protein. Esterases are a type of hydrolase enzyme which catalyze the cleavage and 

formation of ester bonds and have wide substrate specificities (38). We were unable to find more 

information about the specific role of this protein, though orthologs appear to be confined to host-

adapted S-layer-forming lactobacilli.  

 

Examination of mutant cellular morphologies via flow cytometry and SEM revealed no obvious 

differences in comparison to the parent strain. This data, coupled with unaltered growth, even in 

stressed conditions, suggests that the mutant cell surfaces remain intact. Prior deletion studies of 
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L. acidophilus SLAPs yielded similar results (17, 21), and imply a more direct mechanism for the 

observed phenotypes. This statement holds most true for LBA0864, a relatively abundant protein 

on the L. acidophilus cell surface (23), for which deletion had no effect on the transcriptome. 

Nevertheless, the corresponding mutant strain, NCK2439, demonstrated significant reductions in 

adherence as well as a shift to a more anti-inflammatory cytokine-inducing profile. Additionally, 

LBA0864 was the only examined protein to possess a GW domain. The GW domain, termed for 

a conserved Gly-Trp (GW) dipeptide, constitutes a motif for cell-surface anchoring in Listeria and 

other Gram-positive bacteria (39). Within Listeria, this domain enables the protein LnlB to re-

associate to the bacterial cell, even when added from extracellular medium and is thought to play 

a role in cell invasion (40). These characteristics support the assumption that LBA0864 has a 

surface localized function likely related to host interaction. 

 

In general, surface proteins of L. acidophilus NCFM are important mediators of adhesion to host 

intestinal epithelial cells, mucus, and extracellular matrices (6, 21, 41, 42). Among the remaining 

three mutant strains tested, binding deficiencies were found to be substrate-dependent, which again 

supports a more direct mechanism. In a previous study which mutated the mucus-binding (Mub), 

fibronectin-binding (FbpA), and SlpA proteins of L. acidophilus, the resultant strains established 

that multiple proteins individually contribute to the organism's ability to adhere to intestinal cells 

in vitro (6). In fact, the authors argue that the severe binding deficiency of the slpA mutant was 

likely due to the loss of multiple proteins that may have been embedded in the S-layer. Our results 

support this claim by demonstrating the influence of several uncharacterized surface proteins on 

adherence to not only Caco-2 intestinal cells, but also specific extracellular matrices and mucin. 

Bacteria that are only able to adhere to mucus, but unable to associate with the epithelium may be 

washed away with degraded mucins, thus adhesion to extracellular matrices is critical to the 
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realization of certain probiotic attributes (2). Despite the severe reduction in fibronectin and 

collagen adhesion, none of the four SLAPs were predicted to have specific binding domains; yet 

in comparison to an L. acidophilus strain with a deleted Type-III fibronectin binding protein, 

D0046 and D1539 exhibited substantially more dramatic reductions in fibronectin adhesion (21). 

Although our four SLAPs do not exhibit any sequence similarity to each other, it is possible that 

they possess novel domains, yet to be identified, which contribute to the binding capacity of L. 

acidophilus. 

 

For host-adapted bacteria, extracellular characteristics are critical for adhesion, but also 

modulation of the immune system. The capacity of lactobacilli to variably induce IL-12 and TNF- 

α, and to a lesser extent, IL-6 and IL-10, may determine which immune response is favored (8). In 

comparison to other lactobacilli, L. acidophilus NCFM tends to exhibit a slight proinflammatory 

profile with a very low IL-10/IL-12 ratio (43) that has been directly linked to S-layer presence 

(16). However, our results indicate that SLAPs likely contribute to this profile. The deletion 

mutants were associated with less inflammatory phenotypes based on either the significant 

induction of IL-10, reduction of IL-12, or both. This is most apparent with NCK2608 (Dlba1539) 

which also triggered a fairly significant drop in TNF-a. Unexpected was the slight upregulation of 

pro-inflammatory molecule IL-6 by the lba0046 and lba1426 deletions. This result could be 

attributed to some low-level induction of auxiliary surface molecules; however, its significance 

was much lower than the other evaluated cytokines. Low-level inflammatory surface molecules 

are intriguing candidates for vaccine carriage. Recombinant lactobacilli are frequently harnessed 

for mucosal delivery of therapeutic proteins or vaccine antigens (44, 45) and there has been 

considerable interest in harnessing SLAPs for this purpose (46). Tethering of a vaccine antigen to 
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a protein capable of stimulating the immune system, such as one of our four SLAPs, could increase 

the chances of antigen uptake and processing by immune cells. 

 

In summary, the data presented in this study links several putative uncharacterized SLAPs to 

functions in the complex molecular dialogue occurring between the bacterial cell surface and host 

gastrointestinal tract. The high conservation of these proteins among host-adapted S-layer forming 

lactobacilli implies a role in host adaptation. Furthermore, our assay results support this claim, 

particularly in regard to host adhesion and immune stimulation, which are both critical to probiotic 

functionality. It is quite remarkable that the deletion of four proteins of previous unknown 

function, only selected due to their surface localization, were able to have such broad, probiotic-

relevant impacts on model organism L. acidophilus.  
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Table 4.1 | Bacterial strains and plasmids used in this study. 
Strain or Plasmid Genotype or characteristics Reference 

Strains   

Lactobacillus acidophilus   

NCK56 (NCFM) Human intestinal isolate (46)  

NCK1909 (Δupp) 
NCFM with a 315 bp in-frame deletion within the upp gene 
(lba0770); background/parent strain for NCFM deletion 
mutants (31)  

NCK1910 NCK1909 harboring the repA helper plasmid pTRK669; host 
for pORI-based counterselective integration vector (31)  

NCK2439 (Δlba0864) NCK1909 with a 1,425 bp in-frame deletion within the 
lba0864 gene This study 

NCK2441 (Δlba1426) NCK1909 with a 717 bp in-frame deletion within the lba1426 
gene This study 

NCK2530 (Δlba0046) NCK1909 with a 342 bp in-frame deletion within the lba0046 
gene This study 

NCK2608 (Δlba1539) NCK1909 with a 498 bp in-frame deletion within the 
lba1539gene This study 

Escherichia coli  
 

EC101 RepA+ JM101; Kmr; repA from pWV01 integrated in 
chromosome; cloning host for pORI-based plasmids (47) 

NCK1391 E. coli DH10B harboring pTRK669; cloning host for pORI-
based plasmids (31) 

NCK1911 EC101 host harboring pTRK935 integration vector (31) 
NCK2438 EC101 host harboring pTRK1118 recombinant plasmid This study 
NCK2440 EC101 host harboring pTRK1119 recombinant plasmid This study 
NCK2529 EC101 host harboring pTRK1126 recombinant plasmid This study 
NCK2607 DH10B host harboring pTRK1170 recombinant plasmid This study 

Plasmids  
 

pTRK669 Ori (pWV01), Cmr, RepA+, thermosensitive (29) 
pTRK935 pORI upp-based counterselective integration vector, Emr (31) 
pTRK1118 pTRK935 harboring a mutated copy of lba0864 gene cloned 

into HindIII/SacI site This study 
pTRK1119 pTRK935 harboring a mutated copy of lba1426 gene cloned 

into HindIII/SacI site This study 

pTRK1126 pTRK935 harboring a mutated copy of lba0046 gene cloned 
into HindIII/SacI site This study 

pTRK1170 pTRK935 harboring a mutated copy of lba1426 gene cloned 
into BamHI/SacI site This study 
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Table 4.2 | PCR primers used in this study. 
Primer Name  Sequencea 

Construction of 
deletion mutants  
0046HindIIIF GATCTAAAGCTTGCTCAACATTATTAACGGTTC 
0046R TTCTAACATAATGAATACCTCGTA 
0046Soe AGGTATTCATTATGTTAGAAGACTAATCTAGATCAAGATTCATCA 
0046SacIR GATCTAGAGCTCCATACTACTTCTGCGTCTTC 
0864HindIIIF GATCTAAAGCTTCTGCTGATATTGATGCAGTGAGTGG 
0864R CGCACCGGCAATAACTATTCCCTTAAT 
0864Soe AAGGGAATAGTTATTGCCGGTGCGCGTGCAGAATTAACTCAAGGTCGC 
0864SacIR GATCTAGAGCTCCGTGCACTTGACACAGATCCTG 
1426HindIIIF GATCTAAAGCTTTATAGATTAATTGACTGCAGCC 
1426R CGCTGCCATTGAAGTAATTA 
1426Soe TAATTACTTCAATGGCAGCGAACTAATCTATTAATGAAGAAACTCGT 
1426SacIR GATCTAGAGCTCCTTATCGTTCATGCCAAGAA 
1539BamHIF GATCTAGGATCCATCACTTGATCGATCATCTG 
1539R CTTCATCTGAATATCTCCTCT 
1539Soe AGAGGAGATATTCAGATGAAGTTGATAAAATAATCTACTACTTTGTGA 
1539SacIR GATCTAGAGCTCCTCTTAGGTGCAAGCATTAA 
PCR analysis and 
DNA sequencing of 
deletion targets  
0046up CTATCTGTATGATGCTTCCAC 
0046dw GTACCTCAATCTGTTGTAATCTC 
0864up ACAAGCTAGAGGTATGGCTGG 
0864dw CCACATGAATGGCGTATGGC 
1426up AAGCCGTTGTATTGAATGATGGTAG 
1426dw CGCGAATCATCAATTCACGGTA 
1539up CAGGATAGGGATGCACATGC 
1539dw CGACGTTGACGTGTTACTGT 

aThe 5′-to-3′ sequences are given and restriction enzyme sites are underlined. 
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Table 4.3 | Differentially expressed genes in NCK2608 (Dlba1539) compared to parent 
strain during stationary growth phase.  

 

Gene Name Log2 Ratio COG Gene Name Log2 Ratio COG
CELLULAR PROCESSES AND SIGNALING CELLULAR PROCESSES AND SIGNALING

LBA0833 ftsW -1.06 D LBA0616 hypothetical protein 1.01 M

LBA1883 NLP-P60 secreted protein -2.00 M INFORMATION STORAGE AND PROCESSING
LBA1140 lysin -1.58 M LBA0724 licT 1.37 K

LBA0520 galactosyltransferase -1.48 M LBA1410 lysR 1.18 K

LBA1743 cell wall-associated hydrolase -1.16 M LBA1443 msm operon regulator 1.06 K

LBA1744 glycosidase -1.13 M METABOLISM
LBA1736 epsB -1.09 M LBA0563 pyrR 1.14 F

LBA0165 pepO -1.40 O LBA1558 purS 1.11 F

LBA1901 thioredoxin -1.38 O LBA0644 hypothetical protein 1.06 Q

LBA1208 msrA -1.25 O POORLY CHARACTERIZED
LBA1107 glutathione reductase -1.13 O LBA0402 hypothetical protein 1.02 None

LBA0096 htpX -1.12 O LBA1889 hypothetical protein 1.05 None

LBA1659 response regulator -1.63 T

LBA0544 transcriptional regulator -1.45 T

LBA1132 ABC transporter component -1.18 V

LBA0560 ABC transporter component -1.07 V

LBA1680 ABC transporter component -1.01 V

INFORMATION STORAGE AND PROCESSING
LBA1519 pheS -1.03 J

LBA1899 transcriptional regulator -1.44 K

LBA0835 hypothetical protein -1.29 L

LBA0797 radC -1.04 L

LBA0545 hypothetical protein -1.00 L

METABOLISM
LBA1109 hypothetical protein -1.47 C

LBA1220 pyridine mercuric reductase -1.45 C

LBA0538 Na+-H+-exchanging protein -1.09 C

LBA1896 asnA -1.54 E

LBA1961 oppA -1.28 E

LBA1177 iron-sulfur cofactor synthesis -1.26 E

LBA1045 ABC transporter component -1.15 E

LBA1292 aa transporter -1.14 E

LBA1658 prolyl aminopeptidase -1.04 E

LBA0240 xanthine phosphoribosyltransferase -1.40 F

LBA0041 rtpR -1.35 F

LBA1631 deoxyribosyltransferase -1.24 F

LBA0591 iunH -1.18 F

LBA0131 ribose-p pyrokinase -1.06 F

LBA0836 coaD -1.05 H

LBA0542 heavy-metal-transporting ATPase -1.87 P

LBA1771 ABC transporter component -1.69 P

LBA0541 cadA -1.47 P

LBA0200 oppB -1.06 P

POORLY CHARACTERIZED
LBA0019 hypothetical protein -2.87 S

LBA0543 hypothetical protein -1.66 S

LBA0493 aggregation promoting protein -1.62 S

LBA0834 hypothetical protein -1.57 S

LBA1769 hypothetical protein -1.52 S

LBA1943 lipoprotein -1.40 S

LBA1850 lysM -1.23 S

LBA0387 hypothetical protein -1.18 S

LBA0208 hypothetical protein -1.14 S

LBA1010 hypothetical protein -1.03 S

LBA1738 hflX -1.01 S

LBA0018 membrane protein -1.83 None

LBA1108 hypothetical protein -1.59 None

LBA0017 general stress response -1.32 None

LBA1221 hypothetical protein -1.29 None

Induced genes Repressed genes

COG Key
C, energy production and conversion
D, cell division and chromosome partitioning

E, amino acid metabolism and transport

F, nucleotide metabolism and transport

G, carbohydrate metabolism and transport

H, coenzyme metabolism
I, lipid metabolism

J, translation, including ribosome structure and biogenesis

K, transcription

L, replication, recombination and repair

M, cell wall structure and biogenesis and outer membrane
N, secretion, motility and chemotaxis

O, molecular chaperones and related functions

P, inorganic ion transport and metabolism

Q, secondary structure

R, general functional prediction only
S, no functional prediction

T, signal transduction

V, defense mechanisms
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Figure 4.1 | Schematic representation of the four S-layer associated proteins of interest. Table 

includes the gene length, GC percentage, interesting features, and genetic context of the four S-

layer associated protein targets as well as their corresponding deletion strains. Genes are colored 

as follows, lba0046 green, lba0864 blue, lba1426 yellow, and lba1539 red. Unlabeled gray arrows 

represent genes of unknown function.  

  

Gene Length GC% Features Genetic Context Deletion Strain

lba0046 357 bp 34.5% signal peptide NCK2530

lba0864 1,494 bp 35.5%
signal peptide, 

GW domain NCK2439

lba1426 759 bp 34.5% signal peptide NCK2441

lba1539 516 bp 35.1% signal peptide NCK2608
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Figure 4.2 | Presence/absence of lba0046, lba0864, lba1426, and lba1539 mapped to a 

lactobacilli phylogenetic tree. Each gene was mapped to a phylogenetic tree constructed using 

the pyruvate kinase gene sequences from S-layer-forming lactobacilli strains. The node colors 

designate lifestyle as described by Duar et al. (28). Note: Branches shorter than 0.0127 are shown 

as having length of 0.127.  
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Figure 4.3 | SLAP deletions visualized using PCR. Confirmation of the S-layer associated 

protein gene deletions from the L. acidophilus NCFM chromosome using primers that flanked the 

deletion region. 
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Figure 4.4 | Cellular morphologies of the parent strain and SLAP mutants. Cellular 

morphologies of the parent strain and SLAP mutants in logarithmic (6 h) and early stationary (12 

h) growth phase visualized using flow cytometry and scanning electron microscopy. 
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Figure 4.5 | Relative adherence of the SLAP mutants to major extracellular matrices, Caco-

2 epithelial cells, and mucin. The L. acidophilus NCK1909 parent strain was standardized to 

100% (dotted line). The data represent means of independent biological replicates. Error bars are 

standard error of the means. Asterisks indicate statistical significance calculated using a Student t-

test (*** p < 0.001, ** p < 0.01, * p < 0.05). 
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Figure 4.6 | The immunomodulatory profiles of the SLAP mutants compared to the parent 

strain were evaluated using a murine dendritic cell co-incubation assay. Cytokines IL-10, IL-

6, IL-12 and TNF-α, were measured using enzyme-linked immunosorbent assays. Co-incubation 

assays were performed in biological triplicate; bars on the box-whisker plots were constructed 

using block centered data. The dotted line is used to indicate the median of the control strain. 

Asterisks indicate statistical significance calculated using a Student t-test (*** p < 0.001, ** p < 

0.01, * p < 0.05). 
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Figure 4.7 | Transcriptome profiles of SLAP mutants compared to the parent strain. The 

transcriptomes of NCK2439 (Δlba0864, A), NCK2441 (Δlba1426, B), NCK2530 (Δlba0046, C) 

and NCK2608 (Δlba1539, D) relative to the parent strain (NCK1909). Strains were grown in MRS 

broth for 6 h (left) and 12 h (right). Volcano plots depict Log2 fold change in expression plotted 

against significance. The gray circles represent insignificant values, while colored circles are 

indicative of a p-value < 0.05. 

0

100

200

−3 −2 −1 0 1

6h

0

100

200

−3 −2 −1 0 1

12h

0

100

200

−3 −2 −1 0 1

6h

0

100

200

−3 −2 −1 0 1

12h

0

100

200

−3 −2 −1 0 1

6h

0

100

200

−3 −2 −1 0 1

12h

0

100

200

−3 −2 −1 0 1

6h

0

100

200

−3 −2 −1 0 1

12h

lba0019

lba0019

lba0019

-L
og

10
(p

-v
al

ue
)

Log2 Ratio

-L
og

10
(p

-v
al

ue
)

-L
og

10
(p

-v
al

ue
)

-L
og

10
(p

-v
al

ue
)

Log2 Ratio

A

B

C

D



   

138 
 

CHAPTER 5: OVERALL CONCLUSIONS 
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5.1. FUTURE APPLICATIONS OF MULTIPLEXING QUANTITATIVE PROTEOMICS 

IN PROBIOTIC RESEARCH 

Prior to this study, surface (S-)layer associated proteins (SLAPs) of Lactobacillus acidophilus had 

only been evaluated via protein gel coupled with tandem mass spectrometry. This methodology is 

an effective way to detect presence/absence of particular proteins, but can only generate semi-

quantitative data of fairly enriched samples and exhibits high variability between runs. Probiotic 

bacteria are exposed to the harsh environment of the gastrointestinal tract which triggers a 

condition-dependent surface proteome. Understanding the subtleties of these fluctuations is 

necessary for deciphering the complex relationship between probiotics and host mucosal tissues, 

as well as for the development of targeted microbial therapeutics. Although previous research has 

investigated the influence of growth phase on the lactobacilli proteome, these works failed to 

obtain the depth or quantitative accuracy we generated via the elimination of a 2-DE gel step and 

employment of a multiplexing triple-stage mass spectrometry (MS3) method. Our results showed 

significant growth phase-dependent alterations to the surface-associated proteome while 

simultaneously highlighting the sensitivity and reproducibility of the technology. Thus, the work 

presented in Chapter 2 establishes a framework for quantifying condition-dependent changes to 

the cell surface proteome that can easily be applied to other S-layer forming probiotic bacteria. 
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5.2. CONTRIBUTIONS TO THE LACTOBACILLUS ACIDOPHILUS NCFM MUTANT 

REPERTOIRE 

The fully sequenced genome of L. acidophilus NCFM has proven vital in elucidating the 

underlying molecular mechanisms responsible for probiotic efficacy. Prior to the work presented 

in this thesis, only five L. acidophilus SLAP deletion mutants had been created and phenotypically 

characterized. We were able to not only double this number (Table 5.1), but also develop a 

methodology for identifying novel candidates for examination in future studies (as discussed 

above). In the past, surface proteins were targeted for analysis based on their interesting domain 

architecture or predicted function. Following this line of thinking, we recognized immunoglobulin 

(Ig) domain containing protein, IgdA, as an attractive candidate for knockout characterization. The 

igdA mutant exhibited a number of important, and probiotic-relevant, phenotypes and its 

confinement to host-adapted lactobacilli underscored its importance in host adaptation (Chapter 

3). Meanwhile, our other four SLAP targets were putative uncharacterized proteins, selected in 

this study primarily for their abundance on the L. acidophilus cell surface (Chapter 4). The results 

of their deletions were truly remarkable. The proteins had no homology or genetic architecture that 

would indicate function, and their deletions did not hinder growth or generate any obvious surface 

abnormalities. Still, all four mutants exhibited some form of adhesion deficiency, some quite 

severe, as well as significantly altered inflammatory profiles. These results reinforce the belief that 

in silico predictions are not at a point of replacing traditional benchwork, as these targets would 

likely have gone unnoticed. Additionally, the fact that we were able to identify phenotypes for all 

four mutant strains using only probiotic-based assays emphasizes the relevancy of surface proteins 

in probiotic functionality. 
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5.3. CONTROLLING AND HARNESSING S-LAYER ASSOCIATED PROTEINS 

We hope that the work presented in this thesis will help shape the future of probiotic research 

going forward. An emphasis needs to be placed not just on identifying novel probiotic candidates, 

but also strains capable of expressing the desired surface characteristics at the adequate time 

through either gastric induction or modulation with a prebiotic or carrier substance. In either case, 

research should focus on understanding and ideally controlling the expression of probiotic-relevant 

surface molecules. Our own work has produced a proteomics platform for quantifying these 

condition-dependent protein profiles, and with it highlighted multiple surface proteins that are 

critical factors in mediating host interactions. However, future SLAP research should not only 

ensure the induction of these proteins during gastric transit, but also investigate ways in which to 

repurpose them. There is increased interest in harnessing SLAPs for mucosal delivery of 

biomolecules such as therapeutic proteins or vaccine antigens (as discussed in Chapter 1). Due to 

the low-level proinflammatory properties and minimal effects on viability when deleted, many of 

our proteins of interest present appealing targets for antigen fusion studies and thus an entirely 

new area of SLAP research. 
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5.4. FINAL THOUGHTS 

Over the last few years, extensive work has been put into functionally characterizing the surface 

proteins of model probiotic organism L. acidophilus NCFM. However, our research has shown 

that S-layers, and the SLAPs that occupy them, are found in numerous other host-adapted 

Lactobacillus species. Thus, future SLAP exploration should also concentrate on characterizing 

and controlling the SLAP profiles of alternative and potential novel probiotic organisms such as 

S-layer-former Lactobacillus crispatus, which is an intriguing candidate for modulation of the 

human vaginal microbiome and poultry intestines. Both of these industry-relevant niches could 

prove to be the next frontier for SLAP research and probiotic supplementation. 

 
 
 
 
 
 



   

143 
 

5.5. REFERENCES 
 
1. Johnson BR, Klaenhammer TR. 2016. AcmB Is an S-Layer-Associated beta-N-

Acetylglucosaminidase and Functional Autolysin in Lactobacillus acidophilus NCFM. 
Appl Environ Microbiol 82:5687-97. 

 
2. Hymes JP, Johnson BR, Barrangou R, Klaenhammer TR. 2016. Functional Analysis of an 

S-Layer-Associated Fibronectin-Binding Protein in Lactobacillus acidophilus NCFM. 
Appl Environ Microbiol 82:2676-85. 

 
3. Altermann E, Buck LB, Cano R, Klaenhammer TR. 2004. Identification and phenotypic 

characterization of the cell-division protein CdpA. Gene 342:189-97. 
 
4. Johnson B, Selle K, O'Flaherty S, Goh YJ, Klaenhammer T. 2013. Identification of 

extracellular surface-layer associated proteins in Lactobacillus acidophilus NCFM. 
Microbiology-Sgm 159:2269-2282. 

 
5. Johnson BR, O'Flaherty S, Goh YJ, Carroll I, Barrangou R, Klaenhammer TR. 2017. The 

S-layer Associated Serine Protease Homolog PrtX Impacts Cell Surface-Mediated 
Microbe-Host Interactions of Lactobacillus acidophilus NCFM. Front Microbiol 8:1185. 

 

  



   

144 
 

Table 5.1 | List of Lactobacillus acidophilus NCFM SLAP deletion mutants. 

  

Locus ID Gene Name 
length 
(bp) 

GC 
(%) Predicted domains 

Deletion 
Strain Ref. 

LBA0046  
Uncharacterized 
protein 357 34.5 Signal peptide NCK2530 

This 
study 

LBA0176 acmB N-acetylmuramidase 1,230 40.9 
Signal peptide, 
LYZ2 NCK2395 (1) 

LBA0191 fbpB 
Putative fibronectin 
domain 1,392 35.7 

Signal peptide, 
Fibronectin type-III NCK2393 (2) 

LBA0223 cdpA 
Cell separation 
protein 1,800 34.9 Signal peptide, SlpA NCK1375 (3) 

LBA0695 igdA 
Uncharacterized 
protein 1,653 34.7 

Signal peptide, GW, 
Ig-like_bact NCK2532 

This 
study 

LBA0864  
Uncharacterized 
protein 1,494 35.5 Signal peptide, GW NCK2439 

This 
study 

LBA1029  
Putative S-layer 
protein 1,158 31.9 Signal peptide, SlpA NCK2258 (4) 

LBA1426  
Uncharacterized 
protein 759 34.5 Signal peptide NCK2441 

This 
study 

LBA1539  
Uncharacterized 
protein 516 35.1 Signal peptide NCK2608 

This 
study 

LBA1578 prtX 
Putative serine 
protease 2,085 35.3 Signal peptide NCK2282 (5) 
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Table A.1 | List of the 170 Lactobacillus strains, lifestyles, and isolation sources. 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus acetotolerans NBRC 
13120  sake 
Lactobacillus acidifarinae DSM 19394  artisanal wheat sourdough 
Lactobacillus acidipiscis KCTC 13900 Vertebrate-adapted cheese 
Lactobacillus acidophilus NCFM Vertebrate-adapted human gastrointestinal tract 
Lactobacillus agilis DSM 20509 Vertebrate-adapted municipal sewage 
Lactobacillus algidus DSM 15638  vacuum-packaged beef 
Lactobacillus alimentarius DSM 
20249  marinated fish product 
Lactobacillus amylolyticus DSM 
11664 Vertebrate-adapted acidified beer wort 
Lactobacillus amylophilus DSM 
20533   swine waste-corn fermentation 
Lactobacillus amylotrophicus DSM 
20534  swine waste-corn fermentation 
Lactobacillus amylovorus 30SC Vertebrate-adapted porcine ileum 
Lactobacillus animalis DSM 20602 Vertebrate-adapted dental plaque of baboon 

Lactobacillus antri DSM 16041 Vertebrate-adapted 
gastric biopsies, human 
stomach mucosa 

Lactobacillus apinorum Fhon13 Insect-adapted 
honey stomach of honey bee 
(Apis mellifera mellifera) 

Lactobacillus apis Hma11 Insect-adapted honey stomach of honey bee 

Lactobacillus apodemi DSM 16634  Vertebrate-adapted 
feces, wild Japanese wood 
mouse 

Lactobacillus aquaticus DSM 21051 Free-living 
surface of a eutrophic 
freshwater pond 

Lactobacillus aviarius subsp. aviarius 
DSM 20655 Vertebrate-adapted feces of chicken 

Lactobacillus backii TMW 1.1988  
light wheat beer in German 
brewery 

Lactobacillus bifermentans DSM 
20003  blown cheese 

Lactobacillus bombicola R-53102 Insect-adapted 
bumblebee gut (Bombus 
lapidarius) 

Lactobacillus brantae DSM 23927  
feces of Canada goose (Branta 
canadensis) 

Lactobacillus brevis ATCC 367 Free-living silage 
Lactobacillus buchneri CD034 Free-living grass silage 
Lactobacillus cacaonum DSM 21116  cocoa bean heap fermentation 
Lactobacillus camelliae DSM 22697  fermented tea leaves (miang) 

Lactobacillus capillatus DSM 19910  
fermented brine used for stinky 
tofu production 

Lactobacillus casei subsp. casei ATCC 
393 Nomadic cheese 
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Table A.1 | (continued). 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus ceti DSM 22408 Vertebrate-adapted 
lungs of a beaked whale 
(Ziphius cavirostris) 

Lactobacillus coleohominis 101-4-
CHN Vertebrate-adapted human vagina 
Lactobacillus collinoides DSM 20515  Free-living fermenting apple juice 

Lactobacillus composti DSM 18527  Free-living 
composting material of distilled 
shochu residue 

Lactobacillus concavus DSM 17758  distilled pirit-fermenting cellar 
Lactobacillus coryniformis subsp. 
coryniformis DSM 20001  silage 
Lactobacillus crispatus ST1 Vertebrate-adapted chicken crop 
Lactobacillus crustorum MN047  koumiss 
Lactobacillus curieae CCTCC M 
2011381  

fermented brine used for stinky 
tofu production 

Lactobacillus curvatus FBA2 Free-living radish/carrot pickles 
Lactobacillus delbrueckii subsp. 
bulgaricus ATCC 11842  

dairy products; Bulgarian 
yogurt 

Lactobacillus dextrinicus DSM 20335 Free-living silage 
Lactobacillus diolivorans DSM 14421 Free-living maize silage 
Lactobacillus equi DSM 15833  Vertebrate-adapted feces of horses 
Lactobacillus equicursoris DSM 
19284 Vertebrate-adapted healthy thoroughbred racehorse 
Lactobacillus equigenerosi DSM 
18793 Vertebrate-adapted thoroughbred horses 
Lactobacillus fabifermentans DSM 
21115 Nomadic cocoa bean heap fermentation 
Lactobacillus farciminis DSM 20184  sausage 

Lactobacillus farraginis DSM 18382  Free-living 
composting material of distilled 
shochu residue 

Lactobacillus fermentum IFO 3956  fermented plant material 
Lactobacillus floricola DSM 23037  Free-living flower of Caltha palustris 
Lactobacillus florum DSM 22689 Insect-adapted peony (Paeonia suffruticosa) 
Lactobacillus fructivorans DSM 
20203 Insect-adapted N/A 
Lactobacillus frumenti DSM 13145 Vertebrate-adapted rye-bran sourdough 
Lactobacillus fuchuensis DSM 14340  Free-living vacuum-packaged beef 

Lactobacillus futsaii JCM 17355  
fu-tsai, a traditional fermented 
mustard product 

Lactobacillus gallinarum HFD4 Vertebrate-adapted chicken crop 
Lactobacillus gasseri ATCC 33323 Vertebrate-adapted human 

Lactobacillus gastricus DSM 16045 Vertebrate-adapted 
 gastric biopsies, human 
stomach mucosa 

Lactobacillus ghanensis DSM 18630  cocoa fermentation 
Lactobacillus gigeriorum DSM 23908  Vertebrate-adapted chicken crop 
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Table A.1 | (continued). 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus ginsenosidimutans 
EMML 3041  kimchi 

Lactobacillus gorillae KZ01 Vertebrate-adapted 
western lowland gorilla (Gorilla 
gorilla gorilla) 

Lactobacillus graminis DSM 20719 Free-living grass silage 
Lactobacillus hammesii DSM 16381 Free-living wheat sourdough 
Lactobacillus hamsteri DSM 5661 Vertebrate-adapted  feces of hamster 

Lactobacillus harbinensis DSM 16991 Free-living 
chinese traditional fermented 
vegetable Suan cai 

Lactobacillus hayakitensis DSM 
18933 Vertebrate-adapted feces of thoroughbred horse  
Lactobacillus heilongjiangensis DSM 
28069  Chinese traditional pickle 

Lactobacillus helsingborgensis Bma5 Insect-adapted 
honey stomach of honey bee 
(Apis mellifera mellifera) 

Lactobacillus helveticus CNRZ32 Vertebrate-adapted artisanal starter, Comte´ cheese 
Lactobacillus herbarum TCF032-E4 Nomadic Chinese fermented radish 
Lactobacillus hilgardii ATCC 8290 Free-living wine 
Lactobacillus hokkaidonensis JCM 
18461 Free-living 

subarctic timothy grass (Phleum 
pratense L.) 

Lactobacillus hominis DSM 23910 Vertebrate-adapted human intestine 
Lactobacillus homohiochii DSM 
20571 Insect-adapted spoiled sake 
Lactobacillus hordei DSM 19519 Free-living malted barley 
Lactobacillus iners DSM 13335 Vertebrate-adapted human urine 
Lactobacillus ingluviei str. Autruche 4 Vertebrate-adapted ostrich 
Lactobacillus intestinalis DSM 6629 Vertebrate-adapted intestine of rat 
Lactobacillus jensenii SNUV360 Vertebrate-adapted human vagina 
Lactobacillus johnsonii NCC 533 Vertebrate-adapted human isolate 

Lactobacillus kalixensis DSM 16043 Vertebrate-adapted 
gastric biopsies, human 
stomach mucosa 

Lactobacillus kefiranofaciens ZW3  Tibet kefir 
Lactobacillus kefiri DSM 20587  Free-living kefir grains 

Lactobacillus kimbladii Hma2 Insect-adapted 
honey stomach of honey bee 
(Apis mellifera) 

Lactobacillus kimchicus JCM 15530  kimchi  
Lactobacillus kimchiensis DSM 
24716  kimchi 

Lactobacillus kisonensis DSM 19906  Free-living 
non-salted pickle solution used 
in production of sunki  

Lactobacillus kitasatonis DSM 16761 Vertebrate-adapted chicken intestine 
Lactobacillus koreensis 26-25 Free-living kimchi 

Lactobacillus kullabergensis Biut2 Insect-adapted 
honey stomach of honey bee 
(Apis mellifera mellifera) 
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Table A.1 | (continued). 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus kunkeei MP2 Insect-adapted 
guts of Chilean honey bees  
(Apis mellifera) 

Lactobacillus lindneri TMW 1.481  brewery environment 
Lactobacillus malefermentans DSM 
5705  beer 
Lactobacillus mali ATCC 27304 Free-living wine must, Japan 
Lactobacillus manihotivorans DSM 
13343  

cassava sour starch 
fermentation 

Lactobacillus mellifer Bin4 Insect-adapted 
Apis mellifera Buckfast 
(honeybee) 

Lactobacillus mellis Hon2 Insect-adapted 
Apis mellifera Buckfast (fresh 
honey) 

Lactobacillus melliventris Hma8 Insect-adapted 
Apis mellifera Buckfast (honey 
stomach) 

Lactobacillus mindensis DSM 14500  sourdough 
Lactobacillus mucosae LM1 Vertebrate-adapted stool samples of a healthy piglet 
Lactobacillus murinus DSM 20452  Vertebrate-adapted intestine of rat 
Lactobacillus nagelii DSM 13675  partially fermented wine 

Lactobacillus namurensis DSM 19117 Free-living 
sourdough, manufactured with 
wheat, rye and spelt flour 

Lactobacillus nantensis DSM 16982  wheat sourdough 
Lactobacillus nasuensis JCM 17158  sudangrass silage sample 
Lactobacillus nodensis DSM 19682  Japanese pickles 

Lactobacillus odoratitofui DSM 19909   
fermented brine used for stinky 
tofu production 

Lactobacillus oeni DSM 19972  Bobal wine 
Lactobacillus oligofermentans DSM 
15707 Free-living broiler leg 
Lactobacillus oris DSM 4864 Vertebrate-adapted human saliva 

Lactobacillus oryzae JCM 18671  
fermented rice grain (Oryza 
sativa L. subsp. japonica) 

Lactobacillus otakiensis DSM 19908  Free-living 
non-salted pickle solution used 
in production of sunki 

Lactobacillus ozensis DSM 23829  Insect-adapted 
Inula ciliaris var. glandulosa, a 
chrysanthemum 

Lactobacillus panis DSM 6035 Vertebrate-adapted sourdough 
Lactobacillus pantheris DSM 15945  jaguar feces 
Lactobacillus parabrevis ATCC 53295 Free-living cheese 
Lactobacillus parabuchneri 
FAM21731 Free-living Swiss Emmental cheese 

Lactobacillus paracasei ATCC 334 Nomadic 
dairy products; emmental 
cheese 

Lactobacillus paracollinoides strain 
TMW 1.1994 Free-living brewery environment 
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Table A.1 | (continued). 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus parafarraginis DSM 
18390  Free-living 

composting material of distilled 
shochun residue 

Lactobacillus parakefiri DSM 10551  Free-living kefir grain 
Lactobacillus paralimentarius DSM 
13961  kimchi 
Lactobacillus paraplantarum DSM 
10667 Nomadic beer contaminant 
Lactobacillus pasteurii DSM 23907  Vertebrate-adapted N/A 
Lactobacillus paucivorans DSM 
22467 Free-living 

yeast storage tank containing 
lager beer 

Lactobacillus pentosus DSM 20314 Nomadic  N/A 
Lactobacillus perolens DSM 12744 Free-living orange lemonade 
Lactobacillus plantarum WCFS1 Nomadic human saliva 

Lactobacillus pobuzihii E100301  
pobuzihi (fermented 
cummingcordia) 

Lactobacillus pontis DSM 8475 Vertebrate-adapted rye sourdough 
Lactobacillus psittaci DSM 15354 Vertebrate-adapted lung of parrot 

Lactobacillus rapi DSM 19907 Free-living 
non-salted pickle solution used 
in production of sunki 

Lactobacillus rennini DSM 20253  rennin 
Lactobacillus reuteri DSM 20016 Vertebrate-adapted intestine of adult 

Lactobacillus rhamnosus GG Nomadic 
intestinal tract of a healthy 
human 

Lactobacillus rogosae ATCC 27753  human feces 
Lactobacillus rossiae DSM 15814  wheat sourdough 
Lactobacillus ruminis ATCC 27782 Vertebrate-adapted rumen 
Lactobacillus saerimneri DSM 16049 Vertebrate-adapted pig feces 
Lactobacillus sakei subsp. sakei 23K Free-living French sausage 
Lactobacillus salivarius UCC118 Vertebrate-adapted human ileal-cecal region 
Lactobacillus sanfranciscensis TMW 
1.1304 Insect-adapted 

sourdough, commercial mother 
sponge 

Lactobacillus saniviri JCM 17471   
feces of a Japanese healthy 
adult male 

Lactobacillus satsumensis DSM 
16230  shochu mash 
Lactobacillus secaliphilus DSM 17896  sour dough 
Lactobacillus selangorensis DSM 
13344  chili bo 

Lactobacillus senioris DSM 24302  Vertebrate-adapted 
feces of a healthy 100-year-old 
Japanese female 

Lactobacillus senmaizukei DSM 
21775 Free-living pickles 
Lactobacillus sharpeae DSM 20505  municipal sewage 
Lactobacillus shenzhenensis LY-73 Free-living fermented beverage 



   

152 
 

Table A.1 | (continued). 

Lactobacillus strain Metadata 
Lifestyle Isolation Source 

Lactobacillus silagei JCM 19001  orchardgrass silage, 
Lactobacillus siliginis DSM 22696  wheat sourdough 

Lactobacillus similis DSM 23365 Free-living 
fermented cane molasses at 
alcohol plants 

Lactobacillus spicheri DSM 15429 Free-living rice sourdough 
Lactobacillus sucicola DSM 21376  Free-living sap of Quercus sp. 
Lactobacillus suebicus DSM 5007 Free-living apple mash 

Lactobacillus sunkii DSM 19904 Free-living 
non-salted pickle solution used 
in production of sunki 

Lactobacillus taiwanensis DSM 21401 Vertebrate-adapted silage cattle feed 
Lactobacillus thailandensis DSM 
22698   fermented tea leaves (miang) 
Lactobacillus tucceti DSM 20183  sausage 

Lactobacillus ultunensis DSM 16047 Vertebrate-adapted 
gastric biopsies, human 
stomach mucosa 

Lactobacillus uvarum DSM 19971 Free-living must of Bobal grape variety 
Lactobacillus vaccinostercus DSM 
20634 Free-living cow dung 

Lactobacillus vaginalis DSM 5837  Vertebrate-adapted 
vaginal swab from patient with 
trichomoniasis 

Lactobacillus versmoldensis DSM 
14857   poultry salami 

Lactobacillus vini DSM 20605  
grape must, fermenting at high 
temperature 

Lactobacillus wasatchensis WDC04 Free-living aged Cheddar cheese 
Lactobacillus xiangfangensis LMG 
26013  pickle 
Lactobacillus zeae DSM 20178  corn steep liquor 
Lactobacillus zymae DSM 19395 Free-living artisanal wheat sourdough 
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Figure A.1 | Images depicting the deletion of igdA. A total of 1,587 bp were removed from the 

L. acidophilus NCFM chromosome within the lba0695 locus (A). PCR was used to confirm 

removal using primers that flanked the deletion region (B). Surface proteins were isolated using a 

LiCl extraction protocol to verify the absence of the IgdA (left) and also image Slps (right) using 

a Tris-glycine gel (B). P, NCK1909 parent strain, Δ, NCK2532 harboring the igdA deletion. 
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Figure A.2 | Protein isolated from L. acidophilus strains via 5 M LiCl treatment. Images depict 

protein of NCK1909 (A) and NCK2532 (B) isolated with a 5 M LiCl treatment and dialyzed 

against cold distilled water for 24 h. 
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Figure A.3 | Growth analysis of igdA deletion mutant. Growth of the igdA deletion mutant 

(NCK2532, red) was compared to the parent strain (NCK1909, blue) in MRS broth, and MRS 

broth supplemented with 2.5% NaCl, 0.5% oxgall, or 2% porcine bile. Strains were grown in 

microtiter plates and the OD600 was recorded every hour for 30 h. Each plot is a representative 

sample from at least three biological replicates. 
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Figure A.4 | Transmission electron microscopy images of L. acidophilus strains. Images depict 

the parent strain (NCK1909) and igdA deletion mutant (NCK2532) grown in MRS broth for 6 h 

and 12 h. 
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Figure A.5 | Transcriptomic data mapped to the L. acidophilus NCFM chromosome. Plots 

depict Log2 fold change in expression of NCK2532 vs NCK1909 grown in MRS broth (A, top) 

and MRS broth + 2.5% NaCl (A, bottom). Significantly up and downregulated genes (p-value < 

0.01 and Log2 fold change > 1) are colored in red and blue, respectively. Genes that are part of 

operons are indicated by a filled circle. Operons are numbered and correspond to the genes listed 

in B. 
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Figure A.6 | Functional categories and KEGG pathways of differentially expressed genes. 

The parent and igdA mutant strains were grown in MRS broth and MRS broth supplemented with 

2.5% NaCl. Significantly up- and downregulated genes (p-value < 0.01 and Log2 fold change > 

1) were assigned functional categories and/or KEGG pathways via the DAVID algorithm using 

default parameters. 

  

Hydrolase

Chaperone

Glycosidase

Amino−acid biosynthesis

Lyase

Lysine biosynthesis

Stress response

Decarboxylase

Diaminopimelate biosynthesis

Sugar transport

0 2.5 5 7.5 10
Count

lac00500:Starch and sucrose metabolism

lac02060:Phosphotransferase system (PTS)

lac00300:Lysine biosynthesis

0 2.5 5 7.5 10
Count

Signal

Galactose metabolism

Glutamine amidotransferase

Lyase

Magnesium

Ligase

Purine biosynthesis

ATP−binding

Nucleotide−binding

Transferase

20 10 0 10 20
Count lac00900:Terpenoid backbone biosynthesis

lac00072:Synthesis and degradation of ketone bodies

lac00280:Valine, leucine and isoleucine degradation

lac01212:Fatty acid metabolism

lac00051:Fructose and mannose metabolism

lac00052:Galactose metabolism

lac00520:Amino sugar and nucleotide sugar metabolism

lac01110:Biosynthesis of secondary metabolites

lac01130:Biosynthesis of antibiotics

lac00230:Purine metabolism

lac01100:Metabolic pathways

30 20 10 0
Count

M
RS

M
RS

 +
 2

.5
%

 N
aC

l
Functional Categories KEGG Pathways



   

159 
 

 
 

 
Figure A.7 | Carbohydrate utilization of igdA deletion mutant. Growth of igdA deletion mutant 

(NCK2532, light gray) compared to the parent strain (NCK1909, dark gray) on glucose, lactose, 

galactose, N-acetyl-glucosamine, amygdalin, and trehalose. Strains were grown in microtiter 

plates and the OD600 was recorded every hour for 40 h. Each plot is a representative sample from 

three biological replicates. 

  

0.1

0 10 20 30 40

Lo
g 

O
D

Glucose

0.1

0 10 20 30 40

Lactose

0.1

0 10 20 30 40

Lo
g 

O
D

Galactose

0.1

0 10 20 30 40

N−Acetyl−Glucosamine

0.1

0 10 20 30 40
Timepoint (h)

Lo
g 

O
D

Amygdalin

0.1

1.0

0 10 20 30 40
Timepoint (h)

Trehalose



   

160 
 

APPENDIX B: REPRINT OF ENGINEERING COMPONENTS OF THE 

LACTOBACILLUS S-LAYER FOR BIOTHERAPEUTIC APPLICATIONS 
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Lactic acid bacteria (LAB) are frequently harnessed for the delivery of biomolecules
to mucosal tissues. Several species of Lactobacillus are commonly employed for
this task, of which a subset are known to possess surface-layers (S-layers). S-layers
are two-dimensional crystalline arrays of repeating proteinaceous subunits that form
the outermost coating of many prokaryotic cell envelopes. Their periodicity and
abundance have made them a target for numerous biotechnological applications.
In the following review, we examine the multi-faceted S-layer protein (Slp), and its
use in both heterologous protein expression systems and mucosal vaccine delivery
frameworks, through its diverse genetic components: the strong native promoter,
capable of synthesizing as many as 500 Slp subunits per second; the signal peptide
that stimulates robust secretion of recombinant proteins; and the structural domains,
which can be harnessed for both cell surface display of foreign peptides or adhesion
enhancement of a host bacterium. Although numerous studies have established vaccine
platforms based on one or more components of the Lactobacillus S-layer, this area of
research still remains largely in its infancy, thus this review is meant to not only highlight
past works, but also advocate for the future usage of Slps in biotherapeutic research.

Keywords: Lactobacillus, probiotic, S-layer, biotherapeutic, mucosal vaccine, CRISPR

INTRODUCTION

Lactic acid bacteria (LAB) are Gram-positive, anaerobic or microaerophilic, non-sporulating
microorganisms that inhabit diverse environments including milk and plant surfaces, as well
as the mouth, gastrointestinal tract, and vaginal tract of humans and animals (Liu et al.,
2014). Traditionally, they have been employed for food and dairy fermentations, but have
more recently garnered attention for their health-promoting properties with many species
used widely as probiotics (Klein et al., 1998; Klaenhammer et al., 2005). Recombinant
LABs are frequently harnessed for mucosal delivery of biomolecules such as therapeutic
proteins or vaccine antigens (Berlec et al., 2012). In comparison to traditional intravenous
or intramuscular vaccine administration, the mucosal route enables immunizations to be
performed orally, reducing potential side e�ects while increasing specificity for chronic
illnesses and infections associated with mucosal tissues (Bermudez-Humaran et al., 2011;
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Wyszynska et al., 2015). Furthermore, many LABs are bile and
acid tolerant, act as natural adjuvants, and interact with cells of
the immune system (Wells and Mercenier, 2008), making them
ideal candidates for antigen carriage.

The LABs most frequently chosen for vaccine delivery
are Lactococcus lactis and select species of the Lactobacillus
genus (Wells and Mercenier, 2008; Bermudez-Humaran et al.,
2011, 2013; Wyszynska et al., 2015). However, unlike L. lactis,
several species Lactobacillus have been shown to possess
surface-layers (S-layers) (Hynonen and Palva, 2013). S-layers
have been detected on both Gram-positive and Gram-negative
bacteria and are nearly ubiquitous in archaea (Fagan and
Fairweather, 2014). They are defined as two-dimensional
crystalline arrays composed of repeating proteinaceous subunits
that constitute the outermost layer of a cell envelope (Fagan
and Fairweather, 2014). The S-layer proteins (Slps) attach to
the underlying peptidoglycan via electrostatic interactions and
possess inherent, entropy-driven a�nities to self-assemble with
each other (Hynonen and Palva, 2013). Thus far, S-layers
have been characterized for their role in maintaining cell
shape; acting as molecular sieves; serving as binding sites
for large molecules, ions, or phages; and mediating surface
adhesion (Sleytr et al., 2014). Additionally, Slps are some of
the most abundant proteins synthesized by the cell, making
them metabolically expensive but also underscoring their
importance to the organism (Sara and Sleytr, 2000; Fagan
and Fairweather, 2014). Their high expression, periodicity,
and self-assembling properties have made them a target for
numerous applications in biotechnology and nanotechnology
(Avall-Jaaskelainen and Palva, 2005; Hynonen and Palva, 2013;
Sleytr et al., 2014).

In the following review, we examine Slp applications in
recombinant protein expression and biotherapeutic delivery
via their distinct genetic building blocks: the strong native
promoter, which can synthesize as many as 500 Slp subunits
per second; the signal peptide, that can trigger robust secretion
of target molecules; and the structural domains, which can be
harnessed for both cell surface display of heterologous proteins
or enhancement of host adhesion (Figure 1A). Despite the
existence of several recombinant protein expression systems
based on one or more components of the Lactobacillus S-layer,
this area of research still remains largely underexploited.
Thus, the purpose of this review is to not only shed light
on past S-layer studies, but also to advocate for future
utilization of Slps in mucosal vaccine and biotherapeutic delivery
research.

HARNESSING THE STRONG NATIVE
PROMOTER

The bacterial S-layer array is composed of an estimated 5 ⇥ 105
subunits, representing 10–15% of the total protein content of
the bacterium (Sleytr and Messner, 1983; Avall-Jaaskelainen and
Palva, 2005). During exponential growth phase, approximately
500 subunits per second must be synthesized, translocated
to the cell surface, and incorporated into the existing lattice

structure (Sleytr et al., 2014). In order to obtain these high
levels of transcription, S-layer genes possess strong, e�cient
promoters, which can be harnessed for protein production
systems (Figure 1B).Within the Lactobacillus genus, this research
has predominately been limited to slp promoters of Lactobacillus
acidophilus and Lactobacillus brevis.

Several studies have investigated the versatility of Lactobacillus
S-layer promoters for driving heterologous protein expression
in various LAB hosts. Lactobacilli regularly possess multiple
slp genes within the same strain that are not all concurrently
active (Hynonen and Palva, 2013). Although SlpA is the major
constituent of the L. acidophilus S-layer, it can be moved to
an inactive position triggering expression of the once silent
SlpB (Boot et al., 1996a; Konstantinov et al., 2008). When
the L. acidophilus ATCC 4356 slpA and slpB promoters were
evaluated in Lactobacillus casei ATCC 393, only slpA remained
active under all tested growth phases (Boot et al., 1996b).
However, the same slpA promoter, although highly e�cient in
L. lactis, was nearly inactive in isolates of Lactobacillus reuteri
(Lizier et al., 2010). The L. acidophilus NCFM slpA promoter
was used to drive expression of a green fluorescent protein
(GFP) in shuttle vectors based on oriV1 and oriV2 replicons
(Chen et al., 2014). Similarly, the plasmids exhibited distinct
properties based on which strain they were ported into as
well as growth-phase-dependent e�ects. Both plasmids were
capable of replicating in strains of L. casei and Lactobacillus
delbrueckii, but only the oriV1 plasmid, pEL5.6, could replicate
in Lactobacillus paracasei (Chen et al., 2014). The functionality
of the L. brevis ATCC 8287 slpA promoter was evaluated in
three LAB hosts: L. lactis MG1614, Lactobacillus plantarum
NCDO1193 and Lactobacillus gasseriNCK334, via the expression
of various reporter genes (Kahala and Palva, 1999). The S-layer
promoter was recognized in each strain, but was particularly
active in L. lactis and L. plantarum. In fact, aminopeptidase
N (PepN) reporter activity within L. plantarum was 30-fold
higher compared to the Lactobacillus helveticus PepN native host
and composed a staggering 28% of the total cellular protein
during late exponential growth phase. In summary, Lactobacillus
slp promoters are e�ective tools for driving recombinant
protein expression, but optimization based on host and growth
conditions is essential.

The S-layer promoter has also been harnessed for reporter
expression in situ. Plasmid instability and antibiotic markers
can complicate the use of these constructs when moving into
human clinical trials or to market, thus chromosomal insertions
have gained immense popularity. For L. acidophilus NCFM, a
pORI-based upp counterselective gene replacement system (Goh
et al., 2009) has considerably aided this e�ort (see “Engineering
Platforms”). Originally intended for knockout characterizations,
it was first employed for a knock-in by cloning a b-glucuronidase
(gusA) reporter downstream of the slpA gene (Douglas and
Klaenhammer, 2011). The resulting mutant exhibited a three log
increase in GusA activity in comparison to the gusA-negative
parent, and the study established a framework for the exploitation
of highly expressed genomic regions for heterologous protein
production (Douglas and Klaenhammer, 2011). Although this
particular system was never evaluated within the context of
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FIGURE 1 | Simplified depiction of the genetic components comprising the Slp protein and how they can be harnessed for heterologous protein expression
systems. (A) The genetic building blocks of an S-layer gene, including the promoter, secretion signal peptide, N-terminal self-assembly domain, and C-terminal
peptidoglycan anchor. Each can be harnessed together or separately for antigen and biotherapeutic delivery applications. (B) The Slp promotor induces the
production of high levels of target protein which will accumulate within the cytoplasm of the host bacterium. (C) The Slp secretion signal yields robust secretion of
antigen into the extracellular environment. (D) Cell surface display of a foreign peptide can be achieved via fusion to an Slp anchoring domain (N- or C- depending on
species). (E) The highest levels of antigen expression and cell surface display can be obtained via direct integration into the Slp, but epitope size is extremely limited
in order to maintain array formation. (F) A novel display strategy utilizing S-layer associated protein (SLAP) fusions which theoretically enable the surface display of
much larger proteins.

vaccine delivery, the technique was shown e�ective for expressing
antigens using an alternative highly expressed region within
the L. acidophilus genome (O’Flaherty and Klaenhammer,
2016).

Moving beyond reporter genes and targeting more specific
therapeutics, the L. brevis JCM 1559 slpA promoter was
evaluated in an L. casei IGM393 host via incorporation into
a mouse interleukin 10 (IL-10) secretion system (Kajikawa
et al., 2010). Administration of IL-10 was previously shown
to be an e�ective treatment of murine colitis when delivered
via recombinant L. lactis (Steidler et al., 2000). The authors
sought to improve upon this design by substituting in a
strain hypothesized to be better adapted to mammalian body
temperature. The delivery system was successful in that it
yielded high levels of IL-10 secretion when cloned into L. casei,
but accumulation of the protein varied widely based on pH
(Kajikawa et al., 2010). Maximum e�ciency occurred at pH
8.0 and dropped drastically as the pH became more acidic.
Although the authors attributed low levels of the protein to
its physical characteristics (Kajikawa et al., 2010), the selection
of a promoter from a free-living species (e.g., L. brevis)
over a low pH tolerating, vertebrate-adapted organism (e.g.,
L. acidophilus), may have also contributed (Duar et al., 2017).

Nonetheless, the S-layer promoter has repeatedly demonstrated
its utility for driving protein production systems, and thus
merits future research with a focus on therapeutic molecule
delivery.

EXPLOITATION OF THE SECRETION
SIGNAL PEPTIDE

All Lactobacillus S-layer proteins characterized thus far are
preceded by a 25–32 amino acid signal peptide sequence
indicative of secretion through the general secretory pathway
(Hynonen and Palva, 2013). By cloning this short sequence
upstream of an antigen or biotherapeutic molecule, one can
obtain robust secretion of a target protein (Figure 1C),
thus this peptide is frequently harnessed for biotechnological
applications.

The L. brevis ATCC 8287 slpA signal sequence, along with
the promoter and transcription terminator, were used to drive
expression and secretion of the Escherichia coli b-lactamase
(bla) reporter gene in L. lactis, L. brevis, L. plantarum,
L. gasseri, and L. casei, using a low-copy-number plasmid
derived from pGK12 (Savijoki et al., 1997). In all hosts
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tested, Bla was expressed and released into the culture
medium, though highest yields were obtained by recombinant
L. lactis and the strain of L. brevis from which the SlpA
components were derived. Production of Bla was mainly
restricted to exponential growth phase (Savijoki et al., 1997).
Since the system was under control of an slpA promoter,
it was unsurprising that e�ciency was host-specific and
growth-phase-dependent (see “Harnessing the strong native
promoter”).

The Slp secretion signal has frequently been harnessed for
targeted therapeutic applications. In a study seeking to develop
a recombinant L. lactis mucosal vaccine against porcine post-
weaning diarrhea and edema disease, signal peptides from
the L. lactis major extracellular protein, Usp45, and L. brevis
SlpA, were used to stimulate the secretion of an E. coli F18
fimbrial adhesion protein (FedF) fused to a proteinase PrtP cell
wall anchor (Lindholm et al., 2004). Both expression systems
induced secretion of all tested FedF-PrtP fusions, however, the
quantity of fusion proteins found in the culture medium was
four to sixfold higher in those containing the SlpA signal
peptide. This was a compelling find considering that the
Usp45 signal sequence, previously shown to be one of the
most e�ective L. lactis secretion signals (Nouaille et al., 2003),
was outperformed by the heterologous SlpA signal sequence.
A similar result was obtained with the human interferon alpha
2b (hIFNa-2b) gene (Zhang et al., 2010), used worldwide for
the treatment of diseases such as hepatitis B and C (Chelbi-
Alix and Wietzerbin, 2007). The addition of the L. brevis SlpA
signal peptide increased the secretion e�ciency threefold in
comparison to the lactococcal Usp45 signal sequence (Zhang
et al., 2010).

The SlpA signal sequence has also been employed for
secretion of chromosomally inserted heterologous proteins.
The Bacillus anthracis protective antigen (PA), fused to a
dendritic cell (DC)-targeting peptide, was previously shown to
induce protective immunity when delivered on a plasmid via
L. acidophilusNCFM (Mohamadzadeh et al., 2009) and L. gasseri
(Mohamadzadeh et al., 2010). Since a major advantage of using
recombinant microbes for vaccine delivery is their ability to
express multiple antigens (Wells and Mercenier, 2008), the
B. anthracis PA was co-expressed with the Clostridium botulinum
Serotype A neurotoxin heavy-chain antigen (O’Flaherty and
Klaenhammer, 2016). The C. botulinum vaccine cassette,
which utilizes an L. acidophilus SlpA secretion signal, was
chromosomally inserted downstream of the highly expressed
enolase gene. Western blot analysis and RNA sequencing
confirmed expression of the two antigens (O’Flaherty and
Klaenhammer, 2016). Although this strain was never evaluated
in vivo, a similarly, constructed strain, also utilizing the SlpA
secretion signal, but carrying only the C. botulinum antigen
(O’Flaherty and Klaenhammer, 2016), was used to vaccinate
mice but unable to confer complete protection (Sahay et al.,
2018). Rather, vaccine e�cacy was enhanced by intradermal
injection of the purified immunogenic subunit, which elicited
robust memory B cell responses and rendered mice resistant to
lethal doses of botulinum neurotoxin serotype A (Sahay et al.,
2018).

The Slp signal sequence is capable of stimulating ample
secretion of target molecules, prompting its continued use
in vaccine research platforms. Although antigen secretion by
recombinant LABs has been shown e�ective for treating disease
(Mohamadzadeh et al., 2005, 2009, 2010), exposure to proteolytic
enzymes, low pH, and bile salts may encourage protein
degradation and therefore decreased functionality (Wells and
Mercenier, 2008); consequently cell wall anchoring has become
a popular alternative. However, surface display is a balancing
act. High exposure of a protein implies optimal host interaction,
but also increased susceptibly to degradation. Alternatively, low
exposure, via compact protein folding or embedment within the
cell wall, confers protection in exchange for diminished e�cacy
(Michon et al., 2016). Several S-layer-mediated surface display
approaches have attempted to resolve this relationship.

THE SELF-ASSEMBLING AND
ANCHORING DOMAINS OF THE Slp

Cell wall anchoring via fusion to Slp structural domains
(Figure 1D) enables direct interaction of target peptides
with host mucosal tissues while simultaneously protecting
them from degradation (Bermudez-Humaran et al., 2011;
Wang et al., 2016). The first S-layer-mediated display
of a foreign epitope was generated by fusing the S-layer
homology (SLH) domain of B. anthracis to the normally
secreted levansucrase of Bacillus subtilis (Mesnage et al.,
1999). The surface-exposed levansucrase retained its enzymatic
and antigenic properties, prompting a new area of research
which exploits the anchoring abilities of the Slp for cell
surface presentation. Lactobacillus Slps do not possess
SLH domains and are instead composed of two structural
domains: a variable terminal for monomer self-assembly
(N- or C- depending on the species), and a highly conserved
peptidoglycan anchor (Smit et al., 2001; Hynonen and Palva,
2013).

Several studies have used S-layer-mediated anchoring for
recombinant protein display on S-layer-deficient bacteria. The
cell wall binding domain of the L. crispatus F5.7 Slp (LbsA) in
conjunction with the Slp promoter and secretion signal, were
used for surface display of a GFP on several Lactobacillus chicken
isolates (Mota et al., 2006). The intention was to generate a
vaccine delivery framework for the immunization of broilers
against infectious diseases, but never evolved past proof of
concept. Vaccination via recombinant bacteria is a particularly
attractive option for livestock and poultry operations since
the lyophilized microorganisms can be blended into feed; a
process that is easily scaled up (Wang et al., 2016). For human
applications, the complete SlpA from L. acidophilus ATCC 4356
was fused to a GFP reporter for external presentation on a
plasmid-cured, lactose-deficient derivative of L. casei ATCC
334 (Qin et al., 2014). The authors were able to develop a
food-grade cell surface display vector by substituting lactose
metabolism genes in place of antibiotic selection markers and
verified gastrointestinal stability via in vitro modeling (Qin
et al., 2014). The L. crispatus K2-4-3 SlpB C-terminal domain,
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FIGURE 2 | Proposed strategies for CRISPR-based genome editing in relevant S-layer-forming lactobacilli. (A) Antigen integration into L. acidophilus SlpA via an
exogenous Type II system employing a Cas9 nickase variant which introduces a guide RNA-targeted single-stranded break. Unlike wild-type Cas9 which generates
blunt double-stranded breaks (DSB), nickases cut only one strand of the DNA, permitting genome editing in bacteria deficient in DSB repair (Chiang et al., 2016;
Song et al., 2017). (B) Antigen integration into L. crispatus CbsA using the endogenous Type I system which consists of the CRISPR-associated complex for antiviral
defense (Cascade) and the signature Cas3 nuclease (Barrangou, 2015).

LcsB, was employed for the display of not only a GFP reporter
(Hu et al., 2011), but also a carcinoembryonic antigen (CEA)
(Zhang et al., 2016). Previous studies have shown that CEA is
capable of eliciting strong T-cell and humoral immune responses,
which can hinder tumor growth (Greiner et al., 2002). Oral
administration of recombinant CEA-presenting L. lactis to mice
yielded significantly higher levels of CEA-specific secretory IgA
and a higher spleen index in comparison to CEA antigen alone or

the negative control, demonstrating the potential of L. lactis CEA
as a cancer vaccine (Greiner et al., 2002).

Since the S-layer of L. crispatus is capable of binding intestinal
extracellular matrices such as collagen and laminin, heterologous
expression of Slps has also been used to improve the adhesive
capacity of host organisms. For example, the L. crispatus
JCM5810 collagen-binding S-layer protein, CbsA (Martinez et al.,
2000), as well as its individual domains (Antikainen et al., 2002),
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were expressed on the surface of L. casei enabling recombinant
organisms to bind various extracellular matrices. Similarly, a
surface display cassette consisting of the L. brevis ATCC 8287
SlpA receptor-binding domain fused to a PrtP spacer enhanced
L. lactis adherence to Intestine 407 cells (Avall-Jaaskelainen
et al., 2003). Both approaches were able to significantly increase
the adhesive capacity of engineered organisms, but yet to
be evaluated is the probable synergistic e�ect of combining
improved adhesion with an S-layer anchored antigen in what
could potentially be a potent vaccine design platform.

Unlike much of the work presented in this review, a handful
of studies achieved Slp-mediated display of foreign proteins
without DNAmanipulation in the host by exploiting the inherent
ability of Slps to anchor and self-assemble. For instance, the
L. acidophilus C-terminal anchor (SAC) was attached to a GFP
reporter, then produced and purified in E. coli. The SAC-
GFP fusion protein was capable of binding lithium chloride-
pretreated surfaces of wild-type L. acidophilus, L. helveticus, and
L. crispatus (Smit et al., 2001). Similarly, L. crispatus K2-4-3
LcsB-GFP fusions were able to associate with SDS-pretreated
surfaces of various S-layer-forming LABs including L. brevis,
L. helveticus, L. crispatus, and Lactobacillus salivarius as well as
several non-S-layer-formers, including L. lactis, L. delbrueckii,
Lactobacillus johnsonii, and Streptococcus thermophilus (Hu et al.,
2011). Interestingly, neither the SAC-GFP fusion nor LcsB-
GFP were able to bind the surface of L. casei (Smit et al.,
2001; Hu et al., 2011). This approach is unique in that it
o�ers an alternative way to deliver foreign proteins while
also circumventing the GMO (genetically modified organism)
label, but is limited by its inability to generate additional
heterologous protein in vivo and susceptibility to replacement by
wild type Slps. However, in general, studies using heterologously
expressed Slps and Slp anchors are hindered by inadequate
secretion across the cell wall (Hu et al., 2011) or inability
to form an array due to irregular folding and/or lack of cell
surface exposure (Martinez et al., 2000). Consequently, rather
than tease apart the e�cient Slp secretion and display system,
there is now interest in harnessing it as a whole through the
direct insertion of foreign peptides within the context of the
protein.

DELIVERY VIA DIRECT INTEGRATION
WITHIN THE Slp

The extraordinarily high, stable abundance of the Slp, makes
it an enticing target for antigen display and delivery via
direct integration into its genome sequence (Figure 1E). The
presentation of an exogenous protein within the context of
the Slp was first achieved in Caulobacter crescentus through
the random introduction of a pilin peptide from Pseudomonas
aeruginosa strain K. Eleven potential sites of successful insertion
were identified, demonstrating for the first time the capacity of
the Slp to act as a carrier for foreign epitopes (Bingle et al.,
1997).

Many subsequent studies have focused on mapping the
S-layer to gain insight into ideal positioning for novel insertions,

including in Lactobacillus. In L. acidophilus ATCC 4356, peptides
ranging from 7 to 13 amino acids were randomly introduced into
the Slp (Smit et al., 2002). Within the variable N-terminal (SAN),
five of these positions maintained paracrystalline structure
formation in vitro, while four others resulted in the complete
abolishment of any array-forming capacity. Unsurprisingly, an
insertion into the cell wall-binding domain had no e�ect on
assembly (Smit et al., 2002). Similarly, the L. brevis SlpA
was mapped via cysteine-scanning mutagenesis combined with
sulfhydryl modification to identify locations of high surface
accessibility and verify that the mutations did not alter self-
assembly properties (Vilen et al., 2009). Combined, these works
established several stable, surface-accessible insertion sites within
the Lactobacillus Slp, yet few researchers have capitalized on this
knowledge.

Currently, only two studies have successfully integrated
antigens within the context of the Lactobacillus Slp. Through
an inducible expression system, the poliovirus VP1 epitope
was evaluated in four potential L. brevis ATCC 8287 slpA
insertion sites (Avall-Jaaskelainen et al., 2002). The location
that demonstrated the best surface expression was then targeted
for chromosomal insertion of the c-Myc epitope via direct
double-crossover integration (Avall-Jaaskelainen et al., 2002).
A uniformly chimeric S-layer was obtained without any e�ect
on array formation. More recently, the membrane proximal
external region (MPER) epitope from human immunodeficiency
virus type 1 (HIV-1) was inserted into L. acidophilus NCFM
SlpA (Kajikawa et al., 2015). L. acidophilus NCFM is regularly
employed for mucosal vaccine delivery due in part to its direct
interactions with the dendritic cell-specific antigen DC-SIGN
(Konstantinov et al., 2008) and adaptation to the harsh conditions
associated with gastric transit (Sanders and Klaenhammer,
2001). Vaccination via the recombinant organism, in conjunction
with an IL-1b adjuvant, successfully stimulated MPER-specific
antibody production in both the serum and mucosal secretions
of mice (Kajikawa et al., 2015). This study marks the first
and only instance of an Slp-integrated antigen being evaluated
in vivo.

The establishment of a uniformly chimeric S-layer translates
to approximately 105 instances of epitope display on the surface
of a single bacterium (Sleytr and Messner, 1983). Despite these
considerable numbers, insert size is exceptionally limited in
order to preserve S-layer array formation (Smit et al., 2002).
Currently, peptides longer than 19 amino acids are unable to
be inserted into SlpA without disrupting the lattice structure
(Kajikawa et al., 2015). Therefore, alternative methods exploiting
auxiliary proteins associated with the S-layer are now being
investigated for the display and delivery of larger antigens, as seen
in Slp-mediated anchoring studies (see “The self-assembling and
anchoring domains of the Slp”), but at frequencies more akin to
direct integration.

S-LAYER ASSOCIATED PROTEINS

The Lactobacillus S-layer, once thought to be solely composed
of repeating monomeric Slp subunits, is actually far more
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complex (Johnson et al., 2013, 2015). It is now widely accepted
that S-layers can act as sca�olds for the external display
of numerous auxiliary proteins, termed S-layer associated
proteins (SLAPs), which can confer additional physiological
functionalities (Johnson et al., 2013, 2015, 2017; Hymes et al.,
2016; Johnson and Klaenhammer, 2016; Celebioglu and
Svensson, 2017). Recently, the SLAP profile of L. acidophilus
NCFM was quantified via multiplexing mass spectrometry
(Klotz et al., 2017). Although results revealed significant
growth stage-dependent alterations, they also highlighted
several proteins with consistent high expression in both

logarithmic and stationary growth phases (Klotz et al., 2017).
The surface location and abundance of these proteins make
them excellent targets for biotherapeutic delivery. Unlike
Slp integrants, SLAP fusions are theoretically less limited
in epitope size as they are not prone to S-layer array
disruption (Figure 1F). Both the native SLAP promoter
and secretion signal can be harnessed for this process
with the intent to maintain high expression, secretion,
and surface localization coupled with the display and
delivery of a significantly larger and therefore more potent
epitope.

TABLE 1 | S-layer protein applications in recombinant protein expression systems and biotherapeutic delivery platforms.

S-layer-
forming
lactobacilli

Slp Slp
Component

Host Antigen/Reporter Results Reference

L. acidophilus SlpA; SlpB Promoter L. casei CAT Evaluated slpA and slpB

promoters; only slpA remained
active under all tested growth
conditions

Boot et al., 1996b

SlpA Promoter L. lactis; L. reuteri

chicken crop
isolates

eGFP The slpA promoter was highly
efficient in L. lactis but nearly
inactive in L. reuteri isolates

Lizier et al., 2010

SlpA Promoter L. casei; L.

paracasei; L.

plantarum; L. lactic;

L. helveticus; L.

acidophilus; L.

lactis; E. coli

GFP Plasmids encoding slpA

promoter exhibited distinct
properties based on host and
growth phase

Chen et al., 2014

SlpA Promoter L. acidophilus GusA The slpA-driven GusA activity
increased three logs in
comparison to the
gusA-negative parent

Douglas and
Klaenhammer, 2011

SlpA Secretion L. acidophilus B. anthracis protective
antigen (PA);
C. botulinum Serotype
A neurotoxin
heavy-chain antigen

The SlpA signal sequence
generated stable and robust
secretion of the C. botulinum

antigen

O’Flaherty and
Klaenhammer, 2016

SlpA Secretion L. acidophilus C. botulinum Serotype
A neurotoxin
heavy-chain antigen

Recombinant organism was
unable to confer complete
protection against an
experimental botulism
challenge

Sahay et al., 2018

SlpA Integration L. casei GFP Generated a food-grade
SlpA-based cell surface display
vector and verified
gastrointestinal stability in vitro

Qin et al., 2014

SlpA Integration L. acidophilus HIV-1 membrane
proximal external region
(MPER)

Delivery of MPER peptide via
direct integration into SlpA
stimulated antigen-specific
antibody production in both
serum and mucosal secretions
of vaccinated mice

Kajikawa et al., 2015

L. brevis SlpA Promoter L. lactis; L.

plantarum; L.

gasseri

GusA; Luc; PepN The slpA promoter was
recognized in all strains but
especially L. lactis and
L. plantarum

Kahala and Palva, 1999

SlpA Promoter L. casei Mouse IL-10 The slpA promoter yielded high
levels of IL-10 but was sensitive
to low pH

Kajikawa et al., 2010

(Continued)
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TABLE 1 | Continued

S-layer-
forming
lactobacilli

Slp Slp
Component

Host Antigen/Reporter Results Reference

SlpA Promoter;
secretion

L. lactis; L. brevis;

L. plantarum; L.

gasseri; L. casei

E. coli b-lactamase (Bla) Bla was expressed in all hosts,
but most efficiently in L. lactis

and L. brevis; production was
restricted to exponential growth
phase

Savijoki et al., 1997

SlpA Secretion L. lactis E. coli F18 fimbrial
adhesion protein (FedF)

The SlpA signal sequence
increased FedF secretion
efficiency four to sixfold in
comparison to the lactococcal
Usp45 signal sequence

Lindholm et al., 2004

SlpA Secretion L. lactis Human interferon alpha
2b (hIFNa-2b)

SlpA signal sequence increased
hIFNa-2b secretion efficiency
threefold in comparison to the
lactococcal Usp45 signal
sequence

Zhang et al., 2010

SlpA Secretion;
structural
domain

L. lactis None Surface expression of SlpA
receptor-binding domain
increased adherence to
Intestine 407 cells

Avall-Jaaskelainen
et al., 2003

SlpA Integration L. brevis Poliovirus VP1 epitope;
c-Myc epitope

Directly inserted epitopes into
SlpA without disrupting array
formation

Avall-Jaaskelainen
et al., 2002

L. crispatus LbsA Promoter;
secretion,
structural
domain

Lactobacillus

chicken isolates
GFP Achieved expression, secretion

and surface presentation of
GFP

Mota et al., 2006

LcsB Structural
domain

L. lactis GFP Achieved surface presentation
of GFP

Hu et al., 2011

LcsB Structural
domain

L. lactis Carcinoembryonic
antigen (CEA)

LcsB-mediated display of CEA
stimulated higher levels of
antigen-specific secretory IgA
and a higher spleen index when
fed to mice

Zhang et al., 2016

CbsA Structural
domain

L. casei None Recombinant L. casei

expressing CbsA was able to
bind immobilized collagens

Martinez et al., 2000

CbsA Structural
domain

L. casei None Recombinant expression of
CbsA domains enabled
adhesion to laminin and
collagen

Antikainen et al., 2002

Slp ENGINEERING PLATFORMS

Presently, the two most popular techniques for engineering
LABs are the NICE (NIsin Controlled gene Expression)
system in L. lactis and the pORI-based upp counterselective
gene replacement system in L. acidophilus. There is also
growing interest surrounding the use of CRISPR-Cas technology,
though its application in bacterial genome editing remains
relatively underrepresented (Selle and Barrangou, 2015; Hidalgo-
Cantabrana et al., 2017).

The NICE System
The NICE system uses nisin to drive heterologous protein
expression in L. lactis (Kuipers et al., 1995). Through the
insertion of signal transduction genes from a nisin gene
cluster into a nisin-negative L. lactis strain, NZ9000 was

created (Kuipers et al., 1998). Subsequently, when a gene of
interest is inserted downstream of the inducible nisA promoter,
expression of that gene can be obtained by the addition
of nisin to the culture medium (Mierau and Kleerebezem,
2005). Since its conception, NICE has become one of the
most successful and widely used expression systems in Gram-
positive bacteria (Mierau and Kleerebezem, 2005). Indeed, the
NICE system was even employed for the production a number
of the S-layer fusion proteins mentioned above (Hu et al.,
2011; Zhang et al., 2016) and to render the non-adhesive
L. lactis NZ9000 adhesive via the addition of an L. brevis
SlpA receptor-binding domain (Avall-Jaaskelainen et al., 2003).
The availability of an easily engineered, non-S-layer-forming
organism, has greatly accelerated not only our understanding
of the biological role of an S-layer but also how we can
exploit it.
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The pORI-Based upp System
The establishment of the pORI-based upp counterselective gene
replacement system in S-layer-former L. acidophilus NCFM,
first employed for the functional characterization of SlpX (Goh
et al., 2009), has since become an invaluable tool for S-layer
component engineering. The system uses a upp-encoded uracil
phosphoribosyltransferase (UPRTase) as a counterselection
marker to positively select for double crossover homologous
recombination events. The method has been adapted for
numerous Slp studies ranging from reporter integration
(Douglas and Klaenhammer, 2011), anchoring/adjuvant
assessment (Kajikawa et al., 2011), and targeted antigen delivery
systems for disease protection (Kajikawa et al., 2015; O’Flaherty
and Klaenhammer, 2016). Similar counterselective systems
have also been developed in non-S-layer-formers including
L. gasseri ATCC 33323 (Selle et al., 2014) and L. casei ATCC
393 (Song et al., 2014), but have yet to be harnessed for Slp
analyses. In general, the technique remains a superior approach
for characterizing the functional genetics of lactobacilli without
the additional pressures required for plasmid maintenance.

CRISPR
Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) together with CRISPR-associated (Cas) proteins, form
the prokaryotic adaptive immune system which provides DNA-
encoded, RNA-guided, sequence-specific protection against
viral invaders (Barrangou and Doudna, 2016). The current
classification system uses two broad classes consisting of six
major types (I–VI) which can be allocated into approximately
30 subtypes (Klompe and Sternberg, 2018). The simplest of these
is the Type II system which relies on the activity of a singular
Cas9 endonuclease and has gained immense popularity for its
ability to be repurposed for genome editing (Chylinski et al.,
2014; Barrangou and Doudna, 2016; Klompe and Sternberg,
2018). Depending on the organism, this can be done via
harnessing of the endogenous system or supplying an exogenous
Cas9:single guide RNA (sgRNA) complex. To date, no CRISPR-
based genome editing has been performed in S-layer-forming
lactobacilli, but it has been conducted in L. casei (Song et al., 2017)
and L. lactis (Berlec et al., 2018), frequent hosts for recombinant
Slp investigative research. Nevertheless, the development and
delivery of a functional CRISPR-Cas9 plasmid remains a critical
need, particularly in organisms such as L. acidophilus NCFM
(depicted in Figure 2A), which does not possess an active CRISPR
system (Crawley et al., 2018), but has proven to be hugely
impactful in both probiotic and Slp research.

Despite the popularity of Type II engineering, Type I systems
have been harnessed for genome editing in Clostridium and
archaea (Pyne et al., 2016; Cheng et al., 2017) and transcriptional
regulation in E. coli (Luo et al., 2015). S-layer formers, L. crispatus,
and L. helveticus, frequently possess Type I systems (Crawley
et al., 2018) and are also of interest for vaccine delivery.
L. crispatus is a natural inhabitant of the human vaginal tract
(Lepargneur, 2016), rendering it suitable for delivery of antigens
targeting sexually transmitted diseases, such as HIV, while
L. helveticus is predominately associated with dairy (Taverniti

and Guglielmetti, 2012), which could be advantageous when
considering modes of delivery and stability of the vaccine.
A proposed strategy for Type I genome editing in L. crispatus is
illustrated in Figure 2B. Harnessing of the endogenous system
or delivery of a functional exogenous system both possess
the potential to be powerful tools for advancing Slp-mediated
biotherapeutic research.

The NICE and pORI-based upp systems have both proven
e�ective for S-layer-mediated biotherapeutic delivery; however,
next-generation genome editing tools, such as CRISPR-Cas,
hold tremendous potential for bacterial engineering overall
(Selle and Barrangou, 2015; Hidalgo-Cantabrana et al., 2017).
Many S-layer-forming lactobacilli possess endogenous CRISPR
systems, making them promising candidates for future S-layer
engineering studies. Alternatively, delivery of a functional
CRISPR to strains devoid of a system, will also greatly
accelerate the pace at which recombinant organisms can be
generated. Ironically, despite CRISPR originating as the bacterial
adaptive immune system, CRISPR-based bacterial genome
editing still remains relatively underexploited, though recent
studies have provided valuable insights for its widespread future
implementation (Selle and Barrangou, 2015).

FUTURE DIRECTIONS

The Slp is a multi-faceted engineering target with both
biotherapeutic and biotechnological applications (Sleytr et al.,
2014). However, within the Lactobacillus genus, harnessing of
this protein remains early in its development (Avall-Jaaskelainen
and Palva, 2005; Hynonen and Palva, 2013); nonetheless, the
research highlighted above (summarized in Table 1) advocates
for its continued pursuit. The slp promoter and signal peptide
are undoubtedly adept at driving robust expression and secretion
of target proteins, while the structural domains have successfully
displayed foreign epitopes and improved the adhesive capacity
of host cells. More complex and novel display strategies,
such as direct integration into the Slp or SLAP fusions, are
innovative approaches for cell surface presentation that also
exploit the inherent properties of S-layer-forming lactobacilli. In
general, eliciting consistent immune responses via the mucosal
route of administration is hindered by rapid elimination or
inability to make contact with M cells and other mucosal
tissues involved in antigen uptake and processing (Ogra et al.,
2001). Thus the ability of recombinant LABs, and the S-layer
in particular, to promote antigen uptake and stimulate the
adaptive immune response is highly desirable (Konstantinov
et al., 2008).

Numerous studies have established vaccine platforms based
on one or more components of the Lactobacillus Slp, however,
there remains a disconnect between delivery and e�cacy. Despite
extensive reviews touting the e�ectiveness of the LAB-based
vaccines in vivo (Wells and Mercenier, 2008; LeCureux and
Dean, 2018), few S-layer-based delivery frameworks have moved
into animal models. Although successful secretion and/or surface
display of the reporter/antigen is regularly achieved, only three of
the recombinant organisms presented above were tested in mice
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(Kajikawa et al., 2015; Zhang et al., 2016; Sahay et al., 2018),
whereas the remainder were more focused on establishing
that antigen production/display was even possible. Thus, an
important step moving forward will be connecting the delivery
of these antigens with an actual vaccination event, therefore
surpassing proof of concept studies and ultimately demonstrating
disease protection.

AUTHOR CONTRIBUTIONS

CK and RB wrote and edited the manuscript.

FUNDING

This work was supported by DuPont Nutrition and Health and
the North Carolina Ag Foundation.

ACKNOWLEDGMENTS

We would like to thank Dr. Yong Jun Goh, Dr. Sarah O’Flaherty,
Dr. Claudio Hidalgo-Cantabrana, and Dr. Alexandra Crawley
for their technical expertise and assistance with manuscript
preparation.

REFERENCES
Antikainen, J., Anton, L., Sillanpaa, J., and Korhonen, T. K. (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.

Avall-Jaaskelainen, S., Kyla-Nikkila, K., Kahala, M., Miikkulainen-Lahti, T., and
Palva, A. (2002). Surface display of foreign epitopes on the Lactobacillus brevis
S-layer. Appl. Environ. Microbiol. 68, 5943–5951.

Avall-Jaaskelainen, S., Lindholm, A., and Palva, A. (2003). Surface display of
the receptor-binding region of the Lactobacillus brevis S-layer protein in
Lactococcus lactis provides nonadhesive lactococci with the ability to adhere to
intestinal epithelial cells. Appl. Environ. Microbiol. 69, 2230–2236.

Avall-Jaaskelainen, S., and Palva, A. (2005). Lactobacillus surface layers and their
applications. FEMS Microbiol. Rev. 29, 511–529.

Barrangou, R. (2015). Diversity of CRISPR-Cas immune systems and molecular
machines. Genome Biol. 16:247. doi: 10.1186/s13059-015-0816-9

Barrangou, R., and Doudna, J. A. (2016). Applications of CRISPR technologies in
research and beyond. Nat. Biotechnol. 34, 933–941. doi: 10.1038/nbt.3659

Berlec, A., Ravnikar, M., and Strukelj, B. (2012). Lactic acid bacteria as oral delivery
systems for biomolecules. Pharmazie 67, 891–898.

Berlec, A., Skrlec, K., Kocjan, J., Olenic, M., and Strukelj, B. (2018). Single plasmid
systems for inducible dual protein expression and for CRISPR-Cas9/CRISPRi
gene regulation in lactic acid bacterium Lactococcus lactis. Sci. Rep. 8:1009.
doi: 10.1038/s41598-018-19402-1

Bermudez-Humaran, L. G., Aubry, C., Motta, J. P., Deraison, C., Steidler, L.,
Vergnolle, N., et al. (2013). Engineering lactococci and lactobacilli for human
health. Curr. Opin. Microbiol. 16, 278–283. doi: 10.1016/j.mib.2013.06.002

Bermudez-Humaran, L. G., Kharrat, P., Chatel, J. M., and Langella, P. (2011).
Lactococci and lactobacilli as mucosal delivery vectors for therapeutic proteins
andDNA vaccines.Microbial Cell Factories 10(Suppl. 1)), S4. doi: 10.1186/1475-
2859-10-S1-S4

Bingle, W. H., Nomellini, J. F., and Smit, J. (1997). Cell-surface display of
a Pseudomonas aeruginosa strain K pilin peptide within the paracrystalline
S-layer of Caulobacter crescentus.Mol. Microbiol. 26, 277–288.

Boot, H. J., Kolen, C. P., Andreadaki, F. J., Leer, R. J., and Pouwels, P. H. (1996a).
The Lactobacillus acidophilus S-layer protein gene expression site comprises
two consensus promoter sequences, one of which directs transcription of stable
mRNA. J. Bacteriol. 178, 5388–5394.

Boot, H. J., Kolen, C. P., and Pouwels, P. H. (1996b). Interchange of the active
and silent S-layer protein genes of Lactobacillus acidophilus by inversion of the
chromosomal slp segment.Mol. Microbiol. 21, 799–809.

Celebioglu, H. U., and Svensson, B. (2017). Exo- and surface proteomes of the
probiotic bacterium Lactobacillus acidophilus NCFM. Proteomics 17, 1700019.
doi: 10.1002/pmic.201700019

Chelbi-Alix, M. K., and Wietzerbin, J. (2007). Interferon, a growing cytokine
family: 50 years of interferon research. Biochimie 89, 713–718.

Chen, Z. J., Lin, J. Z., Ma, C. J., Zhao, S. M., She, Q. X., and Liang, Y. X. (2014).
Characterization of pMC11, a plasmid with dual origins of replication isolated
from Lactobacillus casei MCJ and construction of shuttle vectors with each
replicon. Appl. Microbiol. Biotechnol. 98, 5977–5989. doi: 10.1007/s00253-014-
5649-z

Cheng, F., Gong, L., Zhao, D., Yang, H., Zhou, J., Li, M., et al. (2017). Harnessing
the native type I-B CRISPR-Cas for genome editing in a polyploid archaeon. J
Genet Genomics 44, 541–548. doi: 10.1016/j.jgg.2017.09.010

Chiang, T. W., Le Sage, C., Larrieu, D., Demir, M., and Jackson, S. P.
(2016). CRISPR-Cas9(D10A) nickase-based genotypic and phenotypic
screening to enhance genome editing. Sci Rep 6, 24356. doi: 10.1038/srep
24356

Chylinski, K., Makarova, K. S., Charpentier, E., and Koonin, E. V. (2014).
Classification and evolution of type II CRISPR-Cas systems. Nucleic Acids Res.
42, 6091–6105. doi: 10.1093/nar/gku241

Crawley, A., Henriksen, E., Stout, E., Brandt, K., and Barrangou, R. (2018).
Characterizing the activity of abundant, diverse and active CRISPR-Cas systems
in lactobacilli. Sci Rep 8, 11544. doi: 10.1038/s41598-018-29746-3

Douglas, G. L., and Klaenhammer, T. R. (2011). Directed chromosomal integration
and expression of the reporter gene gusA3 in Lactobacillus acidophilus NCFM.
Appl. Environ. Microbiol. 77, 7365–7371. doi: 10.1128/AEM.06028-11

Duar, R. M., Lin, X. X. B., Zheng, J. S., Martino, M. E., Grenier, T., Perez-Munoz,
M. E., et al. (2017). Lifestyles in transition: evolution and natural history of the
genus Lactobacillus. FEMS Microbiol. Rev. 41, S27–S48. doi: 10.1093/femsre/
fux030

Fagan, R. P., and Fairweather, N. F. (2014). Biogenesis and functions of bacterial
S-layers. Nat. Rev. Microbiol. 12, 211–222. doi: 10.1038/nrmicro3213

Goh, Y. J., Azcarate-Peril, M. A., O’Flaherty, S., Durmaz, E., Valence, F., Jardin, J.,
et al. (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. doi: 10.1128/
AEM.02502-08

Greiner, J. W., Zeytin, H., Anver, M. R., and Schlom, J. (2002). Vaccine-based
therapy directed against carcinoembryonic antigen demonstrates antitumor
activity on spontaneous intestinal tumors in the absence of autoimmunity.
Cancer Res. 62, 6944–6951.

Hidalgo-Cantabrana, C., O’Flaherty, S., and Barrangou, R. (2017). CRISPR-based
engineering of next-generation lactic acid bacteria. Curr. Opin. Microbiol. 37,
79–87. doi: 10.1016/j.mib.2017.05.015

Hu, S., Kong, J., Sun, Z., Han, L., Kong, W., and Yang, P. (2011). Heterologous
protein display on the cell surface of lactic acid bacteria mediated by the s-layer
protein.Microb Cell Fact 10, 86. doi: 10.1186/1475-2859-10-86

Hymes, J. P., Johnson, B. R., Barrangou, R., and Klaenhammer, T. R. (2016).
Functional analysis of an S-layer-associated fibronectin-binding protein in
Lactobacillus acidophilus NCFM. Appl. Environ. Microbiol. 82, 2676–2685. doi:
10.1128/AEM.00024-16

Hynonen, U., and Palva, A. (2013). Lactobacillus surface layer proteins: structure,
function and applications. Appl. Microbiol. Biotechnol. 97, 5225–5243.

Johnson, B., Selle, K., O’Flaherty, S., Goh, Y. J., and Klaenhammer, T. (2013).
Identification of extracellular surface-layer associated proteins in Lactobacillus
acidophilus NCFM.Microbiology 159, 2269–2282. doi: 10.1099/mic.0.070755-0

Johnson, B. R., Hymes, J., Sanozky-Dawes, R., Henriksen, E. D., Barrangou, R., and
Klaenhammer, T. R. (2015). Conserved S-layer-associated proteins revealed by
exoproteomic survey of S-layer-forming Lactobacilli. Appl. Environ. Microbiol.
82, 134–145. doi: 10.1128/AEM.01968-15

Johnson, B. R., and Klaenhammer, T. R. (2016). AcmB Is an S-Layer-
associated beta-N-acetylglucosaminidase and functional autolysin in

Frontiers in Microbiology | www.frontiersin.org 10 October 2018 | Volume 9 | Article 2264



   

171 
 

 

 

fmicb-09-02264 September 29, 2018 Time: 16:39 # 11

Klotz and Barrangou Engineering the Lactobacillus S-Layer

Lactobacillus acidophilus NCFM. Appl. Environ. Microbiol. 82, 5687–5697.
doi: 10.1128/AEM.02025-16

Johnson, B. R., O’Flaherty, S., Goh, Y. J., Carroll, I., Barrangou, R., and
Klaenhammer, T. R. (2017). The S-layer associated serine protease homolog
PrtX impacts cell surface-mediated microbe-host interactions of Lactobacillus
acidophilus NCFM. Front. Microbiol. 8:1185. doi: 10.3389/fmicb.2017.01185

Kahala, M., and Palva, A. (1999). The expression signals of the Lactobacillus
brevis slpA gene direct e�cient heterologous protein production in lactic acid
bacteria. Appl. Microbiol. Biotechnol. 51, 71–78.

Kajikawa, A., Ichikawa, E., and Igimi, S. (2010). Development of a highly e�cient
protein-secreting system in recombinant Lactobacillus casei. J. Microbiol.
Biotechnol. 20, 375–382.

Kajikawa, A., Nordone, S. K., Zhang, L., Stoeker, L. L., Lavoy, A. S., Klaenhammer,
T. R., et al. (2011). Dissimilar properties of two recombinant Lactobacillus
acidophilus strains displaying Salmonella FliC with di�erent anchoring
motifs. Appl. Environ. Microbiol. 77, 6587–6596. doi: 10.1128/AEM.05
153-11

Kajikawa, A., Zhang, L., Lavoy, A., Bumgardner, S., Klaenhammer, T. R., and Dean,
G. A. (2015). Mucosal immunogenicity of genetically modified Lactobacillus
acidophilus expressing an HIV-1 epitope within the surface layer protein. PLoS
One 10:e0141713. doi: 10.1371/journal.pone.0141713

Klaenhammer, T. R., Barrangou, R., Buck, B. L., Azcarate-Peril, M. A., and
Altermann, E. (2005). Genomic features of lactic acid bacteria e�ecting
bioprocessing and health. FEMS Microbiol. Rev. 29, 393–409.

Klein, G., Pack, A., Bonaparte, C., and Reuter, G. (1998). Taxonomy and physiology
of probiotic lactic acid bacteria. Int. J. Food Microbiol. 41, 103–125.

Klompe, S., and Sternberg, S. (2018). Harnessing a billion years of experimentation:
the ongoing exploration and exploitation of CRISPR–cas immune systems.
CRISPR J. 1, 141–158.

Klotz, C., O’Flaherty, S., Goh, Y. J., and Barrangou, R. (2017). Investigating the
e�ect of growth phase on the surface-layer associated proteome of Lactobacillus
acidophilus using quantitative proteomics. Front. Microbiol. 8:2174. doi: 10.
3389/fmicb.2017.02174

Konstantinov, S. R., Smidt, H., De Vos, W. M., Bruijns, S. C., Singh,
S. K., Valence, F., et al. (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. doi: 10.1073/pnas.081030
5105

Kuipers, O. P., Beerthuyzen, M. M., De Ruyter, P. G., Luesink, E. J., and De Vos,
W. M. (1995). Autoregulation of nisin biosynthesis in Lactococcus lactis by
signal transduction. J. Biol. Chem. 270, 27299–27304.

Kuipers, O. P., De Ruyter, P. G. G. A., Kleerebezem, M., and De Vos, W. M. (1998).
Quorum sensing-controlled gene expression in lactic acid bacteria. J. Biotechnol.
64, 15–21.

LeCureux, J. S., and Dean, G. A. (2018). Lactobacillus mucosal vaccine vectors:
immune responses against bacterial and viral antigens. mSphere 3:e00061-e18.
doi: 10.1128/mSphere.00061-18

Lepargneur, J. P. (2016). Lactobacillus crispatus as biomarker of the healthy vaginal
tract. Ann. Biol. Clin. 74, 421–427. doi: 10.1684/abc.2016.1169

Lindholm, A., Smeds, A., and Palva, A. (2004). Receptor binding domain of
Escherichia coli F18 fimbrial adhesin FedF can be both e�ciently secreted and
surface displayed in a functional form in Lactococcus lactis. Appl. Environ.
Microbiol. 70, 2061–2071.

Liu, W., Pang, H., Zhang, H., and Cai, Y. (2014). “Biodiversity of Lactic Acid
Bacteria,” in Lactic Acid Bacteria: Fundamentals and Practice, eds H. Zhang and
Y. Cai (Dordrecht: Springer Netherlands), 103–203.

Lizier, M., Sarra, P. G., Cauda, R., and Lucchini, F. (2010). Comparison of
expression vectors in Lactobacillus reuteri strains. FEMS Microbiol. Lett. 308,
8–15. doi: 10.1111/j.1574-6968.2010.01978.x

Luo, M. L., Mullis, A. S., Leenay, R. T., and Beisel, C. L. (2015). Repurposing
endogenous type I CRISPR-Cas systems for programmable gene repression.
Nucleic Acids Res. 43, 674–681. doi: 10.1093/nar/gku971

Martinez, B., Sillanpaa, J., Smit, E., Korhonen, T. K., and Pouwels, P. H. (2000).
Expression of cbsA encoding the collagen-binding S-protein of Lactobacillus
crispatus JCM5810 in Lactobacillus casei ATCC 393(T). J. Bacteriol. 182,
6857–6861.

Mesnage, S., Tosi-Couture, E., and Fouet, A. (1999). Production and cell surface
anchoring of functional fusions between the SLHmotifs of the Bacillus anthracis

S-layer proteins and the Bacillus subtilis levansucrase. Mol. Microbiol. 31,
927–936.

Michon, C., Langella, P., Eijsink, V. G. H., Mathiesen, G., and Chatel, J. M.
(2016). Display of recombinant proteins at the surface of lactic acid bacteria:
strategies and applications. Microb. Cell Fact. 15:70. doi: 10.1186/s12934-016-
0468-9

Mierau, I., and Kleerebezem, M. (2005). 10 years of the nisin-controlled gene
expression system (NICE) in Lactococcus lactis. Appl. Microbiol. Biotechnol. 68,
705–717.

Mohamadzadeh, M., Duong, T., Sandwick, S. J., Hoover, T., and Klaenhammer,
T. R. (2009). Dendritic cell targeting of Bacillus anthracis protective antigen
expressed by Lactobacillus acidophilus protects mice from lethal challenge. Proc.
Natl. Acad. Sci. U.S.A. 106, 4331–4336. doi: 10.1073/pnas.0900029106

Mohamadzadeh, M., Durmaz, E., Zadeh, M., Pakanati, K. C., Gramarossa, M.,
Cohran, V., et al. (2010). Targeted expression of anthrax protective antigen
by Lactobacillus gasseri as an anthrax vaccine. Future Microbiol 5, 1289–1296.
doi: 10.2217/fmb.10.78

Mohamadzadeh, M., Olson, S., Kalina, W. V., Ruthel, G., Demmin, G. L., Warfield,
K. L., et al. (2005). Lactobacilli activate human dendritic cells that skew T cells
toward T helper 1 polarization. Proc. Natl. Acad. Sci. U.S.A. 102, 2880–2885.

Mota, R.M.,Moreira, J. L., Souza,M. R., Horta, M. F., Teixeira, S. M., Neumann, E.,
et al. (2006). Genetic transformation of novel isolates of chicken Lactobacillus
bearing probiotic features for expression of heterologous proteins: a tool to
develop live oral vaccines. BMC Biotechnol. 6:2. doi: 10.1186/1472-6750-6-2

Nouaille, S., Ribeiro, L. A., Miyoshi, A., Pontes, D., Le Loir, Y., Oliveira, S. C., et al.
(2003). Heterologous protein production and delivery systems for Lactococcus
lactis. Genet. Mol. Res. 2, 102–111.

O’Flaherty, S., and Klaenhammer, T. R. (2016). Multivalent chromosomal
expression of the Clostridium botulinum serotype a neurotoxin heavy-
chain antigen and the Bacillus anthracis protective antigen in Lactobacillus
acidophilus. Appl. Environ. Microbiol. 82, 6091–6101.

Ogra, P. L., Faden, H., andWelliver, R. C. (2001). Vaccination strategies formucosal
immune responses. Clin. Microbiol. Rev 14, 430–445.

Pyne, M. E., Bruder, M. R., Moo-Young, M., Chung, D. A., and Chou, C. P.
(2016). Harnessing heterologous and endogenous CRISPR-Cas machineries
for e�cient markerless genome editing in Clostridium. Sci. Rep. 6:25666. doi:
10.1038/srep25666

Qin, J., Wang, X., Kong, J., Ma, C., and Xu, P. (2014). Construction of a food-grade
cell surface display system for Lactobacillus casei.Microbiol. Res. 169, 733–740.
doi: 10.1016/j.micres.2014.02.001

Sahay, B., Colliou, N., Zadeh, M., Ge, Y., Gong, M., Owen, J. L., et al. (2018).
Dual-route targeted vaccine protects e�ciently against botulinum neurotoxin
A complex. Vaccine 36, 155–164. doi: 10.1016/j.vaccine.2017.11.008

Sanders, M. E., and Klaenhammer, T. R. (2001). Invited review: the scientific basis
of Lactobacillus acidophilus NCFM functionality as a probiotic. J. Dairy Sci. 84,
319–331.

Sara, M., and Sleytr, U. B. (2000). S-Layer proteins. J. Bacteriol. 182, 859–868.
Savijoki, K., Kahala, M., and Palva, A. (1997). High level heterologous protein

production in Lactococcus and Lactobacillus using a new secretion system based
on the Lactobacillus brevis S-layer signals. Gene 186, 255–262.

Selle, K., and Barrangou, R. (2015). Harnessing CRISPR-Cas systems for bacterial
genome editing. Trends Microbiol 23, 225–232. doi: 10.1016/j.tim.2015.01.008

Selle, K., Goh, Y. J., O’Flaherty, S., and Klaenhammer, T. R. (2014). Development
of an integration mutagenesis system in Lactobacillus gasseri. Gut Microbes 5,
326–332. doi: 10.4161/gmic.29101

Sleytr, U. B., and Messner, P. (1983). Crystalline surface layers on bacteria. Annu.
Rev. Microbiol. 37, 311–339.

Sleytr, U. B., Schuster, B., Egelseer, E. M., and Pum, D. (2014). S-layers: principles
and applications. FEMS Microbiol. Rev. 38, 823–864. doi: 10.1111/1574-6976.
12063

Smit, E., Jager, D., Martinez, B., Tielen, F. J., and Pouwels, P. H. (2002). Structural
and functional analysis of the S-layer protein crystallisation domain of
Lactobacillus acidophilus ATCC 4356: evidence for protein-protein interaction
of two subdomains. J. Mol. Biol. 324, 953–964.

Smit, E., Oling, F., Demel, R., Martinez, B., and Pouwels, P. H. (2001). The
S-layer protein of Lactobacillus acidophilus ATCC 4356: identification and
characterisation of domains responsible for S-protein assembly and cell wall
binding. J. Mol. Biol. 305, 245–257.

Frontiers in Microbiology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 2264



   

172 
 

 

 

fmicb-09-02264 September 29, 2018 Time: 16:39 # 12

Klotz and Barrangou Engineering the Lactobacillus S-Layer

Song, B. F., Ju, L. Z., Li, Y. J., and Tang, L. J. (2014). Chromosomal insertions in
the Lactobacillus casei upp gene that are useful for vaccine expression. Appl.
Environ. Microbiol. 80, 3321–3326. doi: 10.1128/AEM.00175-14

Song, X., Huang, H., Xiong, Z., Ai, L., and Yang, S. (2017). CRISPR-Cas9(D10A)
nickase-assisted genome editing in Lactobacillus casei. Appl. Environ. Microbiol
83, e01259-17. doi: 10.1128/AEM.01259-17

Steidler, L., Hans,W., Schotte, L., Neirynck, S., Obermeier, F., Falk,W., et al. (2000).
Treatment of murine colitis by Lactococcus lactis secreting interleukin-10.
Science 289, 1352–1355.

Taverniti, V., and Guglielmetti, S. (2012). Health-promoting properties of
Lactobacillus helveticus. Front. Microbiol. 3:392. doi: 10.3389/fmicb.2012.
00392

Vilen, H., Hynonen, U., Badelt-Lichtblau, H., Ilk, N., Jaaskelainen, P., Torkkeli, M.,
et al. (2009). Surface Location of Individual Residues of SlpA Provides Insight
into the Lactobacillus brevis S-Layer. J. Bacteriol. 191, 3339–3349. doi: 10.1128/
JB.01782-08

Wang, M., Gao, Z., Zhang, Y., and Pan, L. (2016). Lactic acid bacteria as mucosal
delivery vehicles: a realistic therapeutic option. Appl. Microbiol. Biotechnol. 100,
5691–5701. doi: 10.1007/s00253-016-7557-x

Wells, J. M., and Mercenier, A. (2008). Mucosal delivery of therapeutic and
prophylactic molecules using lactic acid bacteria. Nat. Rev. Microbiol. 6
349–362. doi: 10.1038/nrmicro1840

Wyszynska, A., Kobierecka, P., Bardowski, J., and Jagusztyn-Krynicka, E. K. (2015).
Lactic acid bacteria–20 years exploring their potential as live vectors formucosal
vaccination. Appl. Microbiol. Biotechnol. 99, 2967–2977. doi: 10.1007/s00253-
015-6498-0

Zhang, Q., Zhong, J., Liang, X., Liu, W., and Huan, L. (2010). Improvement of
human interferon alpha secretion by Lactococcus lactis. Biotechnol. Lett. 32,
1271–1277. doi: 10.1007/s10529-010-0285-x

Zhang, X., Hu, S., Du, X., Li, T., Han, L., and Kong, J. (2016). Heterologous
expression of carcinoembryonic antigen in Lactococcus lactis via LcsB-mediated
surface displaying system for oral vaccine development. J. Microbiol. Immunol.
Infect. 49, 851–858. doi: 10.1016/j.jmii.2014.11.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Klotz and Barrangou. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 12 October 2018 | Volume 9 | Article 2264



   

173 
 

 
APPENDIX C: REPRINT OF INVESTIGATING THE EFFECT OF GROWTH PHASE 

ON THE SURFACE-LAYER ASSOCIATED PROTEOME OF LACTOBACILLUS 

ACIDOPHILUS USING QUANTITATIVE PROTEOMICS 

 

 

  



   

174 
 

 

 

ORIGINAL RESEARCH
published: 08 November 2017

doi: 10.3389/fmicb.2017.02174

Frontiers in Microbiology | www.frontiersin.org 1 November 2017 | Volume 8 | Article 2174

Edited by:

Aldo Corsetti,

Università di Teramo, Italy

Reviewed by:

Atte Von Wright,

University of Eastern Finland, Finland

Maria de los Angeles Serradell,

Consejo Nacional de Investigaciones

Científicas y Técnicas (CONICET),

Argentina

*Correspondence:

Rodolphe Barrangou

rbarran@ncsu.edu

Specialty section:

This article was submitted to

Food Microbiology,

a section of the journal

Frontiers in Microbiology

Received: 28 August 2017

Accepted: 23 October 2017

Published: 08 November 2017

Citation:

Klotz C, O’Flaherty S, Goh YJ and

Barrangou R (2017) Investigating the

Effect of Growth Phase on the

Surface-Layer Associated Proteome

of Lactobacillus acidophilus Using

Quantitative Proteomics.

Front. Microbiol. 8:2174.

doi: 10.3389/fmicb.2017.02174

Investigating the Effect of Growth
Phase on the Surface-Layer
Associated Proteome of
Lactobacillus acidophilus Using
Quantitative Proteomics
Courtney Klotz 1, 2, Sarah O’Flaherty 2, Yong Jun Goh2 and Rodolphe Barrangou1, 2*

1 Genomic Sciences Graduate Program, North Carolina State University, Raleigh, NC, United States, 2 Department of Food,

Bioprocessing and Nutrition Sciences, North Carolina State University, Raleigh, NC, United States

Bacterial surface-layers (S-layers) are semi-porous crystalline arrays that self-assemble

to form the outermost layer of some cell envelopes. S-layers have been shown to act

as scaffolding structures for the display of auxiliary proteins externally. These S-layer

associated proteins have recently gained attention in probiotics due to their direct

physical contact with the intestinal mucosa and potential role in cell proliferation,

adhesion, and immunomodulation. A number of studies have attempted to catalog

the S-layer associated proteome of Lactobacillus acidophilus NCFM under a single

condition. However, due to the versatility of the cell surface, we chose to employ

a multiplexing-based approach with the intention of accurately contrasting multiple

conditions. In this study, a previously described lithium chloride isolation protocol was

used to release proteins bound to the L. acidophilus S-layer during logarithmic and

early stationary growth phases. Protein quantification values were obtained via TMT

(tandem mass tag) labeling combined with a triple-stage mass spectrometry (MS3)

method. Results showed significant growth stage-dependent alterations to the surface-

associated proteome while simultaneously highlighting the sensitivity and reproducibility

of the technology. Thus, this study establishes a framework for quantifying condition-

dependent changes to cell surface proteins that can easily be applied to other S-layer

forming bacteria.

Keywords: Lactobacillus, probiotic, cell surface, S-layer, quantitative proteomics

INTRODUCTION

The FAO/WHO defines probiotics as “live microorganisms which when administered in adequate
amounts confer a health benefit on the host” (Hill et al., 2014). Contributions to host health
occur via three proposed mechanisms: competitive exclusion of pathogenic bacteria, enhancement
of epithelial barrier function, and modulation of the immune system (Bron et al., 2012). Lactic
acid bacteria (LAB) are Gram-positive, non-pathogenic microorganisms characterized by their
propensity to metabolize carbohydrates into lactic acid (Pot et al., 1994). Historically, they have
been exploited for food and feed fermentations, but more recently have gained attention for the
health-promoting properties of some strains (Lebeer et al., 2008; Kleerebezem and Vaughan, 2009).
In fact, the incorporation of lactobacilli and bifidobacteria into food and dietary supplements has
generated a multimillion dollar business (Kleerebezem and Vaughan, 2009).
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Beneficial effects of some Lactobacillus strains have been
linked with specific surface molecules or protein and metabolite
secretions that directly interact with the host (Lebeer et al.,
2008). Surface-layers (S-layers) have been detected on many but
not all Lactobacillus species (Hynönen and Palva, 2013). The
bacterial S-layer is a two-dimensional self-assembling crystalline
array composed of numerous identical non-covalently bound
S-layer proteins (Slps) that form the outermost coating of
certain cell envelopes (Fagan and Fairweather, 2014; Sleytr et al.,
2014). S-layers have been characterized for their role in a
number of processes including maintaining cell shape, acting as
molecular sieves, serving as binding sites, andmediating bacterial
adhesion (Sleytr et al., 2014). They may also act as a scaffold
for the external display of additional proteins or glycoproteins.
Supplemental functionality will depend on which proteins the
S-layer is presenting (Fagan and Fairweather, 2014). Despite
the significance of extracellular proteins in probiotic efficacy,
the function of most is still unknown or poorly characterized
(Kleerebezem et al., 2010).

Lactobacillus acidophilus NCFM is an S-layer forming
organism that has been incorporated into food and dietary
supplements for over 40 years. Its fully sequenced genome has
proven vital in elucidating the underlying molecular mechanisms
responsible for probiotic efficacy (Sanders and Klaenhammer,
2001; Altermann et al., 2005). Two recent studies have attempted
to catalog the S-layer associated proteome of L. acidophilus
NCFM via LC-MS/MS (Johnson et al., 2013) and 2-DE in
conjunction with MALDI-TOF MS (Celebioglu and Svensson,
2017). However, because the bacterial cell surface is dynamic,
there is a need for a more reproducible quantitative technology
capable of contrasting multiple conditions.

In mass spectrometry (MS)-based quantification methods,
inconsistent ion selection for fragmentation between runs or low
quality spectra may result in missing observations, subsequently
affecting identification and quantification (Rauniyar and Yates,
2014). However, the introduction of tandem mass spectrometry
(MS2) in conjunction with isobaric labels such as tandem
mass tags (TMT), has greatly increased the depth of MS-based
protein quantification by permitting multiplexing (Thompson
et al., 2003). Use of this technology eliminates between run
variability and has proven to be a powerful tool for monitoring
temporal expression patterns of proteins (Rauniyar and Yates,
2014). Conversely, the accuracy and precision of MS2 can
suffer due to co-selection of contaminants with target ions,
resulting in an underestimation of fold change (Ow et al., 2009;
Christoforou and Lilley, 2012). However, an additional isolation
and fragmentation step (MS3) has been shown to overcome this
issue, thus eliminating the interference effect (Ting et al., 2011).

In the present study, a previously described lithium chloride
(LiCl) isolation protocol (Johnson et al., 2013) was used to
release proteins non-covalently bound to the L. acidophilus
NCFM S-layer during logarithmic and early stationary growth
phases. To avoid potential ratio compression effects, protein
quantification values were obtained using TMT-based reporter
ions in conjunction with a synchronous precursor selection
(SPS)-based MS3 technology. As far as we know, this is the
first time that a multiplexing proteomic technology has been

applied specifically to investigate the probiotic cell surface
proteome. Through this approach, we demonstrated significant
growth-stage-induced alterations to the L. acidophilus non-
covalent exoproteome and identified several candidate proteins
for functional characterization and cell surface engineering.
More importantly, this research establishes a framework for
examining condition-dependent cell surface changes for other
S-layer forming bacteria.

MATERIALS AND METHODS

Protein Isolation via LiCl
Surface proteins were isolated from biological triplicates using a
modified LiCl S-layer extraction protocol (Johnson et al., 2013)
adapted for downstream quantitative proteomics. L. acidophilus
NCFM (NCK56) was grown statically in 800ml of de Man,
Rogosa, and Sharpe broth (MRS, Difco) at 37◦C. Cultures were
sampled at logarithmic (log, 6 h, 500ml) and early stationary
phase (stat, 12 h, 300ml) then processed immediately. All
subsequent centrifugation steps were performed at 4◦C. Briefly,
bacterial cells were centrifuged at 3,220 × g for 10min, then
washed twice with cold PBS pH 7.4 (Gibco, 4◦C). Pellets were
resuspended in 5M LiCl (4◦C) for 15min with repeated agitation,
then centrifuged at 7,441 × g for 10min. Supernatants were
transferred to Spectra/Por membrane tubing (6–8 kD, Spectrum
Laboratories, Inc.) and dialyzed against cold distilled water
(4◦C) for 24 h with gentle stirring and frequent water changes.
Overnight protein precipitates were centrifuged at 22,789 × g
for 30min, then resuspended in 1M LiCl (4◦C) for 15min with
repeated agitation. Suspensions were centrifuged at 22,789 ×

g for 30min to separate major Slps from proteins associated
with the S-layer. Subsequent supernatants containing the S-layer
associated proteins were transferred to Spectra/Por membrane
tubing (6–8 kD) and again dialyzed against cold distilled water
(4◦C) for 24 h with gentle stirring and frequent water changes.
Precipitates were harvested via centrifugation at 22,789 × g
for 30min, then concentrated in 1ml distilled water. Final
suspensions were pelleted in 1.5ml microcentrifuge tubes at
16,873 × g for 30min, then stored at −80◦C or visualized
via SDS-PAGE using precast 4–20% Precise Tris-Hepes protein
gels (Thermo Scientific) stained with AcquaStain (Bulldog Bio).
Frozen protein pellets were submitted to the Genome Center
Proteomics Core at the University of California, Davis for
proteomic analysis.

Protein Digestion
Protein pellets were solubilized in 100 µL of 6M urea in 50mM
TEAB (triethylammonium bicarbonate) then quantified via
Pierce BCA Protein Assay Kit (Thermo Scientific). Digestion was
performed on 150 µg of protein. Briefly 200mM of dithiothreitol
(DTT) was added to a final concentration of 5mM, then
incubated for 30min at 37◦C. Next, 20mM iodoacetamide (IAA)
was added to a final concentration of 15mM, then incubated
for 30min at room temperature. Unreacted IAA was quenched
by the addition of 20 µL DTT. Trypsin/Lys-C (Promega) was
then added to the sample and incubated for 4 h at 37◦C. Samples
were diluted to <1M urea by the addition of 50mM ammonium
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bicarbonate (AMBIC) and digested overnight at 37◦C. The
following day, samples were desalted using MacroSpin Column
(Nest Group).

TMT Labeling
Desalted peptides were reconstituted in 40 µl of 50mM TEAB
and quantified using Pierce Fluorometric Peptide Assay (Thermo
Scientific). Each sample was diluted with 50mM TEAB to 0.5
µg/µl for a total of 50µg of peptide per replicate and labeled with
TMT 6 Plex Mass Tag Labeling Kit (Thermo Scientific). Briefly,
41 µl of each TMT label (126–131) was added to each digested
peptide sample and incubated for 1 h. The reaction was quenched
with 8 µl of 5% hydroxylamine and incubated for 15min. All
labeled samples were then mixed together and lyophilized to
almost dryness. TMT labeled samples were reconstituted in 0.1%
trifluoroacetic acid (TFA) and the pH was adjusted to 2 with
10% TFA. The combined sample (20 µg) was separated into 8
fractions by Pierce High pH Reverse-Phase Peptide Fractionation
Kit (Thermo Scientific) with an extra wash before separation
to remove excess labels. The 8 fractions were dried almost to
completion.

LC-MS/MS
LC separation was done on a Dionex Nano Ultimate 3000
(Thermo Scientific) with a Thermo EASY-Spray source. Digested
peptides were reconstituted in 2% acetonitrile/0.1% TFA and 5
µl of each sample was loaded onto a PepMap 100 Å 3U 75µm×

20mm reverse phase trap where they were desalted online before
being separated on a 100 Å 2U 50µm× 150mm PepMap EASY-
Spray reverse phase column. Peptides were eluted using a 70min
gradient of 0.1% formic acid (A) and 80% acetonitrile (B) with a
flow rate of 200 nL/min. The separation gradient was run with 2
to 5% B over 1min, 5 to 10% B over 9min, 10 to 20% B over for
27min, 20 to 35% B over 10min, 35 to 99% B over 10min, a 2min
hold at 99% B, and finally 99 to 2% B held at 2% B for 5min.

MS3 Synchronous Precursor Selection
Workflow
Mass spectra were collected on a Fusion Lumos Mass
Spectrometer (Thermo Fisher Scientific) in a data-dependent
MS3 synchronous precursor selection (SPS)method.MS1 spectra
were acquired in the Orbitrap, 120K resolution, 50ms max inject
time, 5 × 105 automatic gain control (AGC). MS2 spectra were
acquired in the linear ion trap with a 0.7 Da isolation window,
collisionally induced dissociation (CID) fragmentation energy of
35%, turbo scan speed, 50ms max inject time, 1 × 104 AGC and
maximum parallelizable time turned on. MS2 ions were isolated
in the iontrap and fragmented with a higher-energy collisional
dissociation (HCD) of 65%. MS3 spectra were acquired in the
orbitrap with a resolution of 50K, a scan range of 100–500 Da,
105ms max inject time and 1× 105 AGC.

Protein Database Searches
Tandem mass spectra were extracted by Proteome Discoverer
version 2.1. Charge state deconvolution and deisotoping were
not performed. All MS/MS samples were analyzed using Sequest
(XCorr Only; Thermo Scientific; version 2.1.0.81). Sequest

(XCorr Only) was set up to search all L. acidophilus sequences
from Uniprot and 110 common laboratory contaminants (http://
www.thegpm.org/crap/) plus an equal number of reverse decoy
sequences (3,964 total entries) assuming the digestion enzyme
trypsin. Sequest (XCorr Only) was searched with a fragment ion
mass tolerance of 0.60 Da and a parent ion tolerance of 10.0
PPM. Carbamidomethyl of cysteine and TMT 6 plex of lysine
were specified in Sequest (XCorr Only) as fixed modifications.
Deamination of asparagine, oxidation of methionine and
acetylation of the N-terminus were specified in Sequest (XCorr
Only) as variable modifications.

Quantitative Data Analysis
Scaffold Q+ (version Scaffold_4.7.5, Proteome Software Inc.)
was used to quantitate Label Based Quantitation (iTRAQ,
TMT, SILAC, etc.) peptide and protein identifications. Peptide
identifications were accepted if they could be established at
>95.0% probability by the Scaffold Local FDR algorithm. Protein
identifications were accepted if they could be established at
>99.0% probability and contained at least 2 identified peptides.
Protein probabilities were assigned by the Protein Prophet
algorithm (Nesvizhskii et al., 2003). Proteins that contained
similar peptides and could not be differentiated based on
MS/MS analysis alone were grouped to satisfy the principles of
parsimony. Proteins sharing significant peptide evidence were
grouped into clusters. Data was extracted from ScaffoldQ+
using the Raw Data Report export and filtered for contaminants
and residual Slps. Resulting file was further analyzed with
the SafeQuant R package v.2.3.1 (https://github.com/eahrne/
SafeQuant/) using the following command line parameters “–
AR –EX 1,2,3:4,5,6” (Glatter et al., 2012; Ahrné et al., 2013,
2016).

Functional Classification Analysis
Functional categories were assigned using DAVID
Bioinformatics Resources 6.8 Functional Annotation Tool
(Huang da et al., 2009a,b). Enrichment analyses were performed
by searching differentially expressed proteins (q-Value <

0.05) against a background of all isolated/identified proteins
using default parameters. Cytoplasmic proteins and proteins
possessing signal peptides were selected as the focus due to their
frequency and absence of overlap with each other.

RESULTS

Visualization and Quantification of Proteins
Associated with the L. acidophilus S-Layer
A previously described LiCl extraction protocol was used to
enrich for proteins non-covalently associated with the cell surface
of L. acidophilus NCFM (Johnson et al., 2013). Log and early
stationary S-layer and S-layer associated proteins were initially
visualized via SDS-PAGE gel (Figure 1A). Banding patterns
and abundances of the S-layer associated protein fraction
appeared dissimilar enough to merit quantitative proteomic
analysis. We chose to use a TMT 6 Plex in conjunction with
a synchronous precursor selection (SPS)-based MS3 technology
to eliminate the common interference effects associated with
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FIGURE 1 | SDS-PAGE and quantitative proteomic results. (A) SDS-PAGE gel used to visualize the effect of growth phase on the S-layer and S-layer associated

proteome of Lactobacillus acidophilus NCFM at 6 h (log) and 12 h (stat). (B) Correlation plot of multiplexing mass spectrometry data for all identified S-layer associated

proteins in logarithmic and early stationary growth phases. (C) Clustering of Log10 ion intensities for all identified proteins in logarithmic and early stationary growth

phases.

MS2 (Ting et al., 2011). Multiplexed reactions produced very
tight biological replicates (R2 ≥ 0.97) with clear growth-stage-
dependent effects (Figures 1B,C). Through this approach, we
identified 352 proteins of which 276 were differentially expressed
(Figure 1C and Supplementary Table 1). Proteins with a q-Value
< 0.05 were considered significant.

Distribution of S-Layer Associated
Proteins Based on Functional Categories
The transition from log to stationary phase produced notable
fluctuations in protein counts between diverse functional

categories (Figure 2). Of the 276 afflicted proteins, 50 were
shown to possess signal peptides, 46 of which were significantly
upregulated. Signal sequences are indicative of proteins destined
to either be secreted or incorporated into cell wall or cell
membrane components (Kleerebezem et al., 2010). Additional
upregulated functional categories include 18 membrane, 14
transmembrane helix, 14 transmembrane, and five secreted
proteins. The most frequently downregulated functional
categories included 63 cytoplasmic proteins, followed by
nucleotide-binding and ATP-binding with 56 and 44 proteins,
respectively. The greater number of proteins within these
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FIGURE 2 | Number of differentially expressed (q < 0.05) early stationary phase S-layer associated proteins grouped based on functional category. Categories were

assigned via the DAVID algorithm using default parameters.

FIGURE 3 | Percent abundance of logarithmic and early stationary phase S-layer associated protein functional categories identified in Figure 2. Functional categories

were assigned via the DAVID algorithm using default parameters.

categories did not necessarily correlate with overall abundance.
Figure 3 illustrates the percent abundance of each functional
category in comparison to the total. Unsurprisingly, proteins

possessing signal peptides were dominant in both log (45.1%)
and stationary (62.4%) growth phases. Although 24.2% of log
phase proteins were classified as cytoplasmic, the category
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TABLE 1 | The 25 most abundant S-layer associated proteins in logarithmic phase and early stationary phase.

Gene Predicted function Log2 (Stat/Log) q-Value Functional category

LOGARITHMIC

LBA1578 Putative serine protease −0.52 0.077187183 Signal

LBA0695 Putative uncharacterized protein 0.19 0.719561982 Signal

LBA1426 Putative uncharacterized protein 1.86 8.30E-06 Signal

*LBA0889 Eno—Enolase −1.47 8.97E-06 Cytoplasm

*LBA0846 Tig—Trigger factor −1.03 0.000306568 Cytoplasm

LBA1567 Aminopeptidase 1.07 0.00041098 Signal

LBA1162 Asparagine–tRNA ligase −2.33 2.76E-06 Cytoplasm

LBA0223 CdpA—Cell separation protein −0.31 0.505522785 Other

LBA1512 PrtP 0.45 0.020404475 Other

*LBA1599 FbaA—Fructose-bisphosphate aldolase −1.70 5.18E-06 Other

*LBA0289 FusA—Elongation factor G −0.88 0.002079319 Cytoplasm

LBA1611 FmtB—Surface protein 2.59 0.027027964 Other

LBA0858 Penicillin-binding protein 0.66 0.003522194 Signal

*LBA0698 Glyceraldehyde-3-p dehydrogenase −0.64 0.003045344 Other

LBA0957 KpyK—Pyruvate kinase −0.27 0.204266652 Other

*LBA0845 Tuf—Elongation factor Tu −1.36 4.72E-05 Cytoplasm

LBA1918 LysA—Lysin −1.75 1.49E-05 Signal

LBA1763 PepF—Oligopeptidase −2.65 8.61E-06 Other

LBA0185 GpmA−2, 3-bisphosphoglycerate-dependent phosphoglycerate mutase −1.80 8.02E-06 Other

LBA0222 Putative uncharacterized protein 1.19 0.003670271 Signal

LBA0831 BipA—GTP-binding protein-BipA-EF-TU family −2.30 5.14E-06 Other

LBA1270 RpsB−30S ribosomal protein S2 −0.54 0.005909604 Other

LBA1225 Putative uncharacterized protein −0.15 0.646538001 Signal

LBA1262 ProS—Proline–tRNA ligase −0.83 0.000793245 Cytoplasm

LBA1543 ThrS—Threonine–tRNA ligase −1.61 2.28E-05 Cytoplasm

EARLY STATIONARY

LBA1426 Putative uncharacterized protein 1.86 8.30E-06 Signal

LBA1578 Putative serine protease −0.52 0.077187183 Signal

LBA1611 FmtB -Surface protein 2.59 0.027027964 Other

LBA0695 Putative uncharacterized protein 0.19 0.719561982 Signal

LBA1567 Aminopeptidase 1.07 0.00041098 Signal

LBA1539 Putative uncharacterized protein 3.96 2.53E-06 Signal

LBA1690 Putative membrane protein 2.04 1.19E-05 Signal

LBA1512 PrtP 0.45 0.020404475 Other

LBA0222 Putative uncharacterized protein 1.19 0.003670271 Signal

LBA0858 Penicillin-binding protein 0.66 0.003522194 Signal

LBA1612 Fibrinogen-binding protein 2.84 0.015555274 Signal

LBA1020 Putative mucus binding protein 3.27 0.000326332 Signal

LBA0292 RplD−50S ribosomal protein L4 2.88 3.16E-06 Other

LBA0223 CdpA—Cell separation protein −0.31 0.505522785 Other

*LBA0846 Tig—Trigger factor −1.03 0.000306568 Cytoplasm

LBA0370 RplL−50S ribosomal protein L7/L12 1.41 0.002624707 Other

*LBA0889 Eno—Enolase −1.47 8.97E-06 Cytoplasm

LBA0864 Putative uncharacterized protein 0.51 0.023311864 Signal

LBA0191 Putative fibronectin domain 2.00 1.28E-05 Signal

LBA1739 Putative uncharacterized protein 0.99 0.000538559 Signal

LBA1300 OppA—Oligopeptide ABC trasporter substrate binding protein 1.93 5.63E-06 Signal

LBA0957 KpyK—Pyruvate kinase −0.27 0.204266652 Other

LBA0778 AtpD—ATP synthase subunit beta 0.61 0.001313383 Other

*LBA0289 FusA—Elongation factor G −0.88 0.002079319 Cytoplasm

*LBA0698 Glyceraldehyde-3-p dehydrogenase −0.64 0.003045344 Other

*Previously reported moonlighting function. Red and green coloring corresponds with volcano plot in Figure 4.
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FIGURE 4 | Volcano plot comparing Log2 fold change to -Log10 statistical

significance. Visually depicts the overall change in the early stationary phase

S-layer associated proteome in comparison to logarithmic phase. Proteins

possessing signal peptides are colored in green, those predicted to be

cytoplasmic are colored red, and remaining proteins are colored gray.

is mainly composed of a few highly abundant moonlighting
proteins detailed in Table 1. These proteins are predicted to be
cytoplasmic, but have been shown to possess secondary function
on the bacterial cell surface (Bendtsen et al., 2005; Wang et al.,
2014). Many of the remaining cytoplasmic proteins were in
relatively low abundance and possibly a result of low level cell
lysis.

Overall differences were visualized by plotting Log2 fold
change against the statistical significance (–Log10 q-Values)
for all identified proteins (Figure 4). Proteins possessing signal
peptides were colored in green while those predicted to be
cytoplasmic were colored red. As cells switched from log to
stationary phase, there was a clear trend in the upregulation of
signal proteins and the downregulation of cytoplasmic proteins.
The most significantly affected proteins (|Log2 fold change| > 2
and a q-Value < 1E-10) are presented in Table 2. Noteworthy,
a putative uncharacterized protein (LBA1539), a 50S ribosomal
protein (LBA0292), a putative membrane protein (LBA1690),
and a putative fibronectin domain (LBA0191) were substantially
upregulated, leading them to become amongst themost abundant
proteins on the stationary cell surface (Table 1). Alternatively,
an asparagine—tRNA ligase (LBA1162), oligopeptidase PepF
(LBA1763), and GTP-binding protein BipA (LBA0831) were
initially amongst the most abundant log phase proteins (Table 1)
but were vastly downregulated during the transition to stationary
phase.

Cluster Analysis of the Most Abundant
Proteins in Logarithmic and Early
Stationary Growth Phases
The 25 most abundant log and stationary phase proteins (Table 1
and Figure 5), though only accounting for 7% of the total number

of identified proteins, encompassed 66 and 74% of the total
abundance. A clustering of these proteins using their Log10
ion intensities is depicted in Figure 5. Unique proteins are
shown in bold. Proteins are once again classified as either signal,
cytoplasmic or other. Additional details about these proteins
can be found in Table 1. Despite considerable differences, a
conserved bottom branch comprised of five proteins (LBA1578,
LBA1611, LBA1426, LBA1567, and LBA0695) with consistent
high expression appears in both growth phases. Of these five
proteins, only surface protein FmtB (LBA1611) does not possess a
signal peptide. Three of these proteins, putative uncharacterized
protein LBA1426, surface protein FmtB (LBA1611), and an
aminopeptidase (LBA1567), although all prominent populations
in log phase, were significantly upregulated in stationary
phase. In fact, LBA1578, a putative serine protease, was
replaced by uncharacterized LBA1426 as the overall most
abundant protein when cells transitioned into stationary phase.
Though unaffected by growth phase, putative uncharacterized
protein LBA0695, cell separation protein CdpA (LBA0223),
PrtP (LBA1512), and pryruvate kinase (LBA0957) remained
dominant in both growth phases (Figure 5). Trigger factor
(LBA0846), enolase (LBA0889), and elongation factor G
(LBA0289), all well-established moonlighting proteins (Bendtsen
et al., 2005; Wang et al., 2014), were prevalent in both
growth phases despite being significantly downregulated in
stationary phase (Figure 5). Alternatively, cytoplasmic proteins
dominant only in log phase included asparagine, proline, and
threonine—tRNA ligases (LBA1162, LBA1262, and LBA1543) in
addition to elongation factor Tu (LBA0846), another recognized
moonlighting protein. A direct comparison of log (Figure 5A)
and stationary (Figure 5B) growth phases showed the number
of abundant proteins possessing signal peptides nearly doubled
in stationary phase. Twelve of these proteins were significantly
upregulated (q-Value < 0.05), of which four increased >2-
Log2 fold (LBA1539, LBA1020, LBA1612, and LBA1690). Despite
being dominant populations on the cell surface, many of these
proteins remain uncharacterized (LBA1225, LBA0222, LBA0695,
LBA1426, LBA1739, LBA0864, and LBA1539).

DISCUSSION

Molecular-based approaches have become increasingly applied
to probiotic research in an effort to define the underlying
mechanisms of probiotic activity (Marco et al., 2006). Several
recent studies have targeted proteins associated with the
L. acidophilus NCFM S-layer due to their exterior location and
potential to mediate probiotic-host interactions (Johnson et al.,
2013, 2017; Hymes et al., 2016; Johnson and Klaenhammer,
2016). Although, previous research has investigated the influence
of growth phase on the lactobacilli proteome (Kelly et al., 2005;
Cohen et al., 2006), none obtained the depth or quantitative
accuracy we generated via the elimination of a 2-DE gel step
and use of isobaric labeling combined with MS3 identification.
Through this approach we demonstrated that the L. acidophilus
cell surface is far more diverse and complex than previously
described.
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TABLE 2 | S-layer associated proteins most significantly affected by growth phase (|Log2 fold change| > 2 and a q-Value < 1E−10).

Gene Predicted function Log2 (Stat/Log) q-Value Functional category

UPREGULATED

LBA1539 Putative uncharacterized protein 3.96 2.53E-06 Signal

LBA1744 Putative glycosidase 3.95 2.53E-06 Signal

LBA1219 Putative lipase 3.64 6.21E-05 Other

LBA0112 Putative glutamine ABC transporter 3.15 2.61E-06 Signal

LBA0292 RplD−50S ribosomal protein 2.88 3.16E-06 Other

LBA0361 ABC transporter 2.84 2.61E-06 Signal

LBA0014 Putative alkylphosphonate ABC transporter 2.81 2.53E-06 Signal

LBA1601 Putative cell surface protein 2.74 7.95E-06 Signal

LBA1011 Putative uncharacterized protein 2.68 2.76E-06 Other

LBA0136 Putative uncharacterized protein 2.65 8.02E-06 Signal

LBA1603 VanY—D-alanyl-d-alanine carboxypeptidase 2.62 2.61E-06 Signal

LBA0134 GlnP—Glutamine ABC transporter permease protein 2.57 2.53E-06 Signal

LBA1509 Penicillin-binding protein 2.47 2.76E-06 Other

LBA0040 Putative uncharacterized protein 2.43 2.59E-05 Other

LBA1010 Secreted protein 2.17 1.54E-05 Other

LBA0083 HtrA—Putative heat shock related serine protease 2.16 4.10E-05 Other

LBA0046 Putative uncharacterized protein 2.15 1.49E-05 Signal

LBA0360 RplA−50S ribosomal protein 2.13 2.61E-06 Other

LBA1850 LysM—Putative aggregation promoting protein 2.13 1.29E-05 Signal

LBA1654 PspC—Putative surface protein 2.11 8.02E-06 Signal

LBA1690 Putative membrane protein 2.04 1.19E-05 Signal

LBA0191 Putative fibronectin domain 2.00 1.28E-05 Signal

DOWNREGULATED

LBA0936 AspS—Aspartate–tRNA ligase −2.02 4.2E-06 Cytoplasm

LBA1259 NusA—Transcription termination/antitermination protein −2.09 2.61E-06 Cytoplasm

LBA0273 TrcF—Transcription-repair-coupling factor −2.1 3.16E-06 Cytoplasm

LBA0997 Aluminum resistance protein −2.11 2.76E-06 Other

LBA0390 TsaD—tRNA N6-adenosine threonylcarbamoyltransferase −2.14 2.61E-06 Cytoplasm

LBA0794 ValS—Valine–tRNA ligase −2.18 2.61E-06 Cytoplasm

LBA0159 Putative uncharacterized protein −2.19 7.94E-06 Other

LBA1617 LeuS—Leucine–tRNA ligase −2.27 8.78E-06 Cytoplasm

LBA0366 PhoU—Phosphate-specific transport system accessory protein −2.29 9.21E-05 Cytoplasm

LBA0831 BipA—GTP-binding protein-BipA-EF-TU family −2.3 5.14E-06 Other

LBA0417 AlaS—Alanine–tRNA ligase −2.32 7.95E-06 Cytoplasm

LBA1162 Asparagine–tRNA ligase −2.33 2.76E-06 Cytoplasm

*LBA0285 RpoC—DNA-directed RNA polymerase subunit beta’ −2.48 2.76E-06 Other

LBA0657 Putative tRNA (cytidine(34)-2′-O)-methyltransferase −2.48 2.53E-06 Cytoplasm

*LBA0284 RpoB—DNA-directed RNA polymerase subunit beta −2.51 2.76E-06 Other

LBA1248 GrpE—Protein GrpE −2.54 8.02E-06 Cytoplasm

LBA1763 PepF—Oligopeptidase −2.65 8.61E-06 Other

LBA0261 GlyA—Serine hydroxymethyltransferase −2.66 4.46E-06 Cytoplasm

LBA0131 Ribose-p pyrokinase −2.7 2.53E-06 Other

LBA0908 Fumarate reductase flavoprotein −2.74 3.16E-06 Other

LBA0233 PyrG—CTP synthase −2.76 2.53E-06 Other

LBA0817 IleS—Isoleucine–tRNA ligase −2.78 2.53E-06 Cytoplasm

LBA1562 Fhs2—Formate–tetrahydrofolate ligase 2 −2.82 3.57E-06 Other

LBA1321 Fmt—Methionyl-tRNA formyltransferase −2.89 2.76E-05 Other

LBA1891 PurB—Adenylosuccinate lyase −3.09 2.61E-06 Other

LBA0132 TetR—Putative transcriptional regulator −3.24 2.53E-06 Other

*Previously reported moonlighting function. Red and green coloring corresponds with volcano plot in Figure 4.
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FIGURE 5 | The top 25 most abundant S-layer associated proteins in logarithmic (A) and early stationary (B) growth phases. Proteins are clustered based on their

Log10 ion intensities for both growth phases. Functional categories are labeled on the right. Unique proteins are bolded. Additional information about these proteins

can be found in Table 1.

We strategically chose to examine log and early stationary
growth phases to limit potential cell death/lysis, and thus
intracellular protein contamination. Nevertheless, cytoplasmic
proteins were still the most prevalent functional category. These
results are consistent with several other studies which routinely
found cytoplasmic proteins assuming secondary functions on
probiotic cell surfaces (Beck et al., 2009; Johnson et al., 2013;
Espino et al., 2015; Celebioglu and Svensson, 2017; Celebioglu
et al., 2017). Moonlighting proteins tend to be associated with
pathogenic functions such as adhesion to host epithelia and
extracellular matrices, along with modulation of the immune
response. However, moonlighting proteins in probiotics also
share many of these same characteristics (Wang et al., 2014). In
a recent study using trypsin shaving of probiotic Lactobacillus
rhamnosus GG and dairy strain L. rhamnosus Lc705, 77 and
88% of surface-exposed proteins were revealed to be cytoplasmic,
respectively. Interestingly, the presence of many of these putative
moonlighting proteins was predicted to be dependent on growth
stage or pH (Espino et al., 2015). Within our own data, a
number of well-known, highly abundant moonlighting proteins
including enolase, trigger factor, fructose-bisphosphate aldolase,
elongation factor Tu, elongation factor G, and glyceraldehyde-
3-p dehydrogenase, were downregulated in stationary phase.

This contrasted previous studies with Bacillus subtilis and
Lactobacillus salivarius, which demonstrated increased non-
classical protein secretion during stationary phase (Bendtsen
et al., 2005; Kelly et al., 2005). Since the secondary function
of most characterized cell surface moonlighting proteins is
adherence, one might predict decreased adhesive capacity
of stationary phase cells (Amblee and Jeffery, 2015). Many
of the remaining cytoplasmic proteins were present in low
relative abundance and predicted to be a result of minor cell
lysis. Nonetheless, their detection emphasizes the power and
robustness of the MS3 technology. In fact, MS3 yielded almost
a tenfold increase in protein identification in comparison to
previous L. acidophilus exoproteome studies (Johnson et al., 2013;
Celebioglu and Svensson, 2017).

Alternatively, proteins that were upregulated to exceptionally
high abundance in stationary phase include a putative membrane
protein (LBA1690), a putative fibronectin domain protein
(LBA0191), a 50S ribosomal protein (LBA0292), and a previously
uncharacterized protein (LBA1539). The membrane protein
and fibronectin domain protein have both been shown to
play a role in adhesion (Azcarate-Peril et al., 2009; Hymes
et al., 2016). LBA1690 was insertionally inactivated, resulting
in a 30 and 68% reduction in Caco-2 and mucin adhesion,
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respectively (Azcarate-Peril et al., 2009). LBA0191 was deleted
from the L. acidophilus chromosome resulting in a 47 and
72% reduction in mucin and fibronectin adhesion, respectively
(Hymes et al., 2016). A putative mucus binding protein
(LBA1020) and fibrinogen-binding protein (LBA1612), though
not quite as impactful, were also considerably upregulated
in stationary phase. It is possible that these proteins may
offset the potential binding-loss stemming from downregulated
moonlighting proteins.

The 50S ribosomal protein (LBA0292) does not have a
characterized cell surface function but has been located on
the exterior of Enterococcus faecalis (Bøhle et al., 2011) and
Staphylococcus aureus (Dreisbach et al., 2010) and shown to play
many roles beyond translation (Warner and Mcintosh, 2009).
Uncharacterized protein LBA1539 was the most upregulated
protein in our dataset as well as one of the most abundant. In
fact, amongst the top 25 most abundant log and stationary phase
proteins, there are an additional six putative uncharacterized
proteins (LBA1225, LBA0222, LBA0695, LBA1426, LBA1739,
and LBA0864). These proteins are in high abundance on the
cell surface, and likely make direct physical contact with the
host gastrointestinal tract, yet we have no knowledge of their
functional role. BLASTP and PFAM searches revealed that many
of these proteins are highly conserved amongst the Lactobacillus
genus and possess several interesting domains including: SH3-
like (PF13457), bacterial Ig-like (PF07523), SLAP (PF03217),
and CAP (PF00188). SH3 domains function predominately
in cell wall turnover (Kleerebezem et al., 2010). The SLAP
domain, though distantly related to the SH3 domain, is
responsible for the extracellular Slp scaffold and non-covalent
attachment of secreted proteins (Boot et al., 1995; Johnson et al.,
2015).

LBA0695 and LBA1426 cluster with a set of proteins that have
consistently high expression in both log and stationary growth
phases. Within the literature there is little mention of these
two proteins outside of the group 3 bacterial Ig-like domain on
LBA0695 (Johnson et al., 2015) and the upregulation of LBA1426
when exposed to bile (Pfeiler et al., 2007). Although LBA1426
was highly expressed during log phase, it underwent significant
upregulation in stationary phase, eventually replacing a putative
serine protease (LBA1578) as the most abundant protein within
our dataset. However, the serine protease was constitutively
expressed throughout both growth phases. This protein was
recently characterized in L. acidophilusNCFM and shown to have
distinct effects on cellular morphology leading to altered binding
ability, immunomodulatory properties, and a hypothesized role
in protein turnover and display on the cell surface (Johnson
et al., 2017). Because these three proteins are consistently highly
expressed and known to localize to the cell surface, they may
prove to be interesting targets for engineering, specifically for
the display of recombinant proteins for vaccination. In general,
LABs are promising antigen delivery candidates for processing
and presentation by the immune system (Wells and Mercenier,
2008). L. acidophilus NCFM is of particular interest due to its
ability to survive gastric passage and potential to increase the
response to oral antigens (Sanders and Klaenhammer, 2001).
In past studies, S-layer protein A (SlpA) and enolase have

been exploited for this purpose (Douglas and Klaenhammer,
2011; Kajikawa et al., 2015; O’Flaherty and Klaenhammer, 2016),
though novel proteins may prove to be valuable contenders for
future research.

The L. acidophilus cell surface is clearly modulated by
growth phase, thus so are the proteins presented to the
host. In a human trial administering probiotic Lactobacillus
plantarum, different growth phases yielded vastly diverse
mucosal responses (van Baarlen et al., 2009). Stationary phase
cells were correlated with host genes regulating immune
responses and stimulation of cellular physiology, while log
phase cells were associated with nucleic acid metabolism,
cytoplasm organization and biogenesis (van Baarlen et al.,
2009). These distinctions were hypothesized to be a result of
cell envelope and exopolysaccharide-associated functions and
highlight the importance of probiotic cell surface research.
Within our own study, the transition into stationary phase
was associated with the upregulation of extracellular proteins
and thus a shift in focus to the cell exterior. Understanding
the role of these proteins in probiotic function may assist
in illuminating mechanisms responsible for their beneficial
effects and further research on the microbe-host crosstalk
occurring within the confines of the human gastrointestinal
tract.

CONCLUSIONS

Significant alterations to the L. acidophilus surface-associated
proteome were demonstrated as cells transitioned from
log to stationary phase. Both condition-dependent and
stably expressed proteins were identified as candidates for
functional characterization and cell surface engineering.
Additionally, this study establishes a framework for
future research of S-layer associated proteins beyond L.
acidophilus. The combination of multiplexing and MS3
identification yielded reproducible data with noteworthy
condition-dependent effects, thus we encourage its use
in future studies. Overall, surface protein modulation
remains an important factor in probiotic optimization.
Furthering this research is imperative for identifying the
genotypes and phenotypes conferred by probiotic cell surface
proteins to enhance their delivery, persistence, and general
efficacy.
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