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Abstract S-layers are paracrystalline bidimensional

arrays of proteins or glycoproteins that overlay the cell

surface of several genus and species of bacteria and

archaea. As the outermost layer of several genus and spe-

cies of microorganisms, S-layer proteins (SLP) are in direct

contact with bacterial environment and thus may be

involved in many of their surface properties, including

adherence to various substrates, mucins and eukaryotic

cells, aggregation and coaggregation with yeasts and other

bacteria. In addition, SLP have been reported to be

responsible for the bacterial protection against detrimental

environmental conditions and to play an important role in

surface recognition or as carriers of virulence factors. In

this mini-review, we bring together the latest evidences

about functional and mechanical properties of bacterial

SLP from two different perspectives: (A) their role on

bacterial adherence to different substrates and surfaces, and

(B) their role as mechanical barriers in bacterial harmful

environments.
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Introduction

S-layers are paracrystalline bidimensional arrays that

overlay the cell surface of several gram-positive, gram

negative bacterial species and archaea (Fig. 1a). They are

composed of identical protein or glycoprotein subunits

forming regular and highly porous arrays with oblique (p1,

p2), square (p4) or hexagonal (p3, p6) symmetry and fully

covering the microorganism during all stages of growth

(Sleytr et al. 2001).

The interaction among S-layer protein (SLP) subunits

with the underlying cell surface occurs through non-cova-

lent forces. The protein subunits are typically rich in acidic

and hydrophobic amino acids but poor in sulphur-con-

taining amino acids, and in general have low overall iso-

electric points (Sara and Sleytr 2000). SLP genes are highly

expressed, but there is a low overall sequence similarity

among them and no universal signature sequence. For this

reason, confirmation of the presence of SLP still relies

largely on electron microscopy.

Although in recent decades great amount of information

about the biological role of SLPs has been accumulated, no

common function between microorganisms has emerged.

SLPs have been proven to be essential for the determina-

tion or maintenance of cell shape and functions as molec-

ular sieves (Sleytr and Beveridge 1999), degradative

enzymes (Calabi et al. 2001; Ahn et al. 2006; Prado Acosta

et al. 2008), binding scaffold for large molecules, ions

(Gerbino et al. 2015) or bacteriophages (Callegari et al.

1998) and mediators for bacterial adhesion (Sakakibara

et al. 2007; Hynönen and Palva 2013; Shimotahira et al.

2013; Zhang et al. 2013). SLP also contribute to microor-

ganisms pathogenicity through several mechanisms such as

adhesion to host́s cells, extracellular matrix components

and coaggregation with other microorganisms (Sakakibara
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Fig. 1 a Scanning electron micrography (60,0009) and scheme show-

ing S-layer proteins (SLP) forming the outermost layer in bacterial cell.

b–e Some of the main functions ascribed to S-layer proteins in different

bacterial species. SLPs play roles in bacterial adherence to different

substrates and surfaces, and have been linked to the auto-aggregation

ability, co-aggregation with other microorganisms and biofilm forma-

tion on biotic and abiotic surfaces (b); SLPs have also shown to mediate

adhesion to mammalian gut epithelial cells, to different cell lines (such

as Caco-2, HeLa andHep-2 cells), tomucus and to different components

of the extracellular matrix (ECM) such as laminin, fibronectin and

collagen (c). SLPs from both pathogenic and non-pathogenic microor-

ganisms have been involved in the interaction of bacteria with host

immune system: interaction of SLP with toll-like receptors (TLR2 and

TLR4) has been shown to be responsible formodulation of the pattern of

cytokines released by monocytes, macrophages and dendritic cells,

while the protective role of SLPs against humoral defenses such as

complement and antibodies, has been shown to contribute to the

pathogenicity of somemicroorganisms (d). SLPs also act as mechanical

barriers that stabilize and protect bacteria in harmful environments,

contributing to their resistance to gastrointestinal conditions (i.e., low

pH, proteolytic enzymes), to extreme environmental conditions (i.e.,

such as high temperatures, gamma radiation, high ionic strength and

heavy metals), and even to provide resistance to predation by

Bdellovibrio bacteriovorans in some species (e)
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et al. 2007; Hynönen and Palva 2013; Shimotahira et al.

2013; Zhang et al. 2013), biofilm formation (Dapa et al.

2013), and evasion of the host́s immune response via

modulation of T-cell responses, antigenic variation and

protection from complement-mediated killing and phago-

cytosis (Thompson 2002; Ausiello et al. 2006; Ryan et al.

2011; Settem et al. 2013; Taverniti et al. 2013). Moreover,

SLPs protect bacterial cells from environmental harmful

factors including changes in environmental pH and

mechanical and osmotic stresses (Engelhardt and Peters

1998; Gilmour et al. 2000; Claus et al. 2002; Engelhardt

2007), antimicrobial peptides or bacteriolytic enzymes

(Lortal et al. 1992), radiation (Kotiranta et al. 1999) and

bacteriophages and other microbial predators (Koval and

Hynes 1991).

As outermost layers of several genus and species of

microorganisms, SLPs are in direct contact with the envi-

ronment. Therefore, their role can be addressed from two

different perspectives:

(A) their role on bacterial adherence to different sub-

strates and surfaces,

(B) their role as mechanical barriers in bacterial harmful

environments.

In this minireview we will follow this approach to bring

together the latest evidences about functional and

mechanical properties of bacterial SLPs.

Role of SLP on bacterial adherence to different

substrates and surfaces

Aggregation and adhesion are complex processes involving

several molecules present on the cell wall surface of bac-

teria [i.e., teichoic and lipoteichichoic acids, (glyco)pro-

teins] (Li et al. 2015). Several authors reported the role of

SLPs in the bacterial capacity to auto- or coaggregate, and

to adhere to several matrices, including gastrointestinal

mucins, extracellular matrix macromolecules and epithelial

cells (Sakakibara et al. 2007; Hynönen and Palva 2013;

Shimotahira et al. 2013; Zhang et al. 2013).

Autoaggregation and coaggregation with other

microorganisms

Autoaggregation represents a mechanism by which gas-

trointestinal commensals adhere to each other (Fig. 1b) and

it could allow them to colonize persistently in biofilms on

the host’s mucosa (Turroni et al. 2013). Therefore, the

involvement of SLP in this process has been particularly

studied for bacterial strains with potentiality as probiotics.

In fact, the removal of SLP with 5 M LiCl reduces the

autoaggregation ability of different lactobacilli such as

Lactobacillus acidophilus ATCC 4356 (Kos et al. 2003), L.

kefiri CIDCA 8321 (Garrote et al. 2004) and L. helveticus

M92 (Beganović et al. 2011). However, the strong

autoaggregating phenotype of L. crispatus ZJ001 could be

related to other cell surface components than SLP, since it

is not markedly affected by treatment with LiCl (Chen

et al. 2007).

The ability to aggregate with other microorganisms

(coaggregation) (Fig. 1b) could be seen as a part of com-

petitive exclusion mechanism which contribute to the

reduction of the pathogenic load during infections. The role

of SLP in the interaction with Salmonella Typhimurium

FP1 has been demonstrated for L. helveticus M92 (Bega-

nović et al. 2011) since their removal produces a decrease

in coaggregation with this pathogen. On the other hand,

SLP from aggregative L. kefiri strains mediates coaggre-

gation with Saccharomyces lypolitica, interaction that may

contribute to the maintenance of structure and composition

of a complex microbial ecosystem as the kefir grain

(Golowczyc et al. 2009).

Adhesion to epithelial cells, gastrointestinal mucus

and extracellular matrix macromolecules

Microbial adhesion to epithelial and subepithelial tissue is

an important initial step in successful colonization of the

mammalian intestine and other tissue sites (Fig. 1c). Sev-

eral adhesion molecules have been extensively character-

ized for potentially probiotic bacteria and for human or

animal pathogens as well. Regarding the role of SLP in

adhesion processes involving pathogenic and non-patho-

genic bacteria, the results depend on both the substrate and

the strain. Removal of S-layer from L. acidophilus M92

reduced bacterial adhesion to pig intestinal epithelium (Kos

et al. 2003) and mouse ileal epithelial cells (Frece et al.

2005), meanwhile adhesion to Caco-2 cells was not altered

by LiCl-extraction of SLP from L. acidophilus BG2FO4 or

NCFM/N2 (Greene and Klaenhammer 1994). On the other

hand, SlpA of L. brevis ATCC 8287 possess affinity to

human intestinal epithelial cell lines (Caco-2 and Intestine

407), urinary bladder (T24), endothelial cells (EA-hy926),

since adhesion is abolished by guanidine-hydrochloride

SLP-extraction (Hynönen et al. 2002). Besides, blockade of

bacteria-cell interaction using anti-SLP specific antibodies

demonstrated the involvement of SLP in the adhesion of L.

crispatus ZJ001 to HeLa cells (Chen et al. 2007) and that

of Clostridium difficile to Hep-2 cells (Calabi et al. 2002).

In Bacillus cereus, the presence of SLP was correlated with

the adhesion to epithelial HeLa cells and neutrophiles

(Kotiranta et al. 1998; Auger et al. 2009).

Hynönen et al. (2002) used an interesting approach to

assess the role of SlpA of L. brevis ATCC 8287 on

adherence. Different regions of the slpA gene were

expressed as internal in-frame fusions in the variable
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region of the fliCH7 gene of Escherichia coli. Chimeric

flagella harbouring inserts that represented the N-terminal

part of the SLP bound to different human epithelial cell

lines as well as fibronectin, whereas the C-terminal part of

the SLP did not confer binding on the flagella. In a similar

way, Åvall-Jääskeläinen et al. (2003) constructed a surface

cassette display on the basis of SlpA receptor-binding

domain, which was expressed in Lactococcus lactis

NZ9000. In vitro adhesion assays indicated that the

recombinant lactococcal cells had gained an ability to

adhere to the cell line Intestine 407 and to fibronectin,

mainly mediated by the N terminus-encoding part of the

slpA gene.

Among non-mammal bacterial strains, the SlpA of the

honey bee pathogen Paenibacillus larvae mediates adhe-

sion to larval midgut cells, a key early step in the colo-

nization of the bee gut by the pathogen (Poppinga et al.

2012).

The ability to adhere to extracellular matrix proteins

such as collagen, laminin, fibronectin, or fibrinogen has

been extensively studied for different strains of lactobacilli

since it might have an important role in the displacement

and competition with pathogens (Muñoz-Provencio et al.

2009). Several L. crispatus strains have been studied and

the SLP domains responsible for adherence to collagen,

characterized (Toba et al. 1995; Sillanpaa et al. 2000; Sun

et al. 2013). Horie et al. (2002) demonstrated the ability of

the L. crispatus CbsA SLP to inhibit adherence of an

enterotoxic E. coli strain to laminin. Using surface plasmon

resonance, de Leeuw et al. (2006) found that SlpA of L.

brevis ATCC 8287 adhered with a higher affinity to

fibronectin and laminin than to collagen. Similar results

were obtained by Jakava-Viljanen and Palva (2007) with

SLP-carrying lactobacilli isolated from porcine intestine

and feces, using a different experimental approach.

Although adhesion of microorganisms to the mucus

layer coating the gastrointestinal tract is the first step for

them to interact with mammalian host cells (van Tassell

and Miller 2011), the scarce number of papers dealing with

this issue puts into relevance a quite large gap that requires

to be filled (Fig. 1c). In this regard, the presence of mucin

binding domains in SLPs has only been described for L.

acidophilus NCFM (Buck et al. 2005). In turn, Sánchez

et al. (2009) reported preliminary results regarding the

interaction of B. cereus’ SLPs with commercial porcine

gastric mucins. Recently, Carasi et al. (2014) reported that

L. kefiri strains treated with NaOH and LiCl have a lower

capacity to adhere to porcine gastric mucin and mucus

components extracted from piglet small intestine and

colon. Moreover, the addition of soluble SLPs increased L.

kefiri adhesion to these substrates, suggesting that the

presence of these proteins in the gastrointestinal tract could

enhance the bacterial adhesion to mucus layer, improving

the interaction with the epithelium (Carasi et al. 2014).

Since differences in the adhesion ability of L. kefiri strains

to mucus and enterocytes were observed after in vitro

simulation of gastrointestinal tract conditions (pH, biliar

salts and enzymes) we are currently investigating the role

of SLP in this phenomenon.

Biofilm formation

In nature, bacteria exist mostly as biofilms, forming sur-

face-associated microbial communities of interacting spe-

cies. Bacteria in a biofilm are more resistant than their

planktonic counterparts to different environmental stresses

such as antimicrobial agents and host defenses (Marsh et al.

2011). In a bacterial biofilm, cells are associated with each

other and/or attached to a surface and embedded in a self-

produced matrix of exopolymeric substances, including a

variety of exopolysaccharides, (glyco)proteins, (glyco)li-

pids, and extracellular DNA (Flemming and Wingender

2010).

The preferred bacterial lifestyle (planktonic or biofilm) is

highly dependent on the constituents of the cell surface. Since

the SLP is the outermost structure in many bacteria and has

been suggested to play an important role in the attachment of

several bacterial species to different surfaces (Kotiranta et al.

1998; Schneitz et al. 1993; Sakakibara et al. 2007), the role of

SLP in biofilm formation has been investigated for different

biofilm-forming bacteria such as Clostridium difficile, Bacil-

lus cereus and Tannerella forsythia.

The SLP of C. difficile consists of two protein subunits

derived from the same precursor, SlpA, which undergoes a

proteolytic cleavage mediated by the Cwp84 protease. No

SlpA mutant has been obtained to date, but a mutant in

cwp84 was shown to be defective in S-layer synthesis

(Kirby et al. 2009). Dapa et al. (2013) found that the cwp84

mutant strain had no defect in planktonic growth but had an

important decrease in biofilm accumulation as compared to

the R20291 parent strain, and that the biofilm defect for the

cwp84 strain was fully complemented by restoring the wild

type gene on the chromosome, suggesting that a mature

S-layer is essential for C. difficile biofilm formation in this

strain. In turn, Pantaléon et al. (2015) found that the biofilm

formed by the cwp84 mutant strain was 72-fold increased

over that of the 630Derm parent or complemented cwp84

mutant, and suggested that the accumulation of uncleaved

SlpA (occurring in the biofilm matrix of the cwp84 mutant)

may promote biofilm formation and enhance the bacterial

interactions. Since Cwp84 is involved in proteolytic mat-

uration of several other surface proteins, the effect of

cwp84 mutation in biofilm formation could go beyond the

defect in SLP formation. In Bacillus cereus the presence of

SLP was negatively correlated with biofilm formation

(Kotiranta et al. 1998; Auger et al. 2009).
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Tannerella forsythia is an oral biofilm forming bacteria

which possesses an S-layer composed of two glycoproteins,

TfsA and TfsB (Lee et al. 2006). In these bacteria, the

expression of SLP in cells growing in biofilm is signifi-

cantly higher than in planktonic cells, while the wecC gen,

involved in the glycosylation of several surface proteins, is

downregulated in biofilm cells (Pham et al. 2010). Mutants

lacking a functional wecC gen showed increased surface

hydrophobicity and increased biofilm formation as com-

pared to the parental strain (Honma et al. 2007). These

mutants lacked a normal S-layer, and contained proteins

TfsA and TfsB with a lower molecular mass, due to a

reduced glycosylation degree (Posch et al. 2011). Posch

et al. (2011) found that the truncated SLP glycan lacks an

acidic branch, and postulated that these acidic residues

could contribute to charge repulsive forces which impair

biofilm formation under physiological conditions of the

oral cavity. In the same sense, in studies conducted in

mutants deficient in the type IX secretion system, that also

lacked a S-layer and expressed less-glycosylated versions

of proteins TfsA and TfsB, biofilm formation tendency was

higher than in wild type cells (Narita et al. 2014). These

findings suggest that if not the S-layer per se, at least its

glycosylation degree and type of glycans strongly influence

the biofilm life-style of oral pathogen T. forsythia.

Interaction with the immune system

The first investigations about the role of SLP in the

immune response against bacteria date back to a few years

ago. They include the interaction with SLP from both

pathogenic and not pathogenic microorganisms (Fig. 1d).

For pathogenic bacteria, SLPs constitute useful tools for

evading the host immune system mechanisms. In Campy-

lobacter fetus, a pathogen that causes disseminated

bloodstream disease, SLP confers resistance to comple-

ment-mediated killing by preventing the binding of com-

plement factor C3b to the surface and has also evolved for

avoiding antibody-mediated killing by high-frequency

antigenic variation of SLPs (Thompson 2002). Although

less extensively studied, assays performed with an isogenic

mutant lacking a SLP, have shown that the SLP of peri-

odontal pathogen C. rectus appears also to induce a

downregulation of proinflammatory cytokines such as IL-8,

IL-6 and TNF-a (Wang et al. 2000). Similar results were

reported by Sekot et al. (2011) who studied the immune

response of human macrophages and gingival fibroblasts

upon stimulation with wild-type Tannerella forsythia and a

SLP-deficient mutant. More recently, Settem et al. (2013)

observed that the terminal motif of the T. forsythia S-layer

glycan core acts to modulate dendritic cells effector func-

tions to suppress Th17 responses, demonstrating that gly-

cosylation of this pathogen contributes to its persistence in

the host. As the major surface antigens of C. difficile, the

SlpA proteins lead to the release of proinflammatory

cytokines from human monocytes and to the maturation of

human monocyte-derived dendritic cells (Ausiello et al.

2006), through the recognition of Toll-like receptor 4

(TLR4), subsequently inducing T helper cell responses that

are known to be involved in bacterial clearance (Ryan et al.

2011) (Fig. 1d).

Besides pathogens, the involvement of SLP in the

microbe-induced immune response has been also studied

for some potentially probiotic bacteria. In 2008, Kon-

stantinov et al. (2008) demonstrated that SlpA of L. aci-

dophilus NCFM interacts with DC-SIGN on dendritic cell

(DC) surface, since a knockout mutant lacking the SlpA

was significantly reduced in binding to DC-SIGN. In this

SLP B-dominant strain, the nature of the interaction with

DCs changed dramatically, leading to the secretion of

higher concentrations of proinflammatory cytokines (i.e.,

IL-12p70, TNFa and IL-1b) (Fig. 1d). More recently,

Taverniti et al. (2013) showed that purified SlpA of L.

helveticus MIMLh5 exerts anti-inflammatory effects by

reducing the activation of NF-jB on the intestinal epithe-

lial Caco-2 cells, meanwhile acts as stimulator of the innate

immune system by triggering the expression of pro-in-

flammatory factors in the human macrophage cell line

U937 via recognition through Toll-like receptor 2. A

similar response was observed following stimulation of

macrophages isolated from mouse bone marrow or peri-

toneal cavity.

Some immunomodulatory properties were also assessed

for SLP of Propionibacterium freudenreichii, a beneficial

bacterium used in the food industry as a vitamin producer,

biopreservative, cheese ripening starter and probiotic. A

surface protein extract from P. freudenreichii ITG P20

drastically reduced the induction of cytokines IL-12, IFN-c
and TNF-a when applied in conjunction with the proin-

flammatory Lactococcus lactis MG1363 (Le Maréchal

et al. 2015). In our group the effect of SLP from L. kefiri on

activation of antigen presenting cells (macrophages and

dendritic cells) is being assessed in presence and absence

of TLR-agonist.

Role of SLP as mechanical barriers in harmful

environments

Resistance to gastrointestinal conditions

The gastrointestinal tract is an environment full of stressful

conditions, including low pH, proteolytic enzymes, diges-

tive juices, etc. Therefore, different authors investigated

the role of SLP in protecting microorganisms in these

harmful conditions (Fig. 1e).
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The viability of L. acidophilus M92 without SLP

decreases in simulated gastric juice at low pH and simu-

lated pancreatic juice with bile salts (Frece et al. 2005).

SLP of L. acidophilus M92 are resistant to pepsin and

pancreatin. However, the treatment with proteinase K leads

to a significant proteolysis of SLP. These results demon-

strate the protective role of SLP when microorganisms are

exposed to gastrointestinal conditions (Fig. 1e).

Based on previus works demonstrating that L. aci-

dophilus ATCC4356 wearing SLP are stable in harsh

gastrointestinal conditions, Eslami et al. (2013) investi-

gated and demonstrated the in vitro stability of isolated

SLP expossed to simulated gastric fluid with and without

pepsin.

Meng et al. (2014) reported that after removing SLPs

from three strains of L. acidophilus and L. helveticus the

survival in simulated gastric and intestinal juices was

reduced by 2–3 log as compared with survival of the intact

cells.

The expression of SLP in different conditions of fer-

mentation medium was studied for L. acidophilus

NCC2628 by Schar-Zammaretti et al. (2005). They

observed that in the absence of peptones, the overall pro-

tein content of cell wall is significantly lower than in

complete medium, whereas the expression of SLP is

strongly enhanced. This suggests that SLP could be pref-

erentially expressed in conditions that are not optimal for

bacterial growth. These results are in agreement with those

reported by Khaleghi and coworkers who demonstrated

that SLP and slpA gene expression were altered by dif-

ferent stress conditions in the probiotic strain L. aci-

dophilus ATCC 4356. First, the amount of SLP increased

in presence of 0.01–0.1 % bile, and the SlpA encoding

gene expression showed a similar behavior (Khaleghi et al.

2010).

Resistance to other adverse environmental conditions

The strong resistance of SLP to extreme environmental

conditions (i.e., high temperatures, low pH, high ionic

strength) suggests a potential role of these proteins in

protecting and stabilizing cells (Engelhardt and Peters

1998; Claus et al. 2002; Engelhardt 2007). This is espe-

cially true in Gram-negative extremophile archaea, in

which SLPs are directly anchored into the cytoplasmic

membrane.

As outermost bacterial structures, S-layers are directly

exposed to these extreme environmental conditions, thus

provide useful information about the molecular mecha-

nisms involved in protein stabilization at high temperatures

(Fig. 1e). Thermal stabilization of SLP has been mainly

ascribed to posttranslational modifications (i.e.,

glycosilation), covalent cross-linking or salt-bridging (En-

gelhardt and Peters 1998). Claus et al. (2002) addressed

this issue in a comparative review on SLP of mesophilic

and extremely thermophilic archaea.

In Deinococcus radiodurans R1, two proteins are

involved in the maintenance and integrity of SLP: the

hexagonally packed intermediate (Hpi) protein, and SlpA

(DR2577). Deletion of the hpi gene has little effect on the

structure of the cell envelope or on shear- or solvent-in-

duced stress responses. On the contrary, deletion of the

slpA gene causes substantial alterations in cell envelope

structure, and a significant defect in the resistance to sol-

vent and shear stresses compared to the wild-type.

Ultrastructural analysis of slpA mutant cells indicated loss

of much of the outer Hpi protein carbohydrate coat and the

membrane-like backing layer (Rothfuss et al. 2006).

Other authors assessed the role of SLP of D. acidovo-

rans Cs1-4 on the phenanthrene uptake. Their role in

phenanthrene biodegradation appears to be the enhance-

ment of the cellular retention of phenanthrene catabolism

metabolites (Shetty and Hickey 2014).

Butler et al. (2013) investigated the symbiotic lactic acid

bacteria microbiota of the honeybee Apis mellifera, com-

posed of Lactobacillus and Bifidobacterium. This micro-

biota is symbiotic either with their host or with the visited

flowers. This defends the microbiota niche against other

bacteria and yeasts introduced by nectar foraging and food

intake. Because of the selective pressure from environ-

mental changes in their niche, lactic acid bacteria evolved

stress response systems and defenses that enable them to

grow and survive in harsh conditions. The honey crop, with

its constant nectar flow, high osmotic pressure, and pres-

ence of microorganisms introduced by foraging is the ideal

environment for these systems to be activated. In these

conditions, lactic acid bacteria can produce great amounts

of cell surface and extra-cellular proteins (i.e., bacteriocins,

molecular chaperones, enzymes, lipoproteins, and SLP),

which are essential for niche protection. In these bacteria,

the protective role of SLP has been hypothetically ascribed

to their capacity to inhibit the muramidases they secrete,

that destroy the foreign bacteria cell walls.

SLPs have also been reported to be responsible for the

high resistance of Deinococcus radiodurans to high con-

centrations of NaCl (Fig. 1e). When exposed to 0.3 M

NaCl, D. radiodurans activates genes associated with

osmoprotectant accumulation: the pstSCAB operon, which

encodes a high affinity phosphate transporter, and

DRA0135 and DR1438, which are components of trans-

porters of glycine betaine and trehalose. Survival analysis

of mutant strains lacking DR0392 (membrane-binding

protein) and DR1115 (SLP), whose expressions are acti-

vated by NaCl, show a reduction in NaCl tolerance (Im

et al. 2013).
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In Gram-negative bacteria such as Aquaspirillum ser-

pens and Caulobacter crescentus the SLP may play a

protective role against predation by the parasitic bacterium

Bdellovibrio bacterovirus (Fig. 1e) (Koval and Hynes

1991).

A key role in removing toxic metals from contaminated

soils and sediments has also been ascribed to SLPs. Soils,

sediments and water present in the mining areas contain

high concentration of metals and radionuclides, and act as

reservoirs of unusual bacteria well adapted to these harmful

conditions (Fig. 1e). These bacteria possess different

mechanisms for interaction and biotransformation metals

and radionucleides, including biosorption and bioacumu-

lation (Hennig et al. 2001; Merroun and Selenska-Pobell

2001; Merroun et al. 2003).

One of the most extensively studied microorganisms for

the capacity to bind both precious and toxic metals is

Lysinibacillus sphaericus strain JG-A12, a strain isolated

from a uranium mining waste pile near Johanngeorgenstadt

[Saxony, Germany (Raff et al. 2002; Pollmann et al.

2006)]. For this reason, it is a strain that naturally evolved

under chronic exposure to uranium, and thus, has an

intrinsic tolerance to the radioactive compound (Selenska-

Pobell et al. 1999; Pollmann et al. 2005) and bind uranyl

ions with high specificity (Gupta et al. 2002). This back-

ground led to the development of SLP-based biosensors

responding specifically to these ions (Conroy et al. 2010).

Besides uranyl ions, other metals, including Al, Au, Ba,

Cd, Co, Cr, Cs, Cu, Fe, Ga, Mn, Ni, Rb, Si, Sn, Sr, Ti, U,

and Zn, can be adsorbed on the surface of Lys. sphaericus

JG-A12 (Merroun et al. 2005; Jankowski et al. 2010). Also

in this case, SLPs have been indicated as the structures

involved in biosorption, probably providing a protective

function by preventing the cellular uptake of heavy metals

and radionuclides (Fahmy et al. 2006).

Other species of microorganisms bearing SLP have been

isolated from these uranium mines in Germany, and

include Metallosphaera prunae, sp. nov., an archea grow-

ing between 55 and 80 �C, bearing SLP (Fuchs et al. 1995),

and Lys. sphaericus JG-B53. Essential trace elements are

able to cross the filter layer and reach the interior of this

latter strain, which possesses outstanding recrystallization

and metal-binding properties (Lederer et al. 2013). The

genome of Lys. sphaericus JG-B53 encodes at least eight

putative SLP genes with distinct differences. The presence

of multiple SLP gene copies may enable the bacterial

strains to quickly adapt to changing environments. This

multiplicity of SLP in Lys. sphaericus JG-B53 provides an

indication of intensive cell stressors, enabling their survival

in such harsh environments.

Velazquez and Dussan (2009) also ascribed the capacity

of different colombian Lys. sphaericus native strains to

adsorb arsenic, mercury, iron and chromium, to their SLP.

Aravindh et al. (2015) isolated six different bacterial

strains from thorium mine ore samples collected from

Indian Rare Earth Limited [Manavalakurichi (IREL),

India]. The most resistant organism was identified as

Bacillus spp. and demonstrated to be resistant towards

variation of pH, and increasing concentrations of uranium

and gamma radiation. In turn, Bacillus sp. HKG 112 iso-

lated from the saline soils of Jangpura in India also resists

high level of gamma radiation (up to 12.5 kGy) (Gupta

et al. 2011). SLPs were indicated as potential responsible

for the radiation resistance in both cases. The different

responses of some genes under radiation for the expression

of radiation-dependent proteins could contribute to a

physiological advantage and would be a significant initial

step towards a full system understanding of the radiation

stress protection mechanisms of bacteria in different

environments.

Other authors showed that spores of Bacillus

thuringiensis are proficient for copper biosorption. This

capacity was ascribed to the retention of SLP by spores, as

removal of SLP leads to significant reduction of copper

biosorption (Allievi et al. 2011).

The cyanobacterium Synechococcus spp. GL24, isolated

from a meromictic Fayetteville Green Lake (NY, USA)

with high levels of calcium and sulphate ions, bear

hexagonal SLP that can act as templates for sulphate and

carbonate mineral formation on the bacterial surface

(Schultzelam and Beveridge 1994a, b).

Finally, although the capacity of lactic acid bacteria to

interact with different metals have been addressed, the role

of SLP in metal biosorption has only been reported for L.

kefiri. Gerbino et al. (2015) addressed the capacity of L.

kefiri strains to sequester Pb2? before and after removing

SLPs with proteinase K. They found that bacteria without

SLP increased their sequestrant capacity. The removal of

SLP had no significant effect on bacterial viability in

control conditions, but microorganisms without SLP were

more prone to the detrimental effect of Pb2?, thus sug-

gesting that the S-layer acts as a protective rather than as a

sequestrant layer in this strain.

Conclusions

Since the first reports in the middle seventies great

advances have been developed in regard to structural

aspects of SLPs. Indeed, the functional properties of

S-layers in bacteria are doubtless related with their struc-

ture. For this reason, research on SLPs represents nowa-

days a multidisciplinary field in which very different

aspects can be addressed. Up to our knowledge, most of the

reports dealing with the role of S-layers on bacteria refer to

functional aspects assessed in a very descriptive way. In
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fact, the functions ascribed to S-layers in bacteria are

determined by simply removing S-layers and proving that

the property under study is lost. In turn, reports dealing

with the structure and biophysical properties of S-layers are

mostly carried out on isolated S-layers. Biophysical

methods together with computer modelling-based pro-

grams are increasingly utilized to perform structural studies

on pure S-layers. However, an integration between func-

tional and structural aspects of S-layers is still lacking. In

this regard, the relation between structure and function of

both the protein sequence and the sugars present in several

S-layers is absolutely necessary to understand many of the

S-layer properties reported hereto.

The integration of these two approaches will enable

researchers to obtain high-resolved structural information,

thus contributing for the understanding of the real functions

of SLPs when wearing the bacterial surface.
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