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6. Summary and future perspectives

It is fascinating to reflect on all the great and relatively small discoveries in sci-

ence that have been made since Dhr. A. P. van Leeuwenhoek discovered his diertjes

or animalcules with his precious carved lenses some 350 years ago. It is the sum

of the achievements of all those dauntless researchers that presently grant the ad-

vanced competencies enjoyed in the contemporary life of a researcher in the 21st

century. Indeed, howmany instruments,materials, tools and techniques canwe use

to carry out our ventures intomolecular biology. And yet, despite all the knowledge

gathered, there are still elemental but intricatemechanisms conformed in the com-

munities of the microbial world that continue to be elusive. Such is the case of the

interactions within and between bacterial species in their natural environments

where microbial distribution, physiology, cooperation and competition have made

it challenging to understand the dynamics of the microbial ‘jungle’ completely.

In the presented research, the wound ecosystem has been explored by incor-

porating technologies like next-generation sequencing, proteomics and transcrip-

tomics to enable the study of bacteria in wound-mimicking settings. The starting

point of this PhD research in Chapter 2 established the basis of the microbiome

characteristics in the wounds of patients with epidermolysis bullosa (EB). Interest-

ingly, the display of the microbiome seems to vary depending on the localisation of

the initial EB blister lesion. The incredibly complex ultrastructure features of the

skinmake each and every protein involved in intercellular junctions, anchoring and

stabilisation ofmembranes crucially important for its integrity. The loss of function

of themutated protein(s) in EB induces the exposure of specific host cellmembrane-

boundmolecules that seem to promote and favour the attachment and colonisation

of certain bacterial species. The exposure of such ligands is most likely the reason

why different EB phenotypes showparticularmicrobiome arrangements and repre-

sents a field that is still unexplored. To understand the interplay between particular

bacterial species and particular blister lesions, future research should focus on the

interactions between the expressed host surface ligands in the EB wound model

and the respective bacterial tools used for cell adhesion. Such bacterial tools range

probably from single monomeric proteins to intricate multimeric macromolecules

[1]. This field alone is so huge and diverse that it will require several research teams

and many years to analyse and compare the complexity of bacterial strategies, like

those observed in fimbriae (e.g. type I pili from Escherichia coli and type IV pili from

Pseudomonas aeruginosa, Legionella pneumophila, Neisseria gonorrhoeae, Neisseria menin-
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gitidis, andVibrio cholerae), type III secretion systems (e.g. the SPIs of Salmonella spp.),

adhesins (e.g. Staphylococcus aureus FnBPs or Streptococcus pyogenes Sfbl that interact

with integrins), invasins (e.g. the invasin of Yersinia enterocolitica interacting with

integrins), and the pili generated by the sortase machinery of Corynebacterium diph-

theriae [2–8].

The study of bacterial behaviour in a community provides an idea of howmicro-

bial species interact, signal each other and exchange metabolic intermediates. Cer-

tainly, over the course of evolution, microorganisms have competed as individuals

and as kin for space and resources in order to survive and pass on genes to the next

generation. However, microorganisms can stably coexist as a result of the different

biochemical mechanisms they have developed that allow them to adapt to their

specific environment. As documented in Chapters 3 and 4 of this thesis, S. aureus

shows a cooperative character towards other pathogens that confer it the benefit to

share resources. Interestingly, S. aureus seems to have taken advantage of the fea-

tures displayed by its neighbours without the need of expressing (reduced genomic

inventory) those features itself; recollecting the principles of syntrophy. Precepts of

syntrophic activity refer to ‘a set of chemical outcomes that are different fromwhat

could occur when each microbe acts separately, and the benefits of this metabolic

interaction often come at the cost of low energetic yields and slower growth rates’

[9]. Considering the environment’s nutrient restriction in which wound microor-

ganisms grow and the above-mentioned staphylococcal characteristics, S. aureus

could be considered a ‘facultatively syntrophic partner’ in the microbial commu-

nity [10].

Staphylococcal metabolic adaptations were observed in two isolates from a

chronic EB wound where, in fact, distinct metabolic pathways gave them the char-

acteristics of either invasive or persistent strains. Moreover, proteins that were

originally considered to be restricted to the cytoplasmwere also identified extracel-

lularly, which may be important for virulence enhancement and invasive disease.

The studies presented in Chapter 4 also expose the gene expression of several pro-

teins that might be involved in sensing of and communication with other bacteria

like the antiholin-like proteins LgrA and LgrB or the expression of costly – therefore

probably essential – enzymes for tryptophan biosynthesis upon co-culturing with

other bacteria. Similarly, membrane-associated proteins like the ABC transporters
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related to the oligopeptide permease systems (Opp) and many other transporters

involved in nutrient uptake, metal ion uptake and cell attachment were highly up-

regulated upon co-culturing. Importantly, these proteins are immunogenic and can

be used as vaccine targets or as targets for the delivery of novel antimicrobial com-

pounds. The last remark is of special relevance considering the burden of staphylo-

coccal infections, the emergence ofmultidrug resistant strains, and the lack of a suc-

cessful anti-staphylococcal vaccine. Although unexpected, the current outcomes

are perhaps not completely surprising, sincemost of the strategies used to findmul-

tiple antigens for vaccines or novel drug targets have been carried out viewing S.

aureus as an isolated species and not as an activemember ofmicrobial communities.

Hence, the significance of these new insights could be applied in the screening for

potential S. aureus antigens or epitopes recognized by opsonophagocytic antibodies

in human blood. Such antibodies could be cloned and used in preventive or ther-

apeutic interventions against staphylococcal infections. Alternatively, the respec-

tively recognized S. aureus proteins or epitopes could be used in the development

of new-generation vaccines.

In vitro co-culturing of S. aureus with Klebisiella oxytoca and Bacillus thuringien-

sis, not only decreased the expression of cytoplasmic proteins, but also the expres-

sion of genes related to virulence. These observations were validated with the Gal-

leria mellonella animal model experiments presented in Chapter 4, where reduced

mortality was registered upon co-infection with S. aureus and K. oxytoca. These data

suggest that the wound microbial community could be playing an important role

in containing S. aureus proliferation and consequent infection within a wound. It

has been previously explored and recognized that manipulation of the gut micro-

biotamay improve hostmetabolic, immunological and physiological functions. This

compelling research area should focus on the study of such mechanisms to de-

velop alternative therapies which can modulate the microbiome. Examples of such

therapies are highlighted by the application of prebiotics (compounds that allow

changes in themicrobiome) or probiotics (livemicroorganisms that confer a health

benefit to the host when administered in adequate amounts) [11]. Currently, only

the bifidogenic, non-digestible oligosaccharides (particularly inulin, its hydrolysis

product oligofructose, and (trans)galactooligosaccharides) are used as prebiotics

for the gastrointestinal microbiota. However, probiotics like lactic acid bacteria

(LAB) and bifidobacteria have been more widely studied. For instance, Lactobacillus
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reuteri produces a metabolite called reuterin that is thought to oxidize thiol groups

of pathogenicmicroorganismswithout killing the beneficial ones [12, 13]. Lactobacil-

lus plantarum is another example of LAB that has been demonstrated to enhance

phagocytosis, decrease apoptosis, and impede wound colonisation by P. aeruginosa,

Staphylococcus epidermidis, and S. aureus in human burn wounds and chronic ve-

nous ulcers [14–16]. It has also been shown that Lb. plantarum enhances epithe-

lial repair and is probably involved in intestinal collagen synthesis. Similar effects

were demonstrated on the skin of photo-aged hairless mice upon oral administra-

tion of Lactobacillus acidophilus [17, 18]. On the other hand, Bifidobacterium longum

triggered increased expression of claudin 1, claudin 4, ZO-1, and occludin in ker-

atinocytes infected with S. aureus improving tight junction function and thus pre-

venting pathogen invasion [19]. All these examples encourage the search of more

‘natural’ therapies that could evoke changes in the wound environment leading

to the colonization of beneficial bacteria or those that prevent the colonization of

pathogens.

The helicopter view of wound-resident bacteria in vitro led this PhD research

into the exploration of the staphylococcal gene expression in situ. As portrayed in

Chapter 5, the effects of themicrobiome over S. aureus in the woundwere observed

and several genes that were found to be expressed in vitro were also expressed in

situ. Genes for the synthesis of epidermin, that were highly upregulated in situ, sug-

gest that some antimicrobialsmight have additional functions in nature such as sig-

nalling within and between species. Indeed, the functions previously described for

certainmolecules in the in vitro contextmight differ under different conditions giv-

ing the producer specific additional benefits. These peptides and other metabolites

could, thus, act as cues or chemical manipulators contributing to nutrient scaveng-

ing, and the adaptation of central metabolic pathways. Surprisingly, several com-

petence genes, like comK, comGA, comGB and comFC were upregulated in situ. This is

remarkable because, up to date, this aspect of the staphylococcal genome expres-

sion was not reported in studies with wild-type S. aureus isolates in vitro. Therefore,

it seems to be a characteristic needed in the wound context and, perhaps, other

in vivo settings. Whether this is due to the presence of co-existing bacteria or the

associated host immune responses is yet to be defined. Furthermore, the expres-

sion of these com genes may lead to the development of a competent state under

the appropriate conditions, but it may also be involved in other processes. It can
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be conjectured that the expression of competence genes could be related to the

production of bacteriocins, to the consumption of extracellular DNA as source of

phosphate and carbon, or it could only be used to diversify DNA exchange to cre-

ate a more robust genome able to adapt more readily against adverse conditions

in the mammalian host. Meanwhile, until further investigations focus to elucidate

the specific tasks of S. aureus competence genes in situ, their functions will remain

enigmatic.

In conclusion, through the studies presented in this dissertation, it has been

demonstrated that population heterogeneity and polymicrobial interactions have

major impact on staphylococcal physiology, which may in turn influence wound

healing. It has also been established that alternative approaches to study bacteria

are essential to the discovery and the understanding of interactions among hosts,

microbes, and disease-causing organisms. Lastly, the present research has opened

several windows for future research to address the diverse roles of staphylococcal

genes and proteins in the microbial jungle framework.
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